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INTRODUCTION 

Joseph Cerny 

This Annual Report of the Nuclear Science Division describes the scientific research that has been 
carried out within the Division during the period between July 1, 1978 and June 30, 1979. This period 
also marks the last year of Bernard G. Harvey's outstanding service as Division Head; I am certain that 
all members of our Division join me in thanking him for his extensive and highly successful efforts in 
our behalf. The contributions in this Report, as in earlier ones, owe much to Bernard Harvey's leader-
ship. 

The principal objective of the Nuclear Science Division continues to be the experimental and 
theoretical investigation of the interactions of heavy ions with target nuclei, both for their intrinsic 
application in developing our understanding of microscopic and macroscopic nuclear science and for their 
use in the synthesis of new exotic isotopes and new chemical elements. Complementary programs in light 
ion nuclear science, in nuclear data compilations, and in advanced instrumentation development are also 
pursued. The Division operates the 88-inch cyclotron as a major research facility which also supports 
a strong outside user program; experimentalists within the Division also use the SuperHILAC and the 
Bevalac accelerators for their studies. 

Personnel within the Division comprise many categories and come from many countries. Nuclear Science 
currently has three Divisional Fellows and a substantial number of postdoctoral fellows, graduate students 
and visitors, in addition to our staff and faculty senior scientists and permanent staff scientists. 
Major collaborative efforts with our German and Japanese colleagues continue to flourish at the Bevalac, 
as do many other domestic and foreign cooperative efforts at all three accelerators. The Division has 
also hosted or supported several workshops and meetings: during this reporting period, the 4th Summer 
Study on High Energy Nuclear Collisions was held at LBL on July 24-28, 1978; the 1st workshop on Ultra-
Relativistic Nuclear Collisions (jointly sponsored by the Gesellschaft für Schwerionenforschung) was 
conducted at LBL on May 21-24, 1979; and the Fall 1978 meeting of the Division of Nuclear Physics of the 
American Physical Society was coordinated at Asilomar. 
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A. NUCLEAR STRUCTURE 

OBSERVATION OF ISOSCALAR GIANT RESONANCE STRUCTURE IN THE FISSION OF 238U 
FOLLOWING INELASTIC SCATTERING OF 6Li 

A. C. Shotter, C. K. Gelbke, T. C. Awes, B. Back, J. Mahoney, T. J. M. Symons and D. K. Scott 

A study has been undertaken to investigate 
the fissiop ecay mode of isoscalar giant resonant 
states in ' 3°U following excitation by 150 MeV °Li 
from the 88-inch cyclotron. 

The experiment was performed in two parts. 
First, singles spectra of inelastically scattered 
6Lj nuclei were measured with a magnetic spectro-
graph; this avoids the background problems due to 
nuclear rections in solid state detectors. Second, 
inelastic °Li spectra were measured corresponding 
to coincidences between 6Li nuclei and fission frag-
ments. The fission fragments were detected with 
large area parallel plate proportional detectors. 

An example of a singles 6Li spectrum taken at 
16 0  with the magnetic spectrograph is shown in 
Fig. 1; the contributions from carbon and oxygen 
were measured in separate experiments and have 
been subtracted in Fig. 1. It was discovered that 
the shape of the energy spectrum did not change 
significantly over the range of angles subtended 
by the solid state telescope used for the coinci- 
dence experiment. The spectrum shows a clear giant 
resonant structure centered around 10.5 MeV with 

I 	 I 	 I 
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a FWHM width of 7 MeV. The petç of this structure 
is close to the valUe of 63 A-" 3  expected for the 
isoscaler giant quadrupole resonance. However, 
the width of this structure is considerably broader 
than expected for the giant quadrupole resonance, 
which may indicate that several different multi 
polarities contribute to the observed structure. 

Energy spectra of inelastically scattered 
6Li nuclei observed in coincidence with fission 
fragments are shown in Fig. 2 for various detector 
geometries. The sharp peak observed at 6.1 MeV 
is due to the fact that the neutron channel opens 
up at an excitation energy only slightly higher 
than the fission barrier. At the location of this 
peak the angular distribution of the fission frag-
ments is highly anisotropic with respect to the 
recoil direction of the target nucleus, whereas 
at higher excitation energies the angular distri-
butions are nearly isotropic. 

The rise in the fission yields at about 12 
and 17 MeV excitation energies corresponds to sec-
ond and third chance fission, i.e., fission after 
the evaporation of one and two neutrons, respec-
tively; in Fig. 2 arrows mark the predicted thres-
holds. The structure located around 9.5 MeV be-
tween the first and second chance peaks has not 
been previously observed. Due to the large aniso-
tropy of the fission fragment angular distribution 
close to the fission barrier, this structure is 
difficult to identify if fission fragments are de-
tected close to the recoil direction of the target 
nucleus. 

The coincidence spectrum corresponding to 
the sum of all out-of-plane data and the in-plane 
data and for the fission detector approximately 
900  to the 6Li recoil axis is shown in Fig. 3a. 
For comparison, the solid curve shown in this 
figure represents the singles spectrum in Fig. 1. 
Clearly, a one-to-one correspondence cannot be 
established between the spectral shapes in the 
energy region around 10 MeV, since the structure 
in the coincidence spectrum peaks at a lower 
excitation energy with a narrower width than the 
structure observed in the singles spectrum. This 
difference becomes more apparent in Fig. 3b which 
shows the ratio of these coincidence and singles 
spectra. The ratio varies strongly as a function 
of excitation energy of the 238U target nucleus. 

Fig. 1. Energy spectrum measured by the magnetic 	 An attempt to extract relative fission proba- 
spectograph at a scattering angle of 160. 	 bilities from our measurements is presented in 

(XBL 794-1223) 	Fig. 3c. The data points of this figure were de- 
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Fig. 2. Coincidence energy spectra for different detector configurations. 
(a) Li telescope in plane; mean angle between the recoiling 238U nucleus 
and the fission detector, o f 	 0 0 . ( b) Li telescope in plane, o 	650. 
(c) Li telescope in plane, O 	65°. (d,e) Li telescope out of plane 

90 0 . 	 ( XBL 795-1491A) 

rived from those of Fiq. 3b by applyinq corrections 
to take account of the incomplete angular range of 
the fission detectors used to measure the coinci-
dence spectrum Fig. 3a. Also in Fig. 3c the 
fission probabilities for 238U deduced 1 , from 
the reactions 236U(t,pf) and 238U(c,f) are shown 
as solid lines. Our data points in this figure 
have been normalized at 6.1 MeV to the (t,p) data; 
this is done for diagramatic comparison purposes 
only and cannot be considered as a reliable 
normalization. 

From our experiments we cannot estimate the 
fission probability to better than 50%. This 
large uncertainty arises from the difficulties in 
normalizing data from two experiments using com-
pletely different techniques, in particular, the 
tight geometry of the coincidence experiment com-
bined with the rather steep angular distributions 
means the normalization is very sensitive to small 
variations of beam spot position. 
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It is evident that the energy dependence of 
the fission probabilities for the charged particle 
induced fission is very similar below about 85 
MeV. tJnfortunately no data on charged particle 
induced fission of 38U are published for excita-
tion energies above this energy. It should, how-
ever, be noted that the rise of the fission proba-
bility in the region of the second and third chance 
fission is very similar for. the 6 Li-induced reac-
tion and the photo-fission. 

The fission probability varies strongly over 
the energy region of, the resonance structure ob-
served in the singles spectra. For excitation ener-
gies above about 13 MeV this energy dependence is 
mainly due to the occurrence of second and third 
chance fission. Additional structure might be 
caused by the contribution of several multipolari-
ties to the resonance structure and the splitting 
of the quadrupole resonance into its K = 0, 1 and 
2 components. It is possible that different fis- 
sion probabilities have to be associated with these 
various contributions. To pursue further this 
interesting question, it will be necessary to com-
pare directly the fission probabilities for a reac-
tion condition in which the resonance is strongly 
excited with a reaction condition where it is only 
weakly excited, over an extended energy range. 

Rfernces 

Fig. 	3. Coincidence energy spectra for different J. 	D. 	Cramer and H. 	C. 	Britt, 	Phys. 	Rev. 	C 2, 
detector configurations. The notations "in" and 2350 (1970). 
"out" of plane, refer to the 6 Li 	telescope (see 
Fig. 	1.) Of  is the mean angle between the recoil- A. 	Veyssière, 	H. Beil, 	R. 	Bergre, 	P. 	Carlos 
ing 23 j nucleus and the fission detector, and A. 	Lepretre, 	Nuci. 	Phys. A 199, 	45 	(1973). 

(xBL 795-1492) - 

THE TWO-NUCLEON TRANSFER REACTIONS (31-le, 5He*)  AND (31-le, 5Li* 

A. N. Bice, A. C. Shotter,t D. P. Stahel, and J. Cerny 

The (p, t) and (p. 3He) reactions have proved 
useful in measuring the two nucleon components in 
the wavefunctions of light nuclei. The only other 
similar type of reaction for a Z =1 projectile is 
the d, a). For Z = 2 systems the (a, 6He) and 
(ce, bLi) reactions are possible two-nucleon pickup 
reactions. A similar pair of transfer eact1on 
involving unbound final particles are (He, He 
and ( 3He, SLi*).  Recently an investigation of 
the previously untested (He, SHe*  (16.76)) and 
(3He, SLi* (16.66)) reactions was conducted to 
determine their viability as spectroscopic tools. 

Since the SHe*  and  5Li*  (in our notation 
representing specifically the JTr = 3/2', I = 1/2 
levels at -46.7 MeV) are unbound to decay into 
a d + t and dt 3He respectively, fast coincident 
techniques were necessary to observe the produc- 

tion of these nuclei.' With a specially designed 
counter system SHe*  and  SLi*  events were observed 
with a 80 MeV 3He beam impinging on 12 C, 9Be and 
7 Li targets. 

Since the decay energy of SHe*  into a d + t 
is only 60 keV the breakup cone of the emitted 
fragments is very narrow and therefore requires 
two closely spaced counter telescopes. The coun-
ter system used in this work consisted of pairs 
of AE counters and E counters made on the same 
silicon wafer. The vertical spacing between the 
two counters was only 3 mm--giving a 4% efficiency 
for detecting SHe*  or  SLi*  events. Pairs of reject 
counters were also used to veto high energy events. 

Figuie 1 and lb show th spectra obtained 
from the 'Li(He, d + t) and 'Li(He, d + "He) 
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Fig. 2. Energy spectra obtained from the 9Be + 3He 
reaction at 80 MeV and 0lab = 13 0 : ( a) d + t 
coincidence and (b) d + He coincidences. 
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Fig. 1. Energy spectra obtained from the 7Li + 3 He 
reaction at 8 lab 	13 0  and E3He = 80 MeV: (a) d + t 

coincidences and (b) d + 31-Ie coincidences. 
(XBL 798-2496) 

reactions at 0lab = 13 0 . Only transitions to the 
ground state are clearly evident in either spectrum. 

Figure 2a and 2k shgw spectrA of the 
9Be( 3He, d + t) and Be(He, d + IIe) reactions 
respectively at 0lab = 13 0 . Again the ( 3He, 
d + t) pectrum shows only a definite transition 
to the 'Be ground state (plus a possible contribu-
tion from the unresolved 0.43 MeV level). Transi- 

tions to the states seen in 9Bep, 	at Ex 	4.55 
and 10.79 MeV are not observed. The

t) 
 ( 3He, d + 3 He) 

pectrum looks more similar to that observed in the 
Be(p, 3He) reaction as these transitions to tates 

located E  =0.0, 0.48, 4.63 and 7.48 MeV in 'Li 
were observed. 

To verify whether the d + t and d + 3He coin-
cidences observed originated from the decay of the 
—16.7 MeV states projected energy spectra onto one 
energy axis (Ed) were produced for the strongest 
transitions detected. Figure 3 shows the energy 
spectrum of deuterons from the 9Be( 3He,d - 3He) 
7Li(g.s. + 0.48.) reaction -at 01ab 	130 . From a 
three-body kinematical analysis it is possible to 
associate with each Ed an energy of relative motion, 
; between the d and JHe in their common center-of-
mass system. The upper energy scale represents 
this correspondence. 

If most d + 3He coincidences observed 
resulted from the decay of SLi* (16.66) -+ d + 3He, 
there would be two prominent peaks observed (due 
to doUble valued kinematics) centered at c 
0.27 MeV. Figure 3 shows little evidence of such 
peaks. Projections of d + t coincidences show no 
clear evidence for (3He, SH e* (16.76)) transitions 
either. The spread in relative energies in Fig. 3 
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big. 3. Energy spectrum of deuterons from the 
'Be( 3He, d + H. 'Li(g.s. + 0.48 MeV) reaction 
at 0lab = 13 0 . The upper 6 scale indicates the 
relative energy between the d and 3He in their 
own center-of-mass system. (XBL 798-2498) 

is most likely due to the excitation of 5Li to 
states located higher in energy than 16.7 MeV. 
Similar behavior has been seen previously in ( 3He, 
a*) reactions. 3  

The low yield for ( 3He, SHe*)  events can most 
reasonably be explained as a consequence of spin 
rules and the SHe*  wavefunction. If one repre-
sents the 5He*  (16.7 MeV) level by SHe*> = a 4S3, 
+ b 	+ c 4D312 (using L - S coupling notation 
and one assumes that the coefficient a is dominant, 
then a two neutron pickup by 3He would hve a re-
duced probability for occurrence as the S3/2  con-
figuration cannot be created by a direct.2-neutron, 
S = 0 cluster transfer. The situation with SLi* 
is more unclear as there S = 0 and 1 transfer is 
allowed. Further work may allow one to explain the 
low yield observed and provide additional epei-
mental information on the structure of the 3He 
and SLi*  states. 

Footnote and References 
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5He (16.76) and SLi*  (16.66) can decay into 
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THE FOUR-NUCLEON TRANSFER REACTUON (10
B, 6L1*) 

A. N. Bice, A. C. Shotter,t D. P. Stahel, and J. Cerny 

The subject of a-particle clustering in nuclei 
has been of interest for many years. Experimental 
investigation of a-cluster strengths in light-
nuclei has proceeded to a large extent via direct 
four-nucleon transfer reactions. Such reactions 
involve the transfer of an a-like cluster, with no 
internal excitation energy, to the target core. 
The detected, outgoing particle has been for the 
most part in a bound state, e.g., light nuclei 
such as deuterons or tritons from the ( 6Li, d) or 
( 7Li, t) reactions. However, a-transfer reactions 
involving the detection of an unbound outgoing 
particle, such as in the ( 12 C, 8Be) reaction, have 
been successfully eployed also.' We report here 
on an initial study of the (lOB, 6Li*  (2.18)) re-
action--a new four-nucleon transfer reaction. 

From experimental investigations 2  of four-
nucleon pickup reactions on 108,  it is known that 
the parentage coefficient for decomposition of 
lOB into a (61Li*  (2.18) + a) state is very much 
larger than for 6Li + a, and so a study of the 
6Li transfer channel will be a valuable addition 
to the existing data for the 6Li reaction. 

The a - d breakup threshold is 1.47 MeV so 
6Li* (2.18) will decay into this channel with a  

relative energy of 0.71 MeV. The detection of 
6Li* was achieved by coincident detection of an 
a + d in two counter telescopes. Each counter 
telescope was located an equal distance above or 
below the scattering plane and consisted of a 
200 p thick phosphorous diffused.silicon E. and 
5-mm thick lithium drifted silicon E counter. 
The angular separation between the two telescopes 
was such that the counters subtended a good portion 
of the breakup cone of emitted a - d fragments. 
Fast coincidence timing (-1 ns) was required be-
tween the two telescopes and reject counters were 
used to veto high energy events. 

Fiqure 1 shows an energy spectrum of the 
12c(10B 6Li* (2.18))160 reaction taken at elab 
15 0  with a beam energy of 68 MeV. The spectrum 
shows strong transitions of several states rang-
ing in excitation energy up to at least 18.5 MeV, 
The 	ectrum 	similar tç that observed in the 
'2c('c, 8Be) 100 reaction' with transitions evi- 
dent to states around Ex = 6.05, 6.92, 10.35, 11.1, 
14.9, 16.5 and 18.5 MeV, However, the ground state 
transition appears to be much weaker in the (lOB, 
6Li*) than in the ( 12C, 8Be) reaction. The experi-
mental resolution of -400 keV is a consequence 
of the large dE/dO for this reaction. 
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Enegy spectrum obtained from the 
B, Li (2.18)) reaction at 0lab = 15 0  

and EbB = 68 MeV. 	 (XBL 798-2494) 

It is possible that the ct - d coincidences 
observed were due to a sequential process and not 
due to the breakup of 6Li*(2.18).  Figure 2 shows 
the energy of alpha particles in fast coincidence 
with deuterons from reactions leaving the residual 
160 nucleus excited to 10.35 MeV. The upper scale 
represents the relative energy, €, of the c - d 
pair in their common center-of-mass system and is 
calculated with three-body kinematics. Two peaks 
(due to the double valuedness of the kinematics) 
areevident in the projected energy spectra at 
= 0.71 MeV. Such projections sbow  that the domi-

nant mechanism is decay from the OLi*  state and not 
sequential decay. 

In sumary, the(iOB, 6Li*)  reaction appears 
to be a new, useful four-nucleon transfer reaction. 
The use of this reaction as a spectroscopic tool 
can be greatly enhanced by the use of position 
sensitive counters to reduce the kinematic broaden-
ing. Primary studies for this reaction have been 
undertaken for 12 C, 24Mg and 28Si targets. More 

I I  
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8Iab = 
200 
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lI 
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Fig. 2. 4He energy spectrum from the 12 C( 10 B, 
6Li* 2.18)) 160  (10.35) reaction at elab = 20 0  
and E °B = 68 MeV. The upper scale refers to the 
relative energy, c, of the 	- d pair in their 
common center-of-mass system. 	(XBL 798-2495) 

extensive studies are planned for lp and 2sld shell 
nuclei. 
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THE (c,11e2) REACTION FOR MEDIUM AND HEAVY NUCLEI 

A. Shotter,*  A. Bice, D. Stahel, and J. Cerny 

The (ce, He 2 ) reaction has been extensively 	nuclei. The unbound 2He was identified as before' 
investigated for light nuclei and has provided 	by measuring its breakup into two protons in two 
valuable information for states having a (2n) 	 separate LE - E counter telescopes 	The reaction 
character. 1  The reaction has therefore been ex- 	ws investigated for 60 Ni, 94 Zr, if 8Sn, 144 Sm, 
tended to studysuch states in medium and heavy 	2'- 8 Pb targets. 
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Fig. 1, Energy spectrum obtained from the 208Pb 
(4He, 2p) reaction at 01ab = 25 0  and a bombarding 
energy of 65 MeV. (XBL 798-2492) 

For all these reactions discrete transitions 
are seen in the 2p energy spectra, but they differ 
from the energy spectra for light nuclei in that 
the peaks corresponding to the transitions are ob-
served on top of a broad continuum., For all the 
targets except Pb the broad continuum is the domi-
nant feature, and this combined with the higher 
density of states for these nuclei makes extraction 
of peak yields more difficult than in the case of 
light nuclei. The integrated yield of the con-
tinuum component decreases with increasing A. This 
means that this background does not originate from 
a direct breakup of 4He, since such a process would 
be expected to increase with A. 

It is possible that such a process originates 
from a sequential emission from a compound nucleus 
process, since for this case the Coulomb barrier 
will increase with increasing A. 

The spectrum for 208Pb is shown in Fig. 1 cor-
responding to a counter angle of 25 0 . It is seen 
that several peaks are superimposed on a continuum. 
The expected positions of the g.s. transition and 
the first few excited states of 210 Pb are shown. 
There appears to be little feeding for the next 7 
states in 210Pb, but the next highest peak in the 
spectrum would be associated with the 6+  and 4+  at 
2.516 and 2.7 MeV. The peaks marked by C and 0 
probably originate from carbon and oxygen contami-
nation of the target. The identification of other 

Fig. 2. Energy spectrum obtained from the 60Ni 
( 4He, 2p) reaction at elab = 15 0  and a bombarding 
energy of 65 MeV, 	 (XBL 798-2493) 

states is limited by the energy resolution of the 
system (250 keV). 

Figure 2 shows the (2p) spectrum for the 60Ni 
target. Again it is seen that several peaks are 
superimposed on a broad background and a possible 
identification of the state corresponding to the 
peaks is shown.- It has been recently suggested 2  
that the ( 4He, 2p) reaction should be used to 
specially study high spin (2n) states in the Ni 
isotopes. 

It is seen from Fig. 2 that to obtain infor-
mation about these states the energy resolution 
should be improved so that the states may be 
distinguished more easily from the continuous 
background. 
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EXPERIMENTAL STUDY OF 136Nd AT HIGH ANGULAR MOMENTUM 

M. M. AIonard,' Y. El Masri,t I. V. Lee,* F. S. Stephens, M. A. DeIepIanque and R. M. Diamond 

Heavy-ion induced reactions are known to bring 	Recent studies of 40Ar-induced reactions in various 
to the compound system large amounts of angular mo- 	targets haveshown 1  that this angular momentum is a 

mentum. However, the amount actually remaining in 	maximum (. 	60 li) for residual nuclei with atomic 
evaporation residues is limited by particle emis- 	number Z = 50 - 70. Hence, these nuclei are favor- 
sion, or by fission or deep inelastic processes. 	able for the study of high-spin behavior. 
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The continuum gamma-ray de-excitation of Te 
and Yb nuclei at the edges of this Z region have 
already been studied 2 " and show interesting dif-
ferences in behavior. In 162Yb the (yrast) bump 
in the continuum gamma-ray spectrum, due to collec-
tive rotational transitions, is well pronounced 
and its edge shifts towards higher energies with 
an increase in bombarding energy. This strongly 
suggests that the transition energies and the spins 
of the higher collective states are related through 
th usual expression for rotational states: E 1  = 

(h/29)(4J — 2) where E1 is the 1-ray transition 
ener 	and 9 is the effective moment of inertia. gy 
The 	8Te results indicate that the collective 
1-ray bump in that nucleus only develops above a 
bombarding energy such that more than 30 h  are 
brought into the nucleus. 

This suggests that a study of Nd residual 
nuclei might be interesting because their atomic 
number (Z = 60) is favorable for the highest possi-
ble angular momentum in a residual compound nu-
cleus, and because their proximity to a closed 
shell at 82 neutrons may demonstrate shell effects. 

The aim of this experiment then was to study 
the average multiplicities and effective moments 
çf inertia of the Nd nuclej produced with 170 MeV 
°Ar, and specifically of 3°Nd, since the 4n reac-
tion channel was dominant at this bombarding energy. 

The experiment was carried out at the 88-inch 
cyclotron. A tar9et of '°°Mo (2 mg/cm2 ) on a lead 
backing (7 mg/cm) was used. Three 7.6 x 7.6 cm 
Nal detectors were located in the reaction plane 
at 00,  400  and 800 , respectively, to the beam axis  

and at 60 cm from the target. A Ge(Li) detector 
(50 cm3 ) was at -700  and at 6 cm from the target. 
A multiplicity filter, composed of six 7.6 x 7.6 
cm Na(I) detectors, was set just upstream of the 
target, symmetric around the beam axis, like a 
"halo.'1  Coincidence events between the Ge(Li) 
detector and any of the three in-plane Nal (I.P. 
Nal) counters were recorded event by event on mag-
netic tape. The identification of the I.P. NaT 
involved was performed by recording a separate time 
signal (TAC) between each of these three counters 
and the Ge(Li) detector. These time-to-amplitude 
spectra were used to: (a) select prompt events 
from delayed ones, and (b) distinguish, by time-of-
flight, the desired 1-ray pulses in the NaT coun-
ters from neutrons. For each coincidence event 
between the Ge(Li) detector and one of the I.P. 
NaT counters, we also recorded the number of NaT 
counters (0 to 6 fold) in the multiplicity filter 
found within 70 ns coincidence. 

g8gure ] shows a typical Ge(Li) spectrum for 
the lMo + O r  reaction at 170 MeV: it is domina-
ted mainly by the discrete 1-lines which are prod-
ucts of the 4n reaction channel. A typical NaT 
pulse-height spectrum generated from gates set on 
the 4n lines in the coincident Ge(Li) detector is 
shown in the lower part of Fig. 2. The true energy 
distribution of these continuum 1-rays is obtained 
from this raw spectrum using a modification of an 
unfolding procedure designed by Mollenauer. 5  This 
unfolded spectrum (upper part of Fig. 2), when 
properly normalized, allows the determination of 
the average 1-ray multiplicity,R y,  of the 4n reac-
tion channej as well as the effective moment of 
inertia of ' 36 Nd at high angular momenta. 
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Fig. 1. Ge(Li) spectrum (-700) from '°°Mo + 40Ar reaction at 170 MeV 
bombarding energy in prompt coincidence with any of the in-plane NaT 
detectors. 	 (XBL 779-1931) 
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Fig. 2. Bottom: Sum of the three I. P. NaT spec-
tra in coincidence with the main 4n y-ray lines 
in the Ge(Li) detector: squares (D)  are raw data 
and dots 0)  are unfolded data. Top: Ratio of 
the 0 to 800  NaT unfolded (and Doppler-shifted) 
spectra. (XBL 779-1933) 

The additional coincidence requirement with 
the multiplicity filter can lead to the determina-
tion of the average Y-multiplicities observed in 
each of the I. P. Nal detectors as a function of 
the y-ray energies (E 1 ). The results of this study 
show, as expected, that the angular momentum in 
these çidual nuclei can be very high (Imax 	52 h). 
Since '°Nd is near a closed shell of nucleons, 
like 118Te but unlike ' 62Yb, it might be expected 
to behave like 118Te with an increase in angular 

momentum. In fact, it shows a change over to a 
deformed rotional behavior at spins above 30 h 
similar to ' 8Te. Also the multiplicity vs. E 
curve for the 4n product shows some structure which 
may be due to an anomaly in the moment of inertia 
at 35 h. For a spin of 50 Ii  we have deduced the 
effective moment of inertia of 136 Nd which is with-
in 10% of the rigid-body diffuse sphere estimate. 
Although these studies are quite time consuming, 
it appears worthwhile to pursue this kind of ex-
periment in order to be able to look at the results 
of changing the bombarding energy and also the 
selected channel. In particular, one can obtain 
better insight into the nature of the collective 
and the non-collective (non-correlated) gamma-
transitions in the continuum cascades. 
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ANGULAR MOMENTUM SELECTION USING TOTAL GAMMA-RAY ENERGIES* 

H. J. Korner,t D. L. Hillis, C. P. Roulet,1 P. Aguer, C. Ellegaard,II D. B. Fossan,iT D. Habs,**  M. Neiman, II 
F. S. Stephens, and R. M. Diamond 

Continuum spectra are inherently difficult to 
study, and one of the essential steps is to isolate 
those events that correspond to very high initial 
angular momentum. Two methods have so far been 
used for that purpose. The first is to select a 
particular reaction channel; the highest angular 
momentum is in the channel where the fewest neu-
trons are evaporated.' A second method has been to 
utilize multi-counter arrays to detect the i-rays 
and selet those events where the most i-rays are 
emitted. 6  The purpose of this research is to 
evaluate a third method that has already been 
developed, 3  namely the use of a total y.-energy  

spectrometer, which may be able to select still 
higher multiplicites, and to show the kind of 
information that can be extracted from the data. 

The experiments were performed using 40Ar 
beams of 185 MeV obtained from the 88-inch cyclo-
tron. To obtain the total y-energy spectra, we 
used a Nal crystal, 33 cm by 20 cm thick, divided 
optically into four sectors. 

There was a 2.6-cm-diam hole along the crystal 

m is, and the target was placed at the center. Te 
Ar beam was stopped behind the target (-1 mg/cm' 



edge of the bump moves to higher energy. This 
is the expected rotational behavior for these Er 
product nuclei. The higher angular momentum 
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Fig. 1. Top: experimental total sum spectrum 
and the xn reaction product components obtained 
by gating on known lines in the coincident Ge 
spectrum. Bottom: plot of multiplicity<M> and 
width °M  against total 1-energy (-4 MeV wide 
slices, starting with the second slice). The 
points on the dashed line correspond to the experi-
mentally measured multiplicity, while those on the 
solid line correspond to an angular correlation 
correction which assumes 80% stretched quadrupoles 
and 20% stretched dipoles. The multiplicity 
results from Ge(Li) discrete lines are indicated 
by the triangle at the energy<M>*<Ey > (see 
text). 	 (XBL 792-646A) 
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1245n on a 25 jim Pb backing) in a thin lead foil, 
so that 1-rays could be observed at 00  by a Ge(Li) 
detector (11 cm from the target), or a 7.6 cm x 
7.6 cm Nal detector (60 cm from the target), or a 
multiplicity filter consisting of a halo array of 
six 7.6 cm x 7.6 cm Nal detectors 120 cm from the 
target. The signals from the four sectors were 
stored on magnetic tape and were added together 
after gain equalization. 

The arrangement with the Ge(Li) detector 
(0 ) and sum crystal was used to find the total 
1-energy distribution for each reaction channel. 
The resulting distributions together with the 
full summed spectrum are shown in Fig. 1 (top). 
Clearly, the sum spectrometer allows a selection 
of the reaction channel, particularly for the 
lowest xn channels. 

Several types of information came from the 
use of the 00 NaT detector and the halo counters. 
First, the spectrum of 1-rays in the 00  counter 
was determined for consecutive slices of the total 
1-energy, including the 00  counter. These spectra 
will be discussed later. Second, the 1-ray multi- 
plicity <M> and width of the multiplicity distribu-
tion crM as a function of total energy were deter-
mined from the halo counters using the ratios of 
their zero-, one-, and two-fold coincidences with 
the summed-energy slices. The values of the multi-
plicities so determined were in excellent agreement 
with those obtained from the ratios of coincidences 
with the 0 0  detector to singles for each slice of 
summed 1-energy. 

For the system 40Ar + 124 Sn at 185 MeV, the 
multiplicities from slices of summed 1-energy 
about 4 MeV are plotted in Fig. 1 (bottom). 
Two curves are shown; the dashed one is derived 
directly from the halo counter data, and the full 
line is calculated from the same data corrected 
for an angular correlation of 80% stretched E2 
and 20% stretched dipole transitions. Also, we 
have corrected the total yenergy scale in Fig. 1 
for the counter transparency, that is, for the 
1-rays that leak out entirely and those that 
Compton-scatter out. For our sum crystal, the 
average efficiency is about 0.75. It is clear 
that there is a strong correlation of x-ray multi-
plicity with summed y-energy, and since multi-
plicity is closely related to angular momentum 
there is implied a very strong dependence of the 
angular momentum on total 1-energy. 

The power of the total 1-energy method 
appears, however, in comparing the effects of 
relatively small increasesin the average angular 
momentum, such as those in adjacent slices of 
the total 1-energy spectrum. This leads to the 
possibility of directly observing changes in the 
structure of the nucleus. Figure 2 (1'p)  sho 

wu the unfolded 00  Nal spectra from the 	Sn + Ar 
system in coincidence with 4 MeV wide slices of 
summed energy; these spectra are normalized to 
give the average multiplicity in each slice. Two 
features are apparent. First, up to about slice 
4 or 5 ("-17 MeV), the height (number of counts per 
event) in the most intense region (500-600 key) 
increases, reflecting an increasing percentage of 
compound-nucleus events. And second, beyond slice 
5, the height no longer increases but the upper 
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difference peaks and their centroids, we can calcu-
late the effective moment of inertia. For example, 
from the difference spectra for slice 7-slice 6 
and slice 6-slice 5 we find the effective moment 
of inertia at E 1  = 1.30 MeV to be 2/h 2 	4AI/iEi 
(150±25) MeV'A  using an expression obtained from 
E y  = (41 — 2)h/2 by differentiation in a region 
where dWdI 	0. Using these values of cJ and E 
we calculate a spin around 50 Ii; this is for states 
ear the top of slice 6, and is in reasonable 

accord with the spin estimated from the multiplic-
ity in Fig. 1. This is surely the simplest and 
clearest view we have had yet of the transitions 
at such spins in any nucleus. 

In conclusion, the total -y-energy technique 
appears to be the best methOd presently known 
for isolating high-angular-momentum events. It 
also allows the selection of different angular- 
momentum populations, which makes the correspond-
ing changes in the y-ray spectrum easy to study. 
For good rotational nuclei these techniques lead 
to an evaluation of moments of inertia for the 
highest-spin states populated. It is also quite 
easy to identify the irregularities associated 
with deviations from rotational behavior. It is 
presently a challenge to learn something about 
the nuclear structure from such irregularities. 
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Fig. 2. Top: number of transitions per 200 keV 
per event (unfolded spectra) as a function of 
y-ray energy in a 00  Nal detector 60 cm from the 
target, for each of the4 MeV wide slices taken 
in the total-energy spectrum. The numbers shown 
are the ordinal number of slices. Representative 
statistical error bars are shown for slice 6 and 
for each slice near 1.2 MeV. Bottom: differences 
in the pairs of spectra from consecutive total-
energy slices shown above. 	 (XBL 792-645A) 

events do not add more transitions per event at 
lowerenergies (transitions between lower-spin 
states), but only add transitions at the highest 
energies and spins (Ey(rot) 	41 — 2). By sub- 
tracting successive slices, we get the curves in 
the bottom of Fig. 2, which show the very regular 
increase in average energy of these transitions up 
to slice 8 (-32 MeV). From the integrals of these 
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EVIDENCE FOR ROTATIONAL STRUCTURE AT HIGH SPINS IN 154 , 155Er 

M. A. DeepIanque,*  J. P. Husson, N. Perrin,*  F. S. Stephens, G. Bastin,*  C. Schuck,t 
J. P. Thibaud,t L. Hildingsson, 1  S. Hjorth,l A. Johnson,1 and Th. Li n dbladl: 

Recently, the level schemes of several nuclei 1  
just above the N = 82 shell have been determined up 
to very high spins (about 40 a). All these nuclei 
are characterized by an irregular weakly collective 
yrast band which is heavily populated. No discrete 
lines due to transitions above spin 36 a are seen, 
probably because many parallel cascades are here 
involved in the i-ray de-excitation of the nucleus. 
These y-rays then form an unresolved "continuum" 
which can be studied by methods which have been 
recently developed. The purpose of the present 
work is to learn about higher spins in the nuclei 
around N = 86 by applying these methods. 

Selection of the final product nucleus is 
made possible by the inclusion of a Ge(Li) detector 
in the experimental setup. The complete detector 
arrangement is shown in Fig. 1. Both singles with-
out Ge(Li) events and Ge(Li) coincident events 
have been recorded, in coincidence with a multi-
plicity filter of six 7.5 x 7.5 cm NaT counters 
located jg a cirle in the horizontal plane. The 
system 'Sn + 4UAr leading to residual nuclei 
well known to be rotational up to the highest 
spins orved(around 60 a) has been compared 
to the 1 Sn + '+UAr system leading to the nuclei 
around N = 86 which are weakly collective at low 
spins. The Ar beam has been produced at the 
ALIC facility in Qçay, at 170 and 183 MeV for 
the ' 24Sn and the 1 Sn systems, respectively, 
in order to give approximately equal 4n and 5ri 
cross sections in each case. 

Figure 2a compares the four-fold 	ngles 
spectra for the 00 detector from the 1 Sn and 
ll9Sn targets normalized to the same exponential 
tail. The 16 Er compound nucleus gives a spectrum 

Ge (Li) 

boom 

six multiplicity 
detectors 	I 

Fig. 1. Experimental setup. (XBL 798-2432) 

0 	2 	4 	6 
E (MeV) 

jg. 2. La)  Four-fold 00  singles specç for 
1 Sn + 4 'Ar system (dashed line) and ' 1 Sn 
+ 40Ar system (solid line). (b) Experimental 
spectrum obtained in singles for the 119 Sn 
+ 40Ar system by adding the 1-6 fold 00 + 900  
spectra (solid line); calculated statistiçp) 
spectrum (dotted line). (c) Spectra for 	Er 
(thick line) and 155 Er (dot_dasheçl 4ine); 
(d) Multiplicity spectra for the i2  Sn + 40 Ar 
system (open squares) and 119 Sn + 40Ar system 

jlled uares); (e) Multipole spectra for 
"Sn ( 1 'Sn) targets: stretched quadrupole 

component: open (filled) diamonds; stretched 
dipole component x(+). (XBL 798-2431) 
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showing a characteristic rotational bump with a 
rather flat top to around 1 MeV and extending to 
about 1.6 MeV. The small peak at 550 keV corre-
sponds to the backbending region well known in 
the 160Er residual nucleus. The 119Sn + 40Ar 
case looks very different, having two very well 
separated peaks with pronounced dip at 1 MeV. 
The low-energy bump has a high intensity and con-
tains the heavily populated transitions around 
700 keV which have been observed as discretç 
lines from stases with spins up to 36 h in ' 54 Er 
and 45/2 h in 155 Er. The second bump starts at 
—1 MeV, and above the maximum it seems to resemble 
rather closely the upper edge of the rotational 
bump observed with the 124Sn target. This second 
bump develops very strongly with increasing fold 
number, which shows that it contains transitions 
coming from high spins. Figure 2d shows the 
ultipliciy spectra obtained in singles for the 

!24Sn and 	9Sn targets. In the first case, the 
regular increase of multiplicity with transition 
energy reflects the rotational correlation between 
energy and spin. 

The structure of the qiltiplity spectrum 
is very different in the 1 ''Sn + ''-'Ar system: 
there are two peaks corresponding to the two 
bumps observed in the 1-ray spectrum, and they 
are of equal height in spite of the much smaller 
intensity of the higher energy bump in the 1-ray 
spectrum relative to the statistical component 
under it. The i-rays in this bump must then be 
associated with the highest multiplicity in the 
reaction which means that they very probably 
come from the highest-spin states emitting 1-rays. 
There is a remarkable similarity in the rise of 
the multiplicity in the 124 Sn + 40Ar and 11 9Sn + 
40Ar systems starting from the highest energy of 
the yrast region, which suggests a similar behavior 
of these two systems in this region. 

The multipole composition of the 1-ray spec-
trum is deduced from the intensities observed in 
the 00  and  900 counters, under the assumption of 
only stretched dipole and quadrupole radiation. 
The rnultipole spectra corresponding to the sum 
of 3 to 6 fold spectra are shown in Fig. 2e for 
the two systems again observed in singles. In 
the rotational case, there is, as expected, a 
strong predominance (75% of stretched quadru-
pole transitions in the yrast region, in rather 
good agreement with previous data 2  though we find 
more stretched dipole transitions at low energy. 
The m9st striking feature of the spectrum from 
the 19Sn + 40Ar case is the very large predomin-
ance (80%) of stretched quadrupole transitions in 
the higher-energy bump. The multipole spectra of 
the two systems look similar in that energy region. 

Of the two bumps observed in the 119Sn + 40Ar 
system, the lower contains the previously known 
transitions ext

1
ping up to about 1 MeV and (36 ' 

in the case of 	Er), and in the spectra before 
compression it is easy to identify these lines 
(or groups of lines). The sharp cut-off in 
energy of these lines at-4 MeV is surprising, 
ince we might expect a rather broad distribution 

scattered around the average value given by the 
rigid-sphere moment of inertia which would be 
1 MeV for spin 35 h. We do not understand why 
the lines from such weakly collective regions 
should be so sharply confined in energy, but it 
is this cut-off that makes the second collective 
bump so apparent. 

The properties of the high-energy bump 
suggest that the erbium nuclei around N = 86 are 
strongly collective (very probably rotational) at 
the highest spin values. The maximum spin at 
the top of the ganiiia cascade in the 119Sn + 40Ar 
system is calculated from the bombarding energy 
to be about 60 h. Together with a maximum energy 
in the bump of 1.6 MeV, this gives a moment 
inertia of 150 MeV 1  which is reasonable for this 
mass region. Using this moment of inertia for 
the 1.1 MeV lower energy edge of the bump gives 
a spin of 40 h for this point, which coincides 
with the end of the observed non-collective tran-
sitions. Finally, this type of behavior is sug-
gested by the similarity in this energy region 
of both the 1-ray spectruml, pd

l0U 
 e multiplicity 

spectrum to those for the 	Er  nuclei which 
have been shown to be rotational up to the highest 
spins. Thus, there is reasonably good evidence 
that the structure of 155 Er and 5 Er nuclei 
changes from a spherical or weakly oblate one at 
spins below 40 Ti to a highly collective (very 
likely rotational) one above that spin. 

The type of rotational behavior in these 
nuclei is not so clear. The theoretical calcu-
lations 3  predict oblate ( 	-0.2) or strongly 
prolate ( 	0.6) deformations at very high spins 
in these nuclei. For a number of reasons it 
seems most likely to us that these 154,15E r  
nuclei at high spin are prolate with deformations 
comparable to ( 	0.3), or slightly larger than 
the heavier rotational rare earth nuclei. 
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MEASUREMENTS OF LIFETIMES AND FEEDING TIMES FOR HIGH SPIN STATES ON 158DY 

D. Ward,*  H. A. Andrews,*  0. Hausser, V. El Masri,tM. M. A1onard4 
I. V. Lee, A. M. Diamond, F. S. Stephens, and P. A. Butler II 

The development of very heavy-ion beams has 
made possible the production of excited heavy 
nuclei by inverse reactions. In these experiments 
target nuclei are bombarded with heavier beam 
particles, producing tightly collimated, high-
velocity recoils. This feature is advantageous 
in applying Doppler techniques to gamma-ray spec-
troscopy. In the present experiment a 595 MeV 
136 Xe beam bombarded a target of 24Mg, producing 
excited 156Dy. The nuclei recoiled at —7% the 
velocity of light whereas the "conventional" 
reaction with a 2 Mg beam would have produced 
recoils at only --1.5% of the velocity of light. 
A recoil-distance method was used to measure 
feeding times and lifetimes for the high-spin 
levels. 

The nucleus 156 Dy is of interestbecause of 
the occurrence of anomalous moments of inertia in 
both its ground and s-vibrational bands. 1  A 
rotation-aligned band 2  intersects the s-vibrational  

band at spin 10 giving rise to a backbend there, 
and then intersects the ground band at spin 16k. 
We hoped to determine the reduced electric quadru- 
pole transition probabilities [B(E2)-values] between 
the high-spin levels. Of particular interest is 
the degree of collectivity of transitions in the 
aligned band, which in this nucleus are available 
for study both above and below the crossing with 
the ground band. The high moment of inertia of 
the crossing band is explained on the simplest 
rotation-alignment picture bythe fact that some 
of the angular momentum comes from the aligned 
spins of the two high-i particles involved, 
allowing the core to rotate more slowly. If so, 
the high moment of inertia would not be due to 
an unusually high nuclear deformation, but this 
has not been demonstrated experimentally. 

An. aditional point of interest in 156 Dy is 
its behavior with respect to centrifugal stretch-
ing. The other N = 90 isotones ( 1500, 152 Sm, 
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and 154Gd) show considerable increase in deforma-
tion between the ground state and spin 10. This 
has been deduced from the increase in the ground-
band B(E2) values which increase faster with spin 
than the rotational model predicti9p i.e., Qo 
increases with spin. The nucleus IDODy probably 
behaves similarly, and in thiscase we have the 
opportunity of studying the stretching to higher 
spins than has been possible to date in the other 
N = 90 isotones, An interesting question is what 
are the limiting deformations in these soft transi-
tional nuclei. 

The recoil distance apparatus buIlt at Chalk 
River was used for these experiments. The stretched 
foils of 24Mg were 1.5 mg cm-2  thick, and were pre-
pared by rolling the enriched metal. Stopping 
plates wer made of copper on which was evaporated 
15 mg cm 	of bismuth. The pulser-capacitance 

technique was employed to monitor the target-
stopping plate separation. 

Gama rays were observed in a Ge(Li) detector 
set at 00 with respect to the beam direction at 
a distance of 8 cm from the target. An array of 
five 7.6 x 7.6 cm NaI(Tl) detectors was positioned 
around the target chamber set in multi-coincidence 
with the Ge(Li) detector. Pulses from the Ge(Li) 
detector were routed according to how many NaI(Tl) 
detectors fired in coincidence, and were stored in 
the computer. This multiplicity filter was employ-
ed in our case to eliminate the intense background 
from the Coulomb excitation of 136 Xe and 24Mg. 

Typical spectra are shown in Fig. 1; they are 
complex because of the presence of three bands in 
' 56Dy, and the splitting of the lines into stopped  

and moving components. But for some of the high-
spin, short-lived states of interest there was no 
stopped peak; the lifetime was comparable or 
shorter than the stopping time. So we obtained 
the usual survival fraction, R = U/(U+S), where 
U and S are the unshifted and Doppler-shifted 
intensities, respectively, from the shifted peak 
alone and its value at infinite separation of 
target and stopper. That is R = 1 - S/SX normal-
ized to the total number of counts in the spectra 
between 730 and 1600 KeV (above the region of 
discrete lines). Examples are shown in Fig. 2. 
The remainder of the analysis goes through in the 
usual way, although a number of different assump-
tions about the feeding patterns and time struc- 
tures had to be made in order to extract lifetimes, 
especially for the highest spin. 

In fact, the uncertainties turr'ed out to be 
too great to allow definitive statements about 
deviations of B(E2) values at the band crossing. 
But it was possible to demonstrate that: 

Centrifugal stretching in the ground 
band limited at,or below, spin 12, at which point 
the Q0-value was comparable to that of the ground 
state in well-deformed neighboring nuclei (see 
Fig. 3). 

Despite the very high effective moment 
of inertia for the 14 - 12 transition in the 
aligned band, 21h 2  = 150 MeV- ', the measured 
Q 0-value showed that the deformation of this state 
was comparable with typical ground-state values in 
the region. This is a clear demonstration that 
the high moment of iner.tia of states above a back-
bend is not the result of unusually high deforma- 
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0.02 
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y636 keV 
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RECOIL DISTANCE ( MICRONS 

Fig. 2. Decay curves for the sequence 20 - 18 - 16 - 14 in the 
ground-state band. For clarity in presentation, results at appropriate 
recoil distances have been averaged; however, the fits were performed on 
the original data. A simple rotational feeding sequence was assumed 
extending to spin 30+,  with energy spacings taken from experiment. The 
three decay curves were fitted simultaneously by varying the common Qo 
for the entire sequence. 	 (XBL 798-2449) 
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Fig. 3. Summary of ground band Qo  values from the 
present work. The value given for the 2+ -+ 0+ was 
taken from Ref. 4. The solid curve is a theoretical 
result for centrifugal stretching with a = 0.002 
(cf text). 	 (XBL 798-2450) 

tion, but more likely originates from the aligned 
two-particle nature of the basic state. 

(c) Decay curves for the highest spins 
observed have been interpreted as characteristic 
of a single rotational-like cascade, for which an 
average Q0-value may be deduced. The validity of 
the method will depend on whether the de-excitation 
process can be regarded in this way; nevertheless 
the procedure is a convenient one for comparing 
feeding times to states of different spin in one 
nucleus or in comparing different nuclei. 

(d) Slow side-feeding rates were observed 
at spins below 12 in the ground band. It is 
possible that this feature will be quite general 
in deformed nuclei, arising from the termination 
of cascades down higher-lying bands with inhibited 
branches to the ground band. 
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REDUCED TRANSITION PROBABILITIES AND ENERGIES OF HIGH-SPIN STATES IN 162Dy 

M. W. Guidry,*  I. V. Lee,t  N. A. Johnson,t P. A. Butler,f D. CIine, P. Colombani,II R. M. Diamond, and F. S. Stephens 

There have now been reported a number of 
lifetime and Coulomb excitation measurements for 
well-deformed nuclei (Examples are Refs. 1-4 and 
references therein). The reduced transition proba-
bilities [B(E2)] and energy levels deduced from 
these experiments demonstrate that non-backbending 
rotors show a remarkably consistent agreement with 
the B(E2) values predicted by the rotational model, 
even though the high-spin energy levels show large 
but smooth deviations from the 1(1 + 1) dependence 
of a pure rotor. We have used thick-target Doppler-
broadened lineshape (DBLS) and thin-target multiple 
Coulomb excitation yield measurements to determine 
energy levels and reduced transition probabilities 
in a manner similar to that described previously. 34  

The DBLS measurements utilized 612-MeV 136X  pro-
jectiles from the Berkeley SuperHILAC on a 6 Dy 
target of 96% purity and of sufficient thickness 
to stop the beam. Example of the best fits to the 
data are shown in Fig. 1, and the lifetimes are 
recorded in Table 1. 

Thin (1 mg/cm 2 ) 162Dy targets of 96 purity 
were also bombarded by 612- and 547-MeV 3°Xe pro-
jectiles. The scattered particles were detected 
in three rows of three silicon detectors each, as 
described in Ref. 5. Gamma rays were detected 
from the recoiling nuclei in a Ge(Li) detector 
placed at 300  relative to the beam. The resulting 
particle-I coincidence spectrum is shown in Fig. 2, 
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Fig. 1. 	Doppler-oadençd lineshapes 
subtraction for ]i0Xe + 	62Dy (thick) 

after background 
at ELAB = 612 MeV. 

The mean lives shown are the result of the calculation 
described in the text. 	The solid line is the calculated 
lineshape for the quoted mean life. 	For each state the 
open points were assumed due to contaminants and were 
excluded from the fit. (XBL 798-2424) 

Table 1. Energies, mean lives, 	and reduced transition probabilities for the ground-state rotational band of 16 20y. 

B(E2)/8(12)Rotor 

OILS- 

Transition ly (MeV)a b 
T ( 	 2 	OILS 	547-MeV 

TD8LS PS 	B(E2)Ro toreb 	(This Work) 	coulex 
612-Hey 
Coulen Coulex AVG 	Ref. 2 

Couleo AVG 
Ref. 	1 	(This Work) 

2 - 	0 0.08066 5.99 
1.0765 

4' 2 0.1850 0.304 1.5378 0.97±0.05 

6.4 0.2829 0.077 1.6938 	 0.94±0.06 0.94±0.06 0.94±0.04 	0.94±0.05 0.940.04 

8-. 6 0.3724 0.034 5.9 ± 0.3 	1.7730 	1.05±0.05 	1.06±0.09 1.03±0.09 1.04±0.06 	0.94±0.05 1.03±0.08 	1.04±0.04 

10.8 0.4542 0.020 2.1 ± 0.1 	1.8211 	1.09±0.06 	1.03±0.09 0.98±0.08 1.00±0.06 	1.19±0.12 1.01±0.06 	1.040.04 

12-. 10 0.527 0.013 1.1 ± 0.06 	1.8534 	0.97±0.05 	0.94±0.09 0.97±0.09 0.96±0.06 	0.94±0.12 0.81±0.05 	0.96±0.04 

14 -'12 0.592 0.010 0.65±0.07 	1.8766 	0.91±0.09 	1.100.11 0.96±0.10 1.03±0.07 0.97±0.06 

16 - 14 0.649 0.008 1.8941 	 0.91±0.15 0.91±0.11 0.91±0.09 0.910.09 

18 • 16 0.693 0.007 1.9077 10.80±0.15 0.80±0.15 0.80 1 0.15 

aE ner , of first five transitions taken from C. M. Lederer, et al., Table of Isotopes, 7th ed. (1978). 
bTOt a l conversion coefficients from R. S. Hager and E. C. Seltzer, Nucl. Data Tables A 4. 1 (1968). 

CBased on<0((M(12)(12> '-2.32 eb from Ref. 6. 
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Fig. 2. ThiQ-arget particle-I Colouq excitation 
spectrum of '6 Dy excited by 612-MeV hi6Xe projéc-
tiles. The effective moment of inertia plot (inset) 
demonstrates that this nucleus does not backbend 
up to spin 18. 	 (XBL 798-2425) 

and level energies are tabulated in Table 1. In 
addition to the particle-I coincidence requirement 
a multiplicity filter consisting of four 7.6 cm 
by 7.6 cm Nal detectors placed around the target 
was utilized to help make the level assignments 
in Fig. 2. 

Coulomb excitation yields were calculated 
for the thin-target coincidence spectra, and used 
to deduce average B(E2) values by the standard 
"double-ratio" method.!,2 The matrix elements 

<oIj M(E2) II 2> = -2.32 eb <0Il M(E4) II 4> = 
0.27 eb2  (Ref. 6), and the rotational model were 
used in the theoretical calculation. 

The ratios of the B(EZ) values to those of a 
rigid rotor determined by this method are shown in 
Table 1. The transition energies shown in Table 1 
have not been previously reported for I > 12. They 
exhibit a smooth deviation from the behavior of a 
pure rotor, with no backbending, as the inset in 
Fig. 2 shows. This failure of the nucleus to back-
bend at these an9ular  momenta is consistent with 
the location of ' 6 Dy. in the N-Z plot of Ref. 7. 
Thus the even-even Dy nuclei with A < 160 exhibit 
yrast discontinuities at I < 20, but those with 
A > 160 exhibit only smooth variations from that 
expected for a pure rotor. This trend has been 
interpreted in terms of decreasing Coriolis inter- 
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experimental uncertainties. The 232Th data are from Refs. 1 and 3, while the 
Yb data are from Ref. 4. 	 (XBL 798-2426) 
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action with increasing mass in the isotopic se-
quence, i.e., as the i1312 neutron sub-shell fills, 
as evidenced in neighboring odd-mass nuclei. 7  

Also shown in Table 1 are the B(E2) values 
expected for a pure rotor, the ratios of B(E2) to 
rigid-rotor values determined from the DBLS and 
Coulomb excitation measurements in this work, and 
the ratios determined in two other recent 
experiments. 1 , 2  

The general conclusion that we draw from 
these results is that the rotational model cor-
rectly predicts the transition probabilities for 
well-deformed nuclei, even when there are smooth 
deviations of the high-spin energy levels from 
those of a rotor with a constant moment of inertia. 
In Fig. 3 we summarize this behavior for several 
nuclei in which B(E2) values have been determined 
for I > 16. While the effective moment of inertia 
at spin 16 for these cases is typically increased 
by"20% over its value at spin 2, the B(E2) values 
remain rotational within experimental uncertainty. 
Thus, changes in the moment of inertia of well-
deformed nuclei are not primarily due to changes 
in the nuclear shape. They seem rather to be de-
termined by Coriolis reduction of pairing correla-
tions. This reduction increases with collective 
angular momentum, and alters the nuclear matter 
flow pattern toward that of a rigid moment of 
inertia, without producing large changes in the 
nuclear shape. This result is quite in keeping 
with the critical role played by Coriolis effects 
in high-spin nuclear phenomena. 
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MEASUREMENTS OF DECAY ENERGIES OF SOME NEUTRON DEFICIENT 
INDIUM ISOTOPES WITH THE RAMA-SYSTEM 

J. Aysto,' M. D. Cable, P. E. Haustein,t D. M. Moltz, R. F. Parry, J. M. Wouters, and J. Cerny 

As part of our program of studies of exotic 
nuclides far from the valley of beta stability, we 
have undertaken a series of experiments to measure 
decay energies of some neutron-deficient In, Sn and 
Sb isotopes. The primary goal of these measure-
ments is to map the nuclidic mass surface 

r

in the 
vicinity of the highly neutron deficient, doubly 
magic nucleus '°°Sn. It is expected that measure-
ments in this region will highlight the influe nç 
of the closed shells on the decay energies of "'Sn 
and neighboring nuclei. 

Total decay energies of isotopes of interest 
were determined by utilizing the helium-jet cou-
pled on-line mass separator, RAMA, 1  together with 
(,Y) coincidence techniques. Mass-separated 
samples were collected and transported to a detec- 

tion station by a fast tape system. Isotopic 
identification was done by gating the beta-counter 
with known gamma lines following the beta-decay. 
A telescope designed to measure Q-values up to 
20 MeV, was used as a beta counter. It consisted 
of a 10mm c x 1.0mm thick NE 102 plastic scm- 
tillator as a AE detector for gamma rejection and 
a large cylindrical 11.4 cm 4 x 11.4 cm plastic 
detector for energy analysis. The geometry of the 
system is very high, being determined exclusively 
by the distance from the source to the detector 
telescope system. Coincidence timing between the 
E and E counters of the telescope was about 5 ns 

full width at half maximum. Gamma ray detection 
was accomplished utilizing a large volume (15%) 
Ge(Li) counter. 
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Fig. 1. (a) Beta spectrum of 105 In gated by 131 
keV ground state transition. (b) Fermi-Kurie plot 
of the same spectrum. A fit to the high-energy 
component gives an endpoint of 4.00 ± 0.25 MeV, 
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The beta-telescope was calibr 
'

d by 	serv- 
ing the allowed decay branches of 	Sb ""Cs and 
124Cs (Refs. 2,3) produced in 20Ne + naMo and 
20Ne + natAg reactions at 175 MeV. Endpoints were 
obtained by gating the beta-counter with 511 keV 
annihilation quanta or with a gamma-ray from the 
first excited state of the daughter. These cali-
bration isotopes covered an energy region from 
3.41 to 4.93 MeV. A computer code was developed 
to convert the pulse distribution to a Fermi-Kurie 
plot in order to determine the endpoints of the 
energy spectra. 

Indium isotopes were produced via 102 Pd 
( 14N, 4 pxn) reactions at 200 MeV beam energy. 
This relatively high energy was experimentally 
found to give the best yields of 1U3-lO6In.  Decay 
energies were measured for all of these In isotopes. 
(An attempt to observe the unknown 102 1n isotope 
was nsuccessful.) As an example, a beta-spectrum 
of 1°5 In in coincidence with a 131.0 keV ground 
state gamma transition and corresponding Fermi-
Kurie plot are given in Fig. 1. The gamma spectrum 
in coincidence with positrons showed that the 131.0 
keV state was directly fed as a major branch in the 
beta decay. The resulting endpoint gives a decay 
energy of 5.15 ± 0.25 MeV in good agreement with 
major mass formulas. 5  Reasonable agreement with 
available experimental data and mass theories was 
obtained also for 103104106 In isotopes., However, 
since the complete response function of the beta 
counter has not yet been determined, the experi-
mental precision of endpoint determinations is 
currently limited to 200 keV. The evaluation of 
this function is in progress and will increase both 
the precision and the reliability of this type of 
mass measurement. 
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OBSERVATION OF THE DECAYS OF 20Mg and 245j: 

A TEST OF THE ISOBARIC MULTIPLET MASS EQUATION* 

J. Aysto,t D. M. Moltz, M. D. Cable, R. F. Parry, R. D. von Dincklage,l:  J. M. Wouters, and Joseph Cerny 

Recent developments in nuclear instrumentation 
techniques have made the detection of exotic light 
nuclei up to the proton drip line possible. Such 
measurements have also led to the completion of the 
mass-8 isospin quintet as well as to the observa-
tion of four members of the mass 20, 32 and 36  

quintets, thereby extending tests of the isobaric 
multiplet mass equation (

1

MME) beyond the very well-
studied isospin quartets.The masses of isobaric 
analog states in an isospin multiplet are given in 
first order by the IMME as 
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M(A,T,T7 ) = a(A,T) + b(A,T) 	Iz + c(A,T) 	T 2  

where the coefficients a, b and c are related to 
diagonal reduced matrix elements of the charge-
dependent part of the Hamiltonian. 

Although this quadratic form of the IMME fits 
the vast majority of the data on isospin quartets, 
a persistent deviation has been reported in the 
mass-9 quartet. In addition the mass-8 isospin 
quintet also shows a deviation from the simple 
IMME, so that tests at higher masses have become 
imperative to establish comparable systematics 
for quintets. Such deviations from the quadratic 
form are generally represented by additional terms 
d(A,T) 	T 3  and e(A,T) . T 7 4 , in which the d and 
e coefficients can be derived from second-order 
perturbation theory. Deviations from the quadra-
tic form in the cases of the A = 9 quartet and the 
A = 8 quintet have been explained as resulting 
from an expansion of the radial wavefunctions due 
to strong Coulomb repulsion and isospin mixing. 

Since, in general, the most experimentally 
inaccessible state in the A = 4n isospin quintets 
is that of the 0, T = 2 state in the I = -1 nu-
clide, we have initiated a program to characterize 
these states by observing the beta-delayed grQton 
decay of the mass-separated Tz = -2 nuclei., 
Mass analysis is of critical importance due to 
the presence of other, copiously produced, strong 
delayed-particle emitters; it is accomplished with 
a helium-jet fed, on-line mass separator system, 
RAMA, described in Ref. 4. In particular, we wish 
here to report both the completion of the mass- 
20 isospin quintet by observing the dey of 20Mg, 
and the observation of a new isotope, 	Si, which 
is the fourth experimentally known member in the 
A = 24 quintet. 

Beams of 70 MeV 3He ions of intensity 3 - 7 
pA from the LBL 88-inch cyclotron were used to 
produce both 20Mg and 24Si nuclei via the '°Ne 
( 3He, 3n) and 24Mg ( 3He, 3n) reactions, respec-
tively. A helium-jet technique was used to trans-
port recoil atoms into the RAMA ion source. A 
special multiple-target capillary system was con-
structed to optimize the yields of these low cross 
section and short-lived isotopes. Mass-separated 
ion beams of interest were implanted in a 50 pg/cm2  
carbon foil placed 1.5 mm in front of a solid state 
detector telescope. This telescope consisted of 
a 1.5 cm diam 42 pm AE detector and a 2.2 cm diam. 
300 pm E detector. 

Having J1  = 0 and T = 2, both 20Mg and 245i 
are expected to undergo superallowed 	decay to 
the 0 (1 = 2) analog state in their daughters in 
addition to strong allowed transitions to lower-
lying 1 states predicted by various shell-model 
calculations. An accurate measurement of the 
energy of the subsequent isospin-forbidden proton 
decay from this analog state yields a precise value 
for its excitation energy and mass excess. As an 
example, the proton spectrum arising from the decay 
of 24Si after bombardment for 560 mC is shown in 
Fig. la. Only one peak is evident in the spectrum; 
it occurs at a laboratory energy of 3.914 ± 0.009 
MeV. Aproton spectrum arising from the decay of 
220 ms 2bSi produced in the ( 3He, 2n) reaction is 

I I 	 I 	1 	I 
24 Mg( 3 He,3n ) 24 S1 	 (a) 
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Fjg. 1. Speca of beta-delayed protons from (a) 
and (b) Si. Events in the shaded areas in 

both spectra are due to the simultaneous detection 
of a proton with its preceding positron. 

(xBL 7812-13343) 

shown in Fig. ib; the groups at 4089 ± 2 keV and 
5403 ± 2 keV provided convenient calibration for 
the tlescope Similar spectra were also obtained 
for 2UMg  and  1Mg. Half-lives of 95&ectiveand 10018 
ms were observed for 20Mg and 24Si, r ]y. 
The proposed decay schemes or both 2g and 2'Si 
are shown in Fig. 2. Since the 24Si ground state 
mass has not yet been measured, a mass excess of 
10.750 ± 0.016 MeV was predicted using the quad-
ratic IMME. 

Experimental mass excesses of the lowest T = 
2 states in °Na and 24A1, as calculated from 
observed proton energies, are 13.42 ± 0.05 and 
5.903 ± 0.009 MeV, respectively. A summary of the 
coefficients of the IMME are given in Table 1. 
For comparison the previously known A = 8 quintent 
is also shown. For both multiplets studied here 
an excellent fit is obtained by using only the 
quadratic form. This result is contrary to the 
mass-8 system where nonzero d and e coefficients 
are obtained, a result attributed to the strong 
Coulomb repulsion and isospin mixing effects, as 
noted earlier. Our results are in good agreement 
with numerous measurements on isospin quartets 1 ; 

they show excellent agreementwith the simple quad-
ratic mass equation and give no evidence for sub-
stantial higher-order charge-dependent effects in 
these higher-mass multiplets. 
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Table 1. 	Coefficients of the IM?1E for the A = 8, 20 and 24 quintets. 

A/J .a b c d e x2 
• (1eV) (MeV-). (MeV) 	. . 	(key) (keV) 

8a 32.4346(17) -0.8823(40) 0.2294(24) - - 7.7 
0+ 32 4358(18) -0 8899(73) 0.2173(74) 3.6(27) 2.6(21) - 

20b 9.6917(22) -3;4372(51) • 	0.2466(33) - - 0.98 
0 9.690(23) -3.463 	(34) 0.278 (34) 5.0(90) -7.0(90) - 

24b 1.5018(15) -4.1742(37) 0.2250(34) - • - 0.13 
0 1.5016(16) -4.1743(37) 0.2263(48) 0.9(2.5) - - 

aRef. 1. ..: 

bihis work 
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SPONTANEOUS FISSION PROPERTIES OF THE NEUTRON-DEFICIENT Fm ISOTOPES,. 
1 .2-s 246Fm and 38-s 248Fm 

D.C. Hoffman, D. Lee, A. Ghiorso, M. J. Nurmia, and K. AIekIett 

Mass and kinetic-energy distributions have 
previously been reported' for the spontaneous 
fission (SF) of Fm isotopes of masses 254, 256, 
257, 258, and 259. It was found that the yields 
of symmetric mass division increase with increasing 
mass of the Fm isotopes until for 258Fm and 259 Fm 
a rather abrupt change occurs to narrowly sy,miletric 
mass distributions. This change to symmetric mass 
division has been attributed 2  to the disappearance 
of the second fission barrier in the deformation 
energy surfaces for the heavy Fm isotopes. Recent 
calculations 3  show that the second barrier should 
also disappear for the neutron-deficient Fm iso-
topes in the region of N = 144 to 146 and the rela-
tive heights of the second barrier are about the 
same for 246 Fm and 258Fm. Therefore, we wished to 
measure the properties of the light Fmisotopes to 
see if there was an increase in synlmetrj,ç ma 	divi- 
sion. The ' 46 Fm was produced via the 2 'Pu('C,5n) 
reaction by 

'
Qmbardment of a 0.5 mg/cm 2 239 Pu target 

with 80-MeV 	C ions from the LBL 88-inch cyclotron. 
The 248 Fm was produced via the 239Pu(13C,4n)  reac-
tion by bombardment of the same target with 70-MeV 
'3c ions. A horizontal wheel arrangement (called - 
the "MG') with 80 collection positions, each hold-
ing a 1.27-cm o.d. steel ring with a0.63-cni hole 
over which 40 pg/cm 2  polypropylene film is held, 
was used to measure SF properties of nuclides with 
half-lives down to about a second. The recoil 
products from the target region were deposited by' •  
a He jet system containing NaCl aerosol onto the 
polypropylene films with an efficiency of 70%. 
Four pairs of detectors were used to measure the 
kinetic energies of coincident fission fragments 
as the films containing the deposited activity 
were consecutively rotated between them. 

The amplifier output from the detectors was 
fed to a PDP-15 computer and the time and pulse 
height of both fragments from detected SF events 
were stored on magnetic tape. The coincidence-
detection efficiency was65%. Sources of 25 Cf 
were used to calibrate the detectors using the 
Schmitt, Kiker, and Williams 4  method. Pré-neutron 
emission kinetic energies were calculated by cor-
recting for prompt neutron emission using the 
v(M) function given for 257 Fm by Balagna et al.5 
which is similar to that measured for 252Cf 13  and 
deduced for 256 Fm. 

We detected 307 "coincident" SF events 
(events in which both fragments were detected) in 
the bombardment of 239 Pu with 80-MeV 12C ions. A 
least-squares analysis of their time distribution 
gave a half-'ife of 1.5 ± 0.3 s, consj,ent with 
the reported value of 1.2 ± 0.2 for 	°Fm. There 
was no indication of more than one component; the 
only interfering SF activity that might have been 
produced in this bombardment is 38-s 248 Fm, and 
its contribution to the observed SF's is estimated 
to be<1%. 

A similar analysis Of the 72 coincident 
events fromthe bombardment of the 239Pu target 
with 70-MeV ' 3 C ions gave a half-life of 33 ± 10 s, 
consistent with the 38 ± 4 s reported 6  for 248 Fm. 
Again, no other component was observed; no inter-
ference is expected from any other SF activity. 

The observed pre-neutron-emission kinetic 
energy distributions are shown in Fig. 1; the - mass 
distributions are given in Fig. 2. A summary of 
th properties of the energy distributions for 
249Fm and 248 Fm is given in Table 1 together with 
those for 252Cf measured in our system for 
comparison. 

248 Fm 

40 

- 	

- 

- 

246 •Fm 

80 	[IX' 

Fig. 1. Pre-neutron-emission kinetic energy dis-
rjbutions of high and 9w-energy fragments for. 
4°Fm (383 events) and 	8Fm (74 events). 

- 	 (XBL 798-10777) 



ThEa 196.4 199.1 195.6 198.3 
a 14.5 14.8 14.3 14.5 

Elow 85.4 86.4 84.4 85.3 
a 10.2 10.3 9.3 9.3 

Ehigh 110.8 112.6 111.1 112.1 
a 8.8 8.8 9.5 9.4 

aEstimated error on energies in z± 2%. 
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Table 1. Properties of the measured (post-neutron-
emission) and calculated initial (pre-neutron-
emission) fragment kinetic-energy distributions. 
Energies are given in MeV. 

  

,k'fl 246 Fm 	 248Fm 
Post-n 	Pre-n 	Post-n 	Pre-n 

HI 

2( 

60 	80 	00 	120 	140 
ENERGY (MeV) 

Fig.Pre-neutron-emissiQg mass-yield curves 
for 2Fm  (383 events) and ' 8Fm (74 events). 

(xBL 798-10778) 

The pre-neutron-emisson IKE's of 199 ± 4 MeV 
and 198 ± 4 MeV are in good agreement with the 
values of 201.0 and 200.4 calculated frçm Unik's 

IK linear fit to the function 	E = B(Z2/A'/3 ) + C 
with B = 0.13323 and C 	-11.64. The mass distri- 
butions for 26Fm and 248Em have peak-to-valley 
ratios of Z10 and show no evidence for an increase 
in syrnetric yields even though calculations indi-
cate3  that the barriers for 26Fm and 258Frn are 
similar. Neither do they appear to be "transition" 

nuclei such as 257 Fm which shows a P/V ratio of 
only ge 1.5. 
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AN S-MATRIX THEORY OF ALPHA DECAY 

Elizabeth A. Rauscher 

The detailed mechanism of alpha decay and its decay widths fRr  light and heavy, even- and odd- 
implications about the structure of nuclear matter mass nuclei. 6 ' Application of the microscopic 
has been a s

'
uy of much interest over the last shell model rate theory as well as macroscopic mod- 

fifty years. -  We have examined four major ap- els utilizing the coupled channel formalism have 
proaches, to the theoretical calculation of alpha been studied. 	Use of the R-matrix and S-matrix 
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theories have been applied in order to overcome 
problems involving dependency on the connection 
radius and nuclear potential parameters o

°-' 
 he 

relative and absolute alpha decay widths. 0  

Because of the dependence of the calculated 
intensity ratios on the nuclear connection radius, 
and the failure of earlier alpha decay theories 
to reproduce the absolute alpha decay rate widths 
and, in some cases, the relative widths, we have 
developed a new formalism for alpha decay. This 
formation utilizes the time-dependent perturbation 
method to develop an expression for the alpha decay 
width based on the unified reaction theory or R-
matrix theory. 5  The new expression does not depend 
on the radial boundary conditions, but dependence 
on the nuclear potential well depth remains. We 
have examined the resonance compound nuclear decay 
process in terms of the energy and partial angular 
momentum wave dependence of the complex scattering 
matrix elements. 

The possibility of relating the absolute decay 
width of resonance decay of a compound nuclear 
state to the poles in the complex elements of the 
scattering matrix is of interest in elucidating 
a reasonable model of nuclear internal states. 
In a picture utilizing this method of calculating 
the decay width, it may allow us to calculate 
reasonably accurate absolute widths, which are 
not extremely sensitjve to the nuclear optical 
model parameters. 9 ' 1 ' 

Our formalism of the nuclear reaction theory 
for alpha decayis similar to the treatment of 
Lane and Thomas, 12  and we utilize their notation. 
In this formalism of alpha decay, where the alpha 
decay rate or decay width for alpha decay can be 
identified with a scattering event, one identifies 
a resonance width with a pole in the S-matrix. 
When the real and imaginary parts of the energy-
dependent S-matrix elements are plotted and these 
are identified with a loop which appears in the 
unit phase circle, the residue of the pole of this 
loop can be identified with the energy of the com-
pound nuclear resonance state. 

For a resonance S-matrix coupled channel model 
with a complex nuclear potential, we calculate the 
alpha decay resonance width from the energy posi-
tion of resonance loops in the complex S-matrix 
plane ArgandlT  diagrams. The form of the Woods-
Saxon potential used, including centrifugal term 
for various alpha partial waves on the target, is 
given as 

V(R) = 
	2 + h 2 ((Z+1) 2  He  

2P R2  

RroAh/3a 
- V0 1 + exp 	

]' 

with optical parameters given in Table 1. 

In Refs. 9 and 11, we present the formal 
theory of coupled channel equations for scattering 
from even nuclei. Because of the restrictions im- 
posed by the memory of present computers, and the 

Table 1. Complex Woods-Saxon potential parameter 
the parameters used in our calculation.ul, 13  

Real nuclear potential 	Imaginary nuclear potential 
Parameter 	Value 	Parameter 	Value 

V0 -100.00 MeV W -1.00 or 0 Me 

ro  1.38 f ro  1.40 f 

a 0.69f a 0.58f 

large number of partial waves necessary for calcu-
lations involving the alpha decay of intermediate 
heavy nuclei for the purposes of the present calcu-
lation, we consider alpha decay from parent nuclei 
in the first half of the s-d shell. Alpha particle 
resonance states occur, particularly in the de-
formed region between the Z (proton) and N (neutron) 
mgic numbers of 8 and 20. We consider alpha - 
2UNe resonance (see Fig. 1). 

We have been examining the structure of the 
S-matrix for the 24Mg target, spin zero. We used 
the unified nuclear reaction theory to calculate 
the S-matrix pole in the vicinity of a sharp reson-
ance. This resonance is identified with a meta-
stable state of the compound nucleus. The decay 
time formalism can be used to calculate the life-
time and branching ratios to the ground state. 

In analogy to the work in high-energy physics 
for the scattering of nucleons off of nuclei., the 
residue of the pole gives the decay as reaction 
width. We can identify the partial decay width 
for alpha decay a resonance loop in the complex 
S-matrix plots have a similar trend for both W = 
-1.0 MeV and W = 0, which may indicate that the 
resonance loops and the curve shape in plot are 
due primarily to channel coupling or absorption 
into higher or other wave channels. Absorption 
represented by the complex part of the potential 
also effects the resonance. 4  Dependence on W is 
examined by K. W. McV0y. 15  An example of Argand 
plots is given in Fig. 2. 

If the decay rate is very rapid, then the 
reaction is more likely to occur as a direct reac-
tion and the compound nuclear state would not form. 
To best fit our model of compound nuclear state 
formation, the decay time should be for a medium 
or slow rate of decay. 

If the decay time At decreases, then the 
decay width Ar becomes larger. If W, the complex 
part of the potential becomes larger, then the 
decay width reflects the increase in absorption 
and Ar becomes smaller and the decay time longer. 
The existence of narrow resonances shows directly 
that long-lived compound systems, formed by the 
target nucleus and the incident nucleon, exist. 

In recent years a major assumption about the 
mechanism of alpha decay process is that the most 
influential region of the nucleus on the alpha de-
cay rate is due to effects occurring at the nuclear 
surface. It is assumed that the alpha• particle is 
most likely to form on the surface and that the 



(a) 

28 

(I) 

U 

0 
C 
0 
(I) 

I" 

Mg 
0.01% 

N 	
20 ,Ne 

4 	 1.2.7 (b) 

8.44 

3- 	 7.62 

44 	 6.0! 

5.24 

2i- 	 424 
44 	 4.12 

24 	 1.37 

04 	 0 
24 
12 g 

Fig. 1. Energy]evels of even-even nlei in the 
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barrier penetration occurs, localized to the nu-
clear surface region, and has a significant effect 
on the alpha decay rate. The imaginary part of 
the Woods-Saxon potential in the DWBA approximation 
weights the surface region the most heavily. Also, 
channel coupling usually is designed to emphasize 
surface effects. The qualitative structurof the 
S-matrix for the (a,&) sëattering on the ' 4Mg,0 
ground state nuclei was examined with a view to-
wards developing techniques to help elucidate cer-
tain aspects of the alpha decay mechanism. Channel 
coupling to the various predominantly rotational 
levels of the daughter has been included. The 
qualitative features of the complex S-matrix ele-
ments in the energy and momentum planes may yield 
information about nuclear surface and interior 
clustering phenomena. 1  
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Fig. 2. The real and imaginary parts of the scat-
tering matrix elements are plotted as ImtJ9. vs. ReUk 
in the energy plane. Each labeled point denotes a 
laboratory energy in MeV from 7.5 to 70 MèV. Angular 
momentum values in Fig. 2a, b are 9. = 1 and 2. = 4, 
respectively. All cases have the imaginary parts of 
the Woods-Saxon potential, W = -1.0 MeV. The predom-
inant "motion' from small to larger energy for small 
P, is in the clickwise direction, which is the hard-
sphere background. Counterclockwise motion becomes 
more predominant for larger 9. values, where more 
resonances occur. The onset of resonances occurs 
around E = 13 to 15 MeV in both Fig. 2a, b. 

(xBL 798-2434) 

We have developed a method to graphically 
represent and analyze the alpha decay process in 
terms of the scattering of alpha particles in 
elastic and a few inelastic channels and compound 
nuclear resonance decay. It is hoped that these 
high-powered techniques from high-energy nuclear 
scattering will give us a more comprehensive under-
standing of the alpha decay process and of nuclear 
structure, and allow us to calculate absolute decay 
width reasonably independent of the nuclear optical 
model parameters. 

References 

G. Gamow, Zeits F. Physik 52, 510 (1924). 

R. G. Thomas, Phys. Rev. 97, 224 (1955). 

G. Breit and E. P. Wigner, Phys. Rev. 49, 519 
(1936). 

0,6 

0.4 

0,2 

C 

-0.2 

-04 

0,6 

a.) 

af 0.6 

0.4 

0,2 

0 

-02 

-0.4 



29 

4. E. P. Wigner and L. 	Eisenbud, 	Phys. 	Rev. 	72, 10. K.Harada and E. 	A. 	Rauscher, 	Contributions, 
29 (1947). International Conference on Nuclear Structure, 

Tokyo, September 1967. 
5. H. Feshbach, 	Ann. 	Phys. 	5, 	357 	(1958). 

11. E. A. Rauscher, LBL-8577, 	to be published, 
6. E. A. 	Rauscher, 	J. 	0. 	Rasmussen, 	and K. 	Harada, January 1979. 
Nuci. Phys. 	A 94, 	33 	(1967). 

12. A. M. 	Lane and R. G. 	Thomas, Rev. 	Mod. 	Phys. 
7. A. J. 	Soinski, 	E. 	A. 	Rauscher, 	J. 	0. 	Rasmussen, 30, 257 (1958). 
and D. G. 	Raich, 	Nucl. 	Phys. 	A 283, 	413 	(1977).. 

13.L. McFadden and G. R. 	Satchler, Nuci. 	Phys. 
8. K. Harada and E. 	A. 	Rauscher, 	Phys. Rev.169, 84, 177 (1966). 
818 (1968). - 

14. W. Tobocman, 	Phys. Rev. 	173, 	1047 	(1968). 
9. E. A. Rauscher, LBL-7194, 	Ph. 	D. 	Thesis, 
unpublished, February 1978. 15. K. W. 	McVoy, 	Ann. 	Phys. 	43, 	91 	(1967). 



0.2 

>% 
< 0.1 

0 
w 
C) 

30 

B. NUCLEAR REACTIONS AND SCATTERING 

1. Microscopic 

TENSOR ANALYZING POWERS IN DEUTERON-PROTON ELASTIC SCATTERING 
AND THE BREAKUP REACTION AT 45.4 M eV* 

H. E. Conzett 

We have recenty masured the tensor analyzing 
powers 120  and T22 in d+p elastic scatterin9 and 

	

in the breakup reaction at Ed = 45.4 MeV. 1 ' 	The 
elastic results now establish a rather complete 
set of polarization data in nucleon-deuteron scat-
tering at EN = 22.7 MeV, which consists of the 
proton analyzing power, the deuteron vector and 
tensor analyzing powers, and vector polarization 
transfer measurements as well. Certainly a primary 
goal of the three-body theory has been to reproduce 
the three-nucleon data from exact calculations that 
use the established two-nucleon interactions. 
During the past few years considerable success has 
been achieved in that direction. 3  The principal 
remaining discrepancy had been the failure to pro-
vide a quantiative fit to both the nucleon and 
deuteron vector analyzing pwers, Ay  and iT11, at 
scattering angles forward of 0cm = 1200 . This is 
shown in Fig. 1 by the curves labeled T4M and 140. 

(a) 	I 	I 	I 	I 	I 

= 22.7 MeV lab 

	

---T41V!,P1 	1k 

	

2T4,P2 	Jt 

I k 

/ •1k 

I 	 I  

These are Doleschall's 4  earlier calculations with 
two different separable nucleon-nucleon tensor 
interactions. The first (T4M) provided the proper 

- 3o mixing parameter ci, the second (T4D) 
fit the Di phase shifts, but neither did both. 
Thus, there was always the question of whetheror 
not the discrepancies were due to the difficulty 
in providing a separable tensor interaction which 
would reproduce the 3 s 1 , 30 i phase shifts and ci. 
That now seems not to have been the case, since 
Doleschall has recently noted that his two-nucleon 
interaction had an unreasonably long range. When 
this feature was corrected, a dramatic improvement 
was obtained in the calculated fits to the vector 
analyzing power, 5  as is shown by the curves 214 
in Fig 1. I would call those perfect fits. How-
ever, it should be noted that the 214 tensor inter-
action does not reproduce the mixing parameter c. 
This has a bearing on the fits to the tensor analyz-
ing powers. 

Since Doleschall's calculations 4 9
5  had shown 

a significant sensitivity of the tensor analyzing 
powers to changes in the nucleon-nucleon tensor 

(b) 

En  = 22.7 MeV lab 

-----T4D,P1 
2T4, P2 

51 
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Fig. 1. La) Proton analyzing power in +d scattering at 
power in d+p scattering at 45.4 MeV.. The curves are from 
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interaction, we measured 120  and  122 in d+p elastic 
scattering at Ed = 45.4 MeV fora direct comparision 
with the calculated results. Our data are shown in 
Fig. 2 along with Doleschall's calculated curves. 
Note that the 214 result, which agreed so well with 
the vector analyzing powers, does not provide the 
best fit to these tensor analyzing powers. This 
could very well be due to the poor representation 
of E:l provided by the 214 interaction. Support for 
this conclusion is given by a comparison of the 140 
and 3T4 calculations for T22, Fig. 2b. The T4D and 
314 interactions differ only in that 140 does not 
provide the proper ci, whereas 314 does. They both, 
however, still have an improperly long range. Thus, 

0 

6c.m. 

C,  

the improved agreement with the 122 data at angles 
forward of 0cm = 120 0  for the 314 calculation (as 
compared with the T4D) results from having the 

proper 3S, - 3 D].  mixing in 314. Clearly, the re-
maiñing discrepancy is likely to be associated with 
the too-long range of the 314 interaction, and 
Ooleschall is already in the process of correcting 
that deficiency. 

I turn now to the measurements of analyzing 
powers in the p+d breakup reaction. We had previ-
ously measured both proton and deuteron vector 
analyzing power, at E = 22.7 (Ed = 45.4) MeV, in 
the production of final state np pairs with low 
relative ener9ies Enp, the final-state interaction 
(FSI) region. 0  For np pairs with Enp 	1 MeV, we 
found both vector analyzing powers to be similar in 
their angular distributions (though of lesser magni-
tude) to the corresponding elastic analyzing powers. 
At first view, this was unexpected because of the 
known strong contribution to the FSI enhancement due 
to the 1 S0  np interaction,, whereas the elastic np 
final state is the bound S1  cieuteron. This expec-
tation was reinforced by the results of subsequent 
calculations b Bruinsma and van Wageningen 7  and by 
Stolk and Tjon for the final state np energy of 
Enp = 0. However, Stolk and lion found that for 
Enp = 1 MeV, and the relative np momentum along the 
beam direction, their calculated vector analyzing 
powers were in much better agreement with the ex-
perimental results. Qualitatively, this is under- 
standable from the fact that the np 1 S0  FSI enhance-
ment peak has a width of about 0.1 MeV, while that 
of the 3S1 enhancement is 2.2 Mew. Hence, at Enp = 
1 MeV the contribution from the 's1 np final state 
is dominant, and the similarity to the elastic 
scattering results is expected. This suggests that 
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Fig. 2. Deuteron tensor analy2ing powers (a) 120 
and (b) 122 in 44-p scattering at 45.4 MeV. The 	Fig. 3. 0ejteron tensor analyzing powers 120  and 
curves are from Refs. 4 and 5. 	 122 in the d+p breakup reaction at 45.4 MeV. The 

[(a) XBL 778-1575; (b) XBL 778-1756] 	curves are from Ref. 8. 	 (XBL 788-10145) 
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in the range of Enp 	1 MeV of the experimental 
measurements, the np 3S1 final-state contribution 
is the dominant one. 

Our new measurements of the -*tensor analyzing 
powers in the FSI region of the d+p breakup reac-
tion at Ed = 45.4 MeV are shown in Fig. 3. The 
two calculated curves are again from Stolk and 
Tjon, 8  for Eno = 0 and for 	= 1 MeV. Again, the 
Enp = 0 calculation yields a poor representation of 
the data, whereas that with Eno = 1 MeV is certainly 
in qualitative agreement. I think it is now clear, 
as Stolk and lion remark, that, for quantitaive: 
comparisons to these breakup and analyzing power 
data, an averaging over the experimental final-
state Enp  range must he made in the calculations. 
Alternatively, considerably better E 0  resolution 
might be sought in the experiments. This may well 
be achieved most easily in a kinematically complete-
experiment, but, of course, there one always pays 
the price of limiting the angular range accessible 
during the course of a reasonable experiment. 
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PARITY CONSERVATION IN PROTON-PROTON SCATTERING 

P. von Rossen and H. E. Conzett 

An experiment is being set up to measure a 
parity non-conserving (weak interaction) component 
of the nucleon-nucleon interaction at E 	50 MeV. 
The quantity to be measured is the longitudinal 
analyzing power Az,  defined as 

A
L °-'--°- 

z Pz  a++a_ 

where p 7  is the longitudinal polarization of the 
beam and o+  and a. are the total cross sections-for 
pp scattering with incident protons of positive and 
negative helicity, respectively. Parity conserva-
tion would require A z  = 0. The expected analyzing 
power reaches a maximum value near 50 MeV of 	3 x 
i -  (Ref. 1), so our experimental design aim is to 
achieve a precision of at least one part in iO. 
We have at our energy of E = 50 MeV, a substantial 
advantage compared to tests that have been performed 
at E = 15 MeV, 2  since the parity violating effect 
is calculated to be a factor of 3 larger -at the 
higher energy. 

The layout of the experimental arrangement is 
shown in Fig. 1. Since the polarized proton beam 
from the cyclotron has only transverse (vertical) 
polarization, the conversion to a longitudinally 
polarized beam is achieved in two steps. First, in 
transit through the longitudinal field of the sole-
noid magnet (S), the proton spin is precessed 900  

into the horizontal plane. Then, in bending the 
beam through 47.7 0  with the bending magnet (BM) the 
spin is precessed into its final direction parallel 
to that of the beam. Two fast steering magnets (SI) 
are used to maintain a constant beam position with 
repect to the solenoid, the bending magnet, and the 
high-pressure hydrogen target (I). This target con-
sists of a thin-walled tube, 50 cm long, containing 
hydrogen at a pressure of 100 atmospheres. It is 
SurrrQUnded by an ionization chamber which measures 

Fig. 1. Experimental setup. Qi, Q2: quadrupole 
lenses; Sli, S172: fast steering magnets; 5: 
solenoid magnet;- BM: bending magnet; M: monitor 
chamber; PSi, PS2: position sensors; 1: hydrogen 
target and ionization chamber; FC: Faraday cup. 

-- 	 - 	 ( XBL 798-2602) 
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the scattered proton flux in an integral way in 
order to handle the high counting rate of about 1010 
scattered protons per second. The required rapid 
spin-reversal with the recently installed 1.48 GHz 
rf transition 3  is achieved with virtually no affect 
on the beam geometry and position. This 'is neces-
sary to obtain the desired high accuracy in the 
experiment. 
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DETERMINATION OF THE ASYMPTOTIC D TO S-STATE RATIO OF 
THE DEUTERON WAVEFUNCTION* 

H. E. Conzett, F. Hinterberger,t'P. von Rossen,1 F. SeiIer,t and E. J. Stephenson11 

Recent reviews of the deuteron 12  have 
emphasized the importance of the determination of 
its D-state probability, PD, and/or' its asympotic 
D to S-state ratio, 	More precise knowledge 
of these basic deuteron properties would establish 
significant constraints on the nucleon-nucleon 
intermediate and long range tensor force and, thus, 
on the various potential models of the NN interac-
tion. Such constraints would also be important 
in calculations of the - triton binding energy and 
in the determination of the saturation properties 
of nuclear matter, both of which are very sensitive 
to variations of D•2ven  though'  D  is known only 
within a factor of two, 1  the prospects for a sig-
nificant improvement in its determination are poor 
because of the model dependence among the various 
techniques used to deduce PD  from experimental 
data. 2  In contrast, it has been shown recently that 
the asymptotic ratio PD  can be obtained in a clear 
model-independent fashion from measurements of 
tensor analyzing-power component T22 (0) in dp scat-
tering; 3  and the method has been used to determine 
the value Pj = 0.027 ± 0.005 from dp data at E = 
10 MeV. 4  We report here on dp measurements of the 
cross section o(0)  and T22() at Ed = 35 and 45.2 
MeV, from which we extract independently determined' 
values of PD. The consistency among our two values 
and that of Ref. 4 is extremely good, and. the re-
sulting averaged value of PD  has .a substantially 
reduced error. 

The original prescription 3  for the determina-
tion of PD  was to fit the experimental angular' 
distribution T22(0)/sin 2 o with a Legendre polyomial 
expansion in z = cos 0, and to 'extrapolate-this 
function to the neutron exhange pole at 

- 	5 	9B 
Zn- - ( +___) 

V 	 4 	4 E'  

with B the deuteron binding energy and Ed  the 
deuteron laboratory kinetic energy.. The extrapo-
lated value at Zp is then directly proportional to 

Subsequently, Amado et al. 4  s'howed that a 
more suitable quantity for extrapolation is given by 

f(z) = k 2 (z)T22(z)(z-z) 2/(1-z 2 ), 	 (2) 

where k is the dp c.m. wave number.' The con-
struction of f(z) is quite clear. The quantity 
o(z)T22(z).is the difference between two spin-
dependent cross sections, which has a second order 
pole at z = Zp that is removed from f(z) by the 
factor (Z_Zp) 2 . The zeros of 122(z)  at z = ±1 
are cancelled by the factor (1-z). Exrapolation 
of f(z) to the pole then gives directly the value 

10 

dp elastic scattering 

f(z)k2 cr(8) T22(8)(z-z)'(l-z 2) 

c'J 
U-, 
It 

I 

zcos 8 

Fig. 1. ' The quanity -f(Z), Eq. (2), in dp elastic 
scattering is plotted versus z = cos cm  at Ed = 35 
and 45.2 MeV. The relative errors are shown except 
where they are smaller than the points. The curves 
are 4th order Legendre polynomial series fits to 
the data. Extrapolated values, _f(z), are also 
shown. 	 (XBL 792-479) 
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PD = - 0.0542 f(Zp) 	
1 	

(3) 

Independent determinations of PD  at higher 
energies Ed are essential for the following 
reasons: 

(a) The value of PD,  thus f(zp), must be 
independent of Ed. There is always the question in 
pole extrapolations of the "background" contribu-
tion from other singularities. 5  Thus, changes in 
the relative positions of Zp and other singulari-
ties with respect to the physical region, produced 
by variation of Ed, can provide an important experi-
mental check on the background contribution. As 
seen in (1), the pole moves closer to the physical 
region as Ed increases. 

b) The proportionality constant between P0 
and f (Zp) in (3) was obtained 4  from expressions 
for nd scattering since, in leading order, f(z) is 
Coulomb-independent. Any remaining exchange-pole 
Coulomb distortion effects will be reduced at the 
higher energies. 

Measurements were made of both o(0) and T22(e) 
in dp scattering at Ed = 35 MeV, while T22(0) alone 
was measured at Ed = 45.2 MeV. Cross section val-
ues at the higher energy were obtained from quadra-
tic least squares interpolations of data in the 
literature. 	The absolute normalization of our 
35 MeV o(0) distribution was made in the same way, 
and an additional check was made through a compari-
son of optical model calculations with measured 
forward angle cross sections in d + Xe elastic scat-
tering. Absolute a(e) normalization errors of 2.3% 
and 3.0% were assigned at 35 and 45 MeV, respec-
tively. The absolute normalization errors in T22 
(e) were 2.9% and 3.4%, respectively. 7  The f(z) 
values are plotted in Fig. 1, where the relative 
errors shown are essentially statistical. 

In order to extrapolate the measured distribU-
tion f(z) and to determine the quantity f(zp), a 
least-squares Legendre polynomial fit was made. A 
crucial point of the analysis is the maximum order 
L of the Legendre polynomials to be used in the 
fitting function, because the error in the extrapo-
lated value increases with L. We found that L = 4 
was necessary and sufficient for satisfactory fits 
at both 35 and 45 MeV. 

Using (3), our two independently determined 
values of the asymptotic ratio P0 are 0.0260 ± 
0.0021 and 0.0265 ± 0.0018. The weighted average 
of these two values and that of Ref. 4 is 

	

0.0263 ± 0.0013 	 (4) 

Theoretical estimates of P0 are also available. 
Values calculated from various phenomenological po-
tential models range from 0.025 to 0.0285 (Ref. 1). 
However, the value (4) now weighs against the old 
phenomenological Hamada-Johnston. potential value 
of 0.0285. A model-independent dispersion relation 
calculation, which used only one-pion exchange and 
the np effective range parameters, gave the value 
0.029 with no estimate of its uncertainty. 8  

The value (4) for PD  can now be used in any 
particular potential model to specify the D-state 
probability P0. That is, with the intermediate 
and long range parts of the D-.state wavefunction 
constrained by the deuteron quadrupole moment and 
by p0, the calculated value of P0 will be similarly 
constrained. Of course, there will still be varia-
tions because of the model dependence of the short-
range part of the wave function. 

In terms of the modern meson-exchange poten-
tials, our P0 value establishes a constraint on 
the strength of the long-range part of the tensor 
force. 9  For example, this component is too strong 
in the Paris potential)-° which gives the value 
PD = 0.0293. 	Meson theory, now including p-meson 
exchange, suggests the value P0 Z 0.026, 9  in good 
agreement with our experimental value. 

In summary, we have determined the deuteron 
D to S-state asympotic ratio to an accuracy of ±5%, 
and this value provides an important constraint on 
the MN intermediate and long range tensor force. 
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ANALYZING POWER MEASUREMENTS IN P  +3He ELASTIC SCATTERING 
BETWEEN 21 and 30 MeV 

J. W. Watson, H. E. Conzett, R. M. Larimer, B. T. Leemann, and E. iJ. Stephenson 

The four-nucleon system plays a special role 
among nuclei. It is the lightest system which 
manifests the basic nuclear structure property of 
excited nuclear states. Similarily, it is the 
lightest system which has been studied in terms of 
the shell model and the microscopic cluster model. 
This cluster model describes collisions between 
composite nuclei in terms of the individual nucleon-
nucleon interactions, employing totally antisym-
metric wavefunctions so that the Pauli exclusion 
principle is immediately satisfied.' More recently, 
consjderable success has been achived in describing 
p + He elastic scattering below 20 MeV in terms of 
an optical model, whose real potential includes an 
exchange term. 2  This term was required by the find-
ing of resonating group calculations that the anti-
symmetrization resulted in different potentials for 
the even and the odd 2. states. More traditionally, 
such scattering, data are interpreted via phase- 
hift analyses, and the R-matrix formalism is used 
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to characterize any resonance behavior of the phase 
shifts. 

A rather complete set of p + 3 He data, includ-
ing differential elastic and total reaction cross 
sections and proton analyzing powers, is available 
below 20 MeV. There is even a sparse amount of 
data on 3He analyzing powers and on polarization 
transfer coefficients. Thus, below 20 MeV there 
is a sufficient amount and variety of measurements 
of the several experimental observables, so that 
the various analyses and theoretical models can be 
adequately tested. It is clear that a realistic 
description of the.p + 3 He system is manifestly 
spin-dependent,,so measurements of the polarization 
observables are essential. 

There exist, above 20 MeV, only measurements 
of the elastic and the total reaction cross sec-
tions, so we have started a program to measure 
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Fig. 1. Proton ana'lyzing powers in+ 3He elastic scattering at (a) 21.4 MeV and (b) 30.1 MeV. 
[(a) XBL 798-2605; (b) XBL 798-2606J 
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the proton analyzing powers in 	+ 3He elastic 
scattering between 20 and 50 MeV. We have 
completed measurements at 21.4, 24.8, 27.3, and 
30.1 MeV. Figure 1 shows our results at 21.4 and 
30.1 MeV. It is clear that a strong spin-orbit 
interaction sets in for this four-nucleon scatter-
ing system, since the comparable proton analyzing 
powers in the three-nucleon scattering system, 
+d, are almost a factor of 4 smaller. It is 
clearly important that the origin of this dramatic 
increase in the spin-orbit strength be understood. 
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TENSOR ANALYZING POWERS IN 4He(d,d)4He ELASTIC SCATTERING 
BETWEEN 17 and 45 MeV* 

E. J. Stephenson,t H. E. Conzett, R. M. Larimer, B. T. Leemann, A. Roy,t  and P. von Rossen 

Extensive and precise measurements have been 
made of the analyzing powers in d-a.elastic scat-
tering at tandem energies. The first such experi -
ments involved double scattering to observe the 
corresponding polarization moments. Since then, 
both the vector and all tensor analyzing powers 
have been measured with polarized deuteron beams. 
In an effort to completely determine the scattering 
matrix, an additional 14 polarization transfer coef-
ficients have also been observed. Recent experi-
ments have begun to extend the energy range of 
these measurements up to 45 MeV. 

The analyzing power measurements hve been 
used primarily in phase-shift analyses.' With even 
the earliest efforts, it was clear that analyzing 
power measurements were needed in addition to cross 
section data to remove ambiguities in the phase 
shifts. The energy dependence of the derived phase 
shifts then confirmed 1  the presence of the 2 and 
1 T = 0 states in 6Li near 5 MeV. As the extent 
and precision of measurements improved, they served 
both as a testing ground for previous analyses and 
as input to other sorts of model calculations. 

Throughout this energy region, the analyzing 
powers are large and vary smoothly with energy, 
making d-(x elastic scattering attractive as a po-
larization analyzer. The analyzing power was first 

ialibrated absolutely in a comparison with the 
60(d,1) 14 N reaction, whose analyzing powers re 

constrained by the O' spin and parity of the 
final state. 3  In addition, there are energies and 
angles where the analyzing power A yy  = 1. This 
possibility, first noted in Ref. 4, was later con-
firmed on the basis of a phase-shift analysis. 5  
Thus d-ct elastic scattering is useful both as a 
primary as well as a secondary polarization 
standard. 

For experiments with tensor-polarized deuteron 
beams at energies up to 50 MeV, a polarization 
standard is clearly needed. Besides having large 
analyzing powers that vary slowly with energy, the 
d-c elastic scattering system isan attractive 
analyzer because of its large cross section and 
the ease with which the scattered particles can be 

äbserved. Complete angular distribution measure-
ments are useful for phase-shift analysis, although 
the increased influence of absorption at higher 
energies makes the study of more resonances in 60 
seem unlikely. It would also prove fortunate if 
additional absolute calibration points could be 
found. 

In this article, we report angular distribu-
tion measurements of the tensor analyzing powers 

Avv and  Axx between 17 and 45 MeV, and at center-
of'mass angles from 300  to 160 0 . Angular distribu- 
tions were measured at 17 MeV to compare with exist-
ing measurements, 4  and the calibration of the 
polarimeter adjusted to give agreement at this 
energy. The differential cross section was meas-
ured along with the analyzing powers. After the 
survey of d-cc scattering was completed, selected 
points with extreme values of the tensor analyzing 
power were remeasured with greater precision using 
a recently completed rapid spin flip scheme for 
the polarized ion source. The measurements pre-
sented here complement the vector analyzing power 
angular distributions presented in Ref. 6. 

The polarized ion beam was generated in an 
atomic beam source. The beam quantization axis is 
constrained to be parallel to the cyclotron main 
field. or perpendicular to the beam direction, and 
the analyzing powers measured are most conveniently 
expressed in Cartesian tensors. 7 ' 8  Two tensor 
analyzing power measurements are possible. One, in 
which the quantization axis is perpendicular to the 
scattering plane, yields polarized cross sections 8  
given by 

cr = 	(i + 1 PyAy  + PyyAyy ). 	(1) 

The other, in which the quantizatiôn axis lies in 
the scattering plane, yields 

a =0 ( + PxxAxx). 
	 (2) 
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Fig. 1. 	angular distributions at various beam 
energies. The curves are a guide to the eye. 
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Fig. 2. Axx  angular distributions at various beam 
energies. The curves are a guide to the eye. 

(XBL 798-10771) 

The notation for beam polarization (p) and analyz-
ing power (A) follow the Madison Convention. 7  
These two cases were measured in separate experi-
ments, between which the scattering chamber was 
rotated about the beam line. 

Final angular distributions of the analyzing 
powers Ayy  and Axx  are presented in Figs. 1 and 2. 

In this article, we have reported angular dis-
tribution measurements of the differential cross 
section and tensor analyzing powersand Axx  in 
d-ct elastic scattering from 17 to 45 MèV. Along 
with the vector analyzing power measurements, these 
results should prove useful in extending earlier 
hase-shift calculations to higher energy. The  

tensor analyzing powers were found to be large at 
all energies, with Ayv  values at 35 MeV approaching 
unity. Thus d-ct elastic scattering can serve as an 
analyzer for tensor-polarized deuterons throughout 
this energy range. Because of the large backward 
angle values of Ayy , a polarimeter based upon 
detecting recoil ct-particles should be strongly 
considered at higher energies. 
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THE - Si ELASTIC SCATTERING IN THE REGION OF GIANT MULTIPOLE RESONANCES* 

C. R. Lamontagne,t B. Frios l t R. J. SIobodrian, H. E. Conzett, and Ch. Leemann• 

We have measured angular distributions of the 
differential cross section and of the analyzing 
power in the scattering of 'polarized protons from 

8Si at eight energies between 17 and 29 MeV. The 
energy covered includes the region of the giant 
dipole resonance in 29 P. Other studies have been 
carried 	t jn such regions ror p + 24Mg, p + 27 A1, 
and p + 	Weller et al/ have studied p + 
and p + 56 Fe and they found, from phase-shift ana-
lyses of the data, that a single partial, wave ampli-
tude had the most significant energy dependence in 
each case. They then showed that this energy 
dependence was consistent with a resonance whose 
parameters were appropriate to those of a giant 
dipole resonance. It has been established through 
inelastic proton scattering from a broad range of 
nuclei that just below the giant dipole there are 
also quadrupole and monopole resonances. The proton 
widths of these resonances imply that they should 
affect the proton elastic scattering, and should be 
observable provided that the shape elastic scatter-
ing described by the conventional optical model (OM) 
is not dominant. The scattering of protons above 
10 MeV (unpolarized and polarized) from nuclei 
heavier than helium has been traditionally analyzed 
by the OM with varying degrees of sophistication, 
and the resulting parameters and wavefunctions are 
extensively used in the distorted wave Born approxi-
mation (DWBA) calculations of nuclear reactions. 
However, experimental data.ànd corresponding OM 
parameters are available at rather widely spaced 
energy intervals, and in applications a monotonic 
variation with energy is assumed to provide the 
necessary interpolations or extrapolations. How-
ever, the validity of the latter and of the result-
ing wavefunctions may be seriously affected by 
resonances in general and, in particular, by the 
giant resonances present in nuclei. The region of 
the giant dipole resonance for 29 P is located near 
20 MeV in the 28Si + .p channel, 

The results from our OM analysis of this more 
comprehensive p + 28Si data are shown in Fig. 1, 
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Fig. 1. Graph of the strength parameters V. V 50 . 
Wd and W as a function of energy. The scale of 
parameter V is at left. All others are On the 
scale at right. 	 (XBL 788-2627) 

where we plot the energy dependence of the various 
OM potential components: V. V 509  Wd and W, showing 
a strong non-rnonotonic behavior-of V 0 . A similar 
trend. is also shown by W and WD,  but is difficult 
to attach much significance to it because their 
sum is essentially, independent of energy, and the 
quality of the fits depends on the sum and only 
weakly on the separate values of W and WD.  They 
do show a shift from volume to surface absorption 
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Fig. 2. (a) Optical model p-wave shifts. The dots are from 
the best-fit V 5o  and the triangles are from the linearly 
interpolated V 50 . ( b) Optical model g-wave shifts. The 
symbols have the same meaning as in (a). 	(XBL 7812-13990) 

in this ehergy region. A distinctly poorer quality 	due to the surface-peaked nature of V 0 . In order 
of fits was obtained when V 50  was interpolated 	to examine the resonance-like nature of thepartial- 
linearly between 17 and 29 MeV. 	 wave amplitudes, 

Since the standard OM calculation does not 
include contributions to the scattering from other 
than the shape-elastic resonances, it is possible 
that the anomalous behavior found for V 50 (E) is due 
to a giant resonance contribution to the scattering 
which is not specifically included in the calcula-
tion. Weller and Divadeenam 3  had, also, examined 
the phase shifts derived from the OM analysis of 
our data, and they concluded that the 99/2 partial 
wave exhibited an energy dependence appropriate to 
a XT = 9/21  resonance at ELAB = 23 MeV, with a 
proton width of 1.62 MeV and a total width of 6.0 
MeV. This clearly had no connection with the giant 
dipole resonance in 29p, which is restricted to 

= 1/2 -  or 3/2 -  components since only these can 
decay, to the 1/2k  ground state via an El transition. 

We find a more plausible explanation for the 
behavior of the 99/2 phase shifts in • + 285i scat-
tering between 17 and 29 MeV, and we raise the ques-
tion as to whether or not the resonance behavior 
seen in the 	+ 4C and the 	+ 56 Fe studies 2  can 
be attributed unambiguously to the giant dipole 
resonances of those systems. Figure 2 shows the 
energy dependence of phase shift of particular 
interest,.the p and g-waves. It is seen that the 
main effect of the larger spin-orbit strength is 
the expected larger g-wave spin-orbit splitting 

f j  = {nj. exp(2i 6) - 11/2i , 	(1) 

we have plotted their Argand diagrams in Fig. 3. 
It has seen that the anomalous behavior of V 50  
does not result in a resonant behavior of fg 9/2 
between 17 and 29 MeV which is not already present 
for the potential With the linearly interpolated 
V 50, i.e. a shape-elastic effect. It is also not 
clear that the energy dependence of fg 9/2  can be 
described as resonant. Its trajectory certainly 
does not trace an approximate circle in acounter-
clockwise direction, and the resonance-like nature 
of flg 9/2 in Fig. 2 is entirely due to the passage 
of f0 9/2  close to the center of the unitary circle 
for ELAB  near 22 MeV. Thus, the ascription of the 
99/2 phase shifts to a doorway-state resonance 
is questionable. In order to investigate whether 
the giant dipole resonance of 29P was in some way 
connected with the anomalous behavior of V 5o (E) 
in our analysis, we performed a constrained phase-
shift analysis of our data. That is, we searched 
on the p-wave phase shifts while constraining the 
other phase shifts to their OM values for the po-
tential with the linearly interpolated values of 
V50 (E). The p-wave amplitudes determined in this 
manner were less smooth functions of energy than 
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those shown in Fig. 2, but their general trends 
were similar. Thus, no evidence for a p-wave 
resonance was found, and therefore a straightfor-
ward effect due to the 29p  giant dipole resonance 
is not seen in our partial wave analysis. 

We note that the behavior of fg 9/2  in Fig. 2 
is qualitatively similar to that of fd 5/2 from the 
phase shift analysis of the p + 56Fe data. 2  That 
is, the fd 5/2 trajectory. also passes very near 
to the center of the unitary circle at "resonance" 
without tracing an approximate circle in the proper 
direction. Even though it was found in Ref. 2 that 
the gross features of the energy dependence of the 
cross section and the analyzing power were repro-
duced in an OM analysis, the fact that the strongest 
energy dependence of the phase shifts was contained 
in the single d512 partial wave was cited as evi 
dence for a single 5/2 k  state consistent with the 
giant dipole resonance of 57Co. However, as is 
shown in Fig. 2,~the ost significant energy de-
pendence in our p + 2oSi case is contained in the 
single 99/2  partial wave, which we know to be due 
to the shape-elastic potential scattering of that 
particular partial wave. An examination of Fig. 4 
of Ref. 2 shows that the d3/2 phase-shift behavior 
is quite similar to the d5/2,  but displaced about 
2 MeV to lower energy. Although this was discussed 
briefly in Ref. 2, it seems inconsistent to describe 
the d5/2 phase-shift behavior as a 5/2 k  resonance 
while not arguing similarly for the existence ofa 
3/2+ resonance, also. 

Since it has been noted4  that proton OM calcu-
lations for nuclei near mass number .50 show the 
d-wave amplitudes to be characterized by 	0 near 
10 to 15 MeV, it is important to try to rule out 
shape-elastic scattering as the origin of the reso-
nance-like behavior of the d312 and d5 1i2 phase 
shifts in the analyses 2  of the p + 14 C and ~ p + 56 Fe 
data, respectively. This question can be pursued 
more readily for p + nucleus systems where the 
entrance channel energy corresponding to the giant 
dipole resonance is such that the J of the shape-
elastic resonance effect is different from that of 
he giant resonance. This is the case in our + 

8Si studies, and we are currently extending the 
investigation to neighboring nuclei. 

In view of the collective nature of the giant 
dipole resonance, the lack of success in finding 
any evidence for a p-wave resonance in our partial 
wave analysis is not surprising. Such a resonance 
would correspond to the excitation of a single 
valence proton in 29P, whereas most of the dipole 
strength should be found in the collective two-
particle one-hole (2p-1h) excitations. 5  In addi-
tion, an isospin splitting of the giant dipole 
resonance (GDR) in nuclei with ground state iso-
spin T0 has been predicted 6  with the T> = T + 1 
component located several MeV above the T< = T o  
component. For the small value of T = 112, most 
of the strength should be concentrated in the 1> = 
3/2 state, 6  and this major component would then not 
couple directly to the T = 112 p + 28Si elastic 
channel. Calculated photonuclear cross sections 
for 1 C and 170 demonstrate this iso-spin splitting 
and agree with the available data. 5  

_)_ 	Very recently, Weller et al. 7  have studied 
p + 13C elastic scattering in the region of the 
GDR, and although some broad resonances 1 -  and 2 
appear in their phase shift analysis, possibly 
related to the GDR, their conclusion is that there 
is no clear correlation, in agreement with our own 
appraisal of the situation. Further experimental 
and theoretical studies are clearly necessary. 
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DOMINANCE OF STRONG ABSORPTION IN 9Be +28Si ELASTIC SCATTERING* 

M. S. Zisman, J. G. Cramer,t  R. M. DeVries,l:  D. A. Goldberg, and J. W. Watson 11  

For several years we have been involved in a 
systematic study 1 ' 2  of elastic scattering of light 
heavy ions from 28 5i. Our goal is to gain a better 
understanding of this relatively simple heavy ion 
interaction process. For example, we wish to know 
about the energy dependence of the optical potenti-
als, whether we can determine the real or imaginary 
well depths, the "projectile dependence" of the 
interaction, and whether heavy ions show evidence 
for nuclear "rainbow" scattering (as is found 3  for 
light ion projectiles). 

Because the charcter of the scattering changes 
markedly from 6 Li to ' 2C prectiles, we have under-
taken a study of the 9Be + öSi system to map out 
the transition region. Data were measured at 121.0 
and 201.6 MeV using 9Be(3+) and 9Be(4+) beams from 
the LBL 88-inch cyclotron. In order to carry out 
global optical model searches, low energy 9Be + 28 Si 
data, measured by other groups, 4  were also utilized. 

Compred with our results for the other pro 
jectiles,'' 2  we find that demanding an energy-inde- 

pendent fit does not constrain the depth of the 
real potential in the case of 9Be scattering. This 
is demonstrated by the wide variety of potentials 
listed in Table 1, fits from one of which are il-
lustrated in Fig. 1. 

One question we had hoped to answer in this 
study concerned the existence of rainbow scattering. 
We know that high energy light ion elastic scatter-
ing angular distributions, up to 6Li, 2 ' 3  do show 
behavior which is dominated by nuclear rainbow 
scattering, while 12 C and 160 projectiles do not.' 2  
The potentials in Table 1 have predicted rainbow 
angles ranging from -81 0  (G90) to -3 0  (G38). Thus, 
the data would be expected to show characteristic 
rainbow behavior (at least if V :? 75 MeV) unless the 
absorption is too strong. It turns out that the ab-
sorptive strength required to fit the data is enough 
to remove the observable effects of the rainbow 
scattering in the calculated angular distributions. 
This is confirmed by model calculations which show 
that reducing the strength of the imaginary, poten-
tial by a factor of 2 for set G92 gives rise to a 

Table 1. 9Be + 28Si optical potentials. 

Set 	V 	rRa) 	aR 	 w 	rj a) 	a1 	0R 

(MeV) 	(fm) 	(fm) 	(MeV) 	(fm) 	(fm) 	(deg) 

090 300.0 0.567 0.942 41.1 1.054 0.782 -81 

092 150.0 0.703 0.944 27.6 1.150 0.753 -46 

G89 100.0 0.767 0.960 23.1 1.191 0.736 -31 

G84 75.0 0.776 1.012 29.8 1.143 0.744 -22 

G95 15.0 1.149 0.914 24.4 1.185 0.701 -2 

038 13.8 1.244 0.652 503.2 0.617 0.825 -3 

Z06 13.8 1.243 0.655 323.5 0.691 0.818 -3 

005 13.8 1.232 0.729 16.9 1.232 0.729 -3 

a)R = r(A1/3  + A'3) 
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factor of 10 increase in the back angle cross sec-
tions at 201 MeV, as well as giving rise to the 
smooth angular distribution which is typical 3  of 
nuclear rainbow scattering. Although the calcula-
tion with potential G38 does show some flattening 
out at back angles, thi.s is not related to rainbow 
effects. For this potential a reduction of the 
imaginary strength by a factor of 100 (to W = 5 
MeV) makes essentially no change in the magnitude 
of the predicted cross sections, although the phase 
of the oscillations shifts markedly. 

In order to understand why the various pro-
jectiles behave differently, we have examined the 
potentials which fit the data. Although we have 
used potentials having no explicit energy depend-
ence, the different real and imaginary well geome-
tries nonetheless give rise to an implicit energy 
dependence of the potential. This is demonstrated 
in Fig. 2, where we plot the ratio of V/W (evaluated 
at the radius of maximum sensitivity obtained in a 
notch perturbation calculation 5 ) as a function of 
energy. 

For the 9Be + 28 Si potentials, we see that 
the overall trend is quite flat, with the imaginary 
potential always stronger than the real. If-we 
stretch our faith in the representation shown in - 
Fig. 2, wecan infer that for this particular sys-
tem a four-parameter WS potential (that is, rR = 
rI, aj = aj) might be adequate over the whole energy 
range. This is indeed correct, since calculations 
with potential G05 in Table 1 yield fits.equal in 
quality to those from the six-parameter potentials. 

If we look at the trends for the various pro-
jectiles we have studied, we see that the 160  poten-
tial behaves in a rather intuitive way, that is, 
the imaginary potential gets more important as the 
energy increases. On the other hand, 6Li behaves 
in the opposite fashion, with the scattering domin-
ated by W at low energies and V at high energies, 
and 9Be shows domination by the imaginary potential 
at all energies. Particularly in the case of 6Li, 
it is tempting to ascribe the low energy behavior 
to breakup in the Coulomb field of the target. 
This mechanism has been demonstrated 6  for bLi at 
near-barrier energies, although even at the barrier 
the nuclear potential Rl.ays a role. 7  In addition, 
there is some evidence 0  that the breakup changes 
to a direct (presumably nuclear) process at high 
energies. 

In the 9Be case, Fig. 2 does not indicate any 
dramatic change in the V/W ratio at low energies. 
However, there are some differences in 9Be compared 
with 6Li which might explain this fact. Although 
6Li breakup at low energies goes mainly through a 
single state (the 3 at 2.18 MeV) which is excited 
primarily via Coulomb excitation,b the 9Be breakup 9  
goes through a number of low-lying states. One of 
these states is reached by an E2 transition with 
a B(E2) similar to that for the 6Li excited state, 
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but the others are not reached by E2 transitions 
and might be predominantly excited by nuclear in-
elastic scattering. Depending on which states 
dominate the breakup process, it is possible that 
the VIW ratio does not change much near the barrier 

Footnotes and References 

*Con densed from LBL-9405. 

tUn i vers ity  of Washington, Seattle, WA 98195. 

Los Alamos Scientific Laboratory, Los Alamos, 
NM 87545. 

University of Maryland, College Park, MD 20742. 

1Kent State University, Kent, OH 44242. 

J. G. Cramer, R. M. DeVries, D. A. Goldberg, 
M. S. Zisman, and C. F. Maguire, Phys. Rev. C 14, 
2158 (1976). 

R. M. DeVries, D. A. Goldberg, J. W. Watson, 
M. S. Zisman, and J. G. Cramer, Phys. Rev. .Lett. 
39, 450 (1977). 

D. A. Goldberg, S. M. Smith, and G. F. Burdzik, 
Phys. Rev. C 10, 1367 (1974); D. A. Goldberg in 
Proceedings of the Symposium on Heavy Ion Elastic 
Scattering, University of Rochester, Oct. 25-26, 
1977, p. 242 (unpublished). 

J. S. Eck, T. J. Gray, and R. K. Gardner, Phys. 
Rev. -  C 16, 1873 (1977); D. P. Stahel, G. J. Wozniak, 
M. S. Zisman, B. D. Jeltema, and J. Cerny, Phys. 
Rev. C 16, 1456 (1977); R. M. DeVries etal., un-
published data. 

J. G. Cramer, University of Washington 
Nuclear Physics Laboratory Annual Report, 1976, 
p. 115 (unpublished). 

D. Scholz, H. Gemmeke, L. Lassen, R. Ost, and 
K. Bethge, Nuci. Phys. A 288, 351 (1977). 

H. W. Wittern, Physics Lett. 32B, 441 (1970). 

R. W. 011erhead, C. Chasman, and D. A. Bromley, 
Phys. Rev. 134, 1374 (1963). 

H. Werle, L. Van der Zwan, and K. W. Geiger, Z. 
Physik 259, 275 (1973); A. W. Obst, T. B. Grandy, 
and J. L. Weil, Phys. Rev. C 5, 738 (1972). 

TENSOR AND VECTOR ANALYZING POWERS IN p-ELASTIC SCATTERING 
AT GeV ENERGIES 

A. L. Sagle, J. B. Carro ll,* M. Bleszynski;t M. Haji_Saeid,t G. Igo,t C. L. Morris,R. KIem,J. Joyce," 

V. Makdisi)I M. Marshak)l B. Mossberg, B. Whjtt aker,IE. A. Peterson,i K. Ruddick," and J. Whittakeril 

During the past year, we have performed a 
series of experiments at the Argonne ZGS using the 
new high energy tensor and vector polarized deuter- 
on beam on a liquid hydrogen target. We obtained 
the analyzing powers Py, Pyy , and Pxx  for elastic 

p scattering at various energies in the forward 
and backward directions. In the forward direction, 
data were taken at equivalent proton energies of 
0.6, 0.8, and 1.0 GeV over a four-momentum transfer 
(-t) range of 0.005 	-t < 1.25. In the backward 
direction, data were taken near 1800  for equivalent 
proton energies of 0.4, 0.6, 0.8 and 1.0 GeV. 
There are four long-range goals for for the forward 
direction experiment: 

These measurements provide us with new, 
valuable information on the transition amplitudes. 
between target and projectile states of different 
spin projections. Therefore, a very rigorous test 
of the reaction mechanism can be made. In particu-
lar, the importance of corrections to the Glauber 
Model can be checked (e.g. it turns out the non-
eikonyl corrections 1  to the Glauber Model are much 
more important for the tensor analyzing powers than 
for the differential cross section). 

The-measured quantities Pxx and Pyy  come 
almost exclusively from the L = 2 component of the 
deuteron wavefunction. Another, relatively smaller  

contribution comes also from the L = 0 sta'te (double 
spin flip transitions in the double scattering). 
Thus, our measurements provide us with selective 
information on the deuteron D-wave. In particular, 
this information may. be  useful. in testing the short-
range behavior of the deuteron D-wave within the 
limits which have been pointed out recently. 2  

The deuteron's unit spin allows for 
nonzero double spin flip transitions even in the 
single scattering term of the p - d scattering 
amplitude. Therefore, we may expect that useful 
information about the double spin flip part of 
the NN scattering amplitude may. be  extracted from 
our .data. (In case of proton scattering from spin 
zero nuclei, double spin flipcontributionS are 
very small.) 

Finally, the importance of virtual 
propagation of nuclei isobars in double scattering 3  
should be more sensitively tested byt.hestudyof 
polarization tensors than by the differential cross 
sections, since the former will be. strongly depend-, 
ent on the spin structure of the NN 4AN amplitude. 

In Fig. 1 our data are shown for P yy , xx, and 
at 3.4 GeV/c (1 GeV equivalent proton energy). 

The v  solid lines correspond to the theoretical pre-
lictions based on a generalized form of the Glauber 
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Fig. 1. Observables measured at Id = 2 GeV 

	

(Pd = 3.43 GeV/c). 	 (XBL 798-2446) 

Model, taking into account the noneikonal and re-
coil corrections according to the prescriptions des-
cribed in Refs. 4 and 5. In this calculation, the 
Reid soft core 6  parameterization of the deuteron 
wavefunction was employed and the standard form 
of the c.m.f. isospin averaged MN amplitude was 
assumed: 

-,-,s 	 • 

NN() = o+ (61n)(62n) + iY(61+62) 
(1) 

(61R)(2R) 

where 61 and 62 are the nucleon spin operators, 
, n, and K are the unit vectors taken along the 

momentum transfer, normal to the scattering plane 
and along the average between the initial and final 
momentum. The amplitudes ct, , y, ó, and E.have 
been parameterized in the conventional way (see 
Eqs. 2a - e). Some of the parameters appearing in 
Eq. 2a - e, notably those in the real parts of the 
double spin flip terms for pp scattering and the 
spin dependent terms for np scattering, have not 
yet been determined experimentally. These have  

been allowed to vary in a least squares analysis 
to obtain a simultaneous fit to PPyv' 1'xx. 
Other parameters in Eqs. 2a - e have been con-
tained within the limits imposed by experimental 
uncertainties in NN scattering measurements, includ-
ing recent measurements of 6L  and 6i at Argonne 
National Laboratory (see Ref. 7 for definitions 
and a summary of the measurements of 6L  and 6T• 
The parameter values in fm which result appear in 
Eqs. 2a - e. 

= (-2.4 + 6.0i)e2 . 78t  

= -(.20 + .12i)e. 28 t  

= -t(4.49 + 2.88i)e 4 . 6t  

S= B-t(.07 + 	.32i)e. 12 t  

c= 	(.49 - 	.74i)e. 30t  

Due to the incomplete information about the 
spin parts and because of the strong dependence 
of the calculated quantities on these spin parts 
(in particular , 6, and c) at 1 GeV of the NN 
amplitude, the calculation presented here evidently 
has some uncertainties. These increase with the 
growing momentum transfer squared. Since the short-
range behavior of the deuteron wave function starts 
to be important at large -t( 0.8 GeV/c), no defin-
ite conclusion can he drawn at this stage about 
which form of the deuteron wavefunction gives the 
best fit to the data. As better NN parameters 
become available from measurements to be done at 
Saclay, we will be able to better use the present 
data to achieve the long-range goals of the forward 
angle experiment. 

0 

T. (GeV) 

Fig. 2. Dependence of the spherical tensor 
components t20 on equivalent proton bombarding 
energy. 	 (XBL 798-2447) 
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Although the vector analyzing power and most 
components of the tensor analyzing power mustxan-
ish at 1800  due to general symmetry arguments,° 
the component t20 of the spherical tensor analyzing 
power may remain finite. 9  Vasan 8  has shown that if 
the elastic scattering near 100  goes by the mechan-
ism of Kerman and Kisslinger,° then t20  will be 
generally large in magnitude and have a strong 
energy dependence between 0.4 and 1.0 GeV proton 
bombarding energy. Also, we find t20 calculated 
from the direct scattering mechanism is appreciable 
at 1800  because of the large-angle behavior of the 
n-n amplitudes. 

The data for equivalent proton bombarding en-
ergies of 0.4, 0.8, and 1 GeV for t20 are compared 
in Fig. 2 with the precision of Vasan 8  with and 
without the N*  component of the deuteron. It is 
clear that the agreement is poor. Due to the finite 
width of the N*(1232)  resonance, the triangle graph 
model would also show some energy dependence. In-
deed, it is likely that any naive nucleon exchange 
model that can account for the shoulder in the ener-
gy dependence of the backward cross section-should 
show some energy dependence in t20. The vanishing 
of this component of the tensor analyzing power 
should, therefore, place strong constraints upon 
proposed models for the backward p - d scattering. 
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2. Macroscopic 

TRANSFER PRODUCTS FROM THE REACTIONS OF HEAVY IONS WITH TANTALUM 

K. E. Thomas and G. T. Seaborg 

A series of experiments has been completeç to 
stud' transfer products from the reactions of o6Kr 
and '36 Xe ions with tantalum nuclei. The experi-
ments involved first thick (-20mg/cm 2 ) and later 
thin (-4 mg/cm2 ) targets.. In all experiments, 
chemical separations were performed to isolate 
products heavier than the target. 

The purposes of the thick target experiments 
were to observe the isotopic distributions for 
products heavier than the target and to measure 
the decrease in cross section with increasing Z 
in a region where fission does not play a major  

role in the de-excitation process. Chemical frac-
tions isolated in this study were Ir-Pt, Au, Hg, 
Tl, Pb, and Bi. Results have indicated slightly 
broader isotopic distributions but with slightly 
lower peak cross sections for the same products 
from the reactions with ' 36 Xe ions as compared to 
the reaction with 86Kr ions. All isotopic distri-
butions are peaked approximately 6 to 8 mass units 
to the neutron deficient side of s-stability. For 
example, Pt is peaked at mass 188-189, Au at 190-
191, and Bi at 201-202. Cross sections decrease 
by a factor. of 2 to 3 for each mass unit as one 
moves away from the peak in the distribution. 
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Comparison of the results from these experiments 
with thç results from similar work with uranium 
targets 1  has indicated that the positioning in Z 
and A of the products relative to the target are 
approximately the same; however, the cross sections 
from uranium targets are lowered about four orders 
of magnitude (for tZ = 6) relative to those from 
tantalum targets. 

Results obtained from the thick target work 
indicated the feasibility of thin target experi-
ments. A series of experiments was perfqrmed using 
4-5 mg/cm2  tantalum foils with '--'10 mg/cm' of alumi-
num to collect recoiling reaction products which 
escape from the target. Projectile energies used 
were 4.6, 5.9, 7.2, and 8.5 MeV/A, Two chemical 
fractions were isolated in each experiment -- Au  

(Z = 6) and Bi (Z = 10). The purpose of these 
experiments was to observe the excitation function 
for individual products heavier than the target and 
hence any change in the isotopic distributions as 
a funcjon of energy. Results from Bi products 
from 1 °Xe on Ta have indicated that the shape of 
the isotopic distribution does not change with ener-
gy. Also, it appears that the cross sections for 
Bi isotopes remain the same or decrease slightly as 
one increases the projectile incident energy from 
7.2 MeV/A to 8.5 MeV/A. 
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SUPERHEAVY ELEMENTS: A CROSSROADS* 

G. T.Seaborg, W. Loveland,t and D. J. Morrissey 

For many years nuclear scientists believed 
that the periodic table had been extended nearly 
to its limit, defined as the point where the num-
ber of protons in the nucleus, and consequently 
the repulsion between them, becomes so large that 
the cohesive nuclear forces cannot hold the nucleus 
together and the nucleus therefore undergoes very 
rapid spontaneous fission decay. This idea was 
based on the observation of shorter and shorter 
spontaneous fission half-lives as the atomic number 
of the nucleus increased. 

In the period from 1966 to 1972, a number of 
calculations 1  based on modern theories of nuclear 
structure showed that in the region of proton num-
ber Z = 114 and neutron number N = 184 the ground 
states of nuclei were stablized against fission. 
Some of these detailed calculations even suggested 
that the half-lives of some of these superheavy nu-
clei might be on the order of the age of the uni-
verse, and this stimulated a great effort to observe 
these "missing elements" in nature. The superheavy 
elements (SHE's) were predicted to form an island 
of relative stability extending both above and below 
Z = 114 and N = 184 and separated from the peninsula 
of known nuclei by a sea of instability. 

Table 1 is a summary of recent attempts to 
synthesize SHE's in nuclear reactions, utilizing the 
complete fusion of two heavy ions. The energetics 
of the reactions, fission barrier heights, and neu-
tron binding energies were taken from appropriate 
recent calculations. 9  Since the sought-after SHE 
is initially produced as an excited compound nucle-
us, its survival requires the loss of its excitation 
energy by the emission of neutrons in competition 
with, the much more probable fission process (which 
will destroy the superheavy nucleus if it occurs). 
A simple estimate of the survival rate of the super-
heavy nuclei formed in these reactions was made by 
using expressions for level densities of a Fermi 
gas, including consideration of the effect of 
angular momentum on SHE survival. 10  

Becse of the promising character of the 
248Cm + 	Ca reaction for synthesizing superheavy 
nuclei and the apparent failure of this reaction 
to do so, it behooves us to examine this system 
in greater detail to see why production of SHE's 
was not observed. 

What would we have expected the formation 
cross section for superheavy nuclei to be in this 
reaction? An estimate of the cross section for 
the fusion of 48Ca and 2 48Cm might be OF 	10-27 
square centimeters based on the observation 11  of 

production of the complete fusion product 
fNo with agross 	tion of 3 x 10 0  cm from 
the similar 4OCa + UOPb fusion reaction. Using 
the method of Table 1 to estimate survival proba-
biliy, on calculates a survival probability of 
10-D for ' 5 'No nuclei, implying a complete fusion 

cross section of --'300 x 10-2/ cm 2 . From this num-
ber and the systematics of complete fusion crss 
sections, we extrapolate a value of 0CF >10 	cm2  

for the 48Ca + 248Cm reaction. In addition, we 
npte that in the reaction of 40Ar and 48Ca with 

28U, products were obser 
,
d 12 ' 13  (with a production 

cross section 	60 x 10cm2 ) that apar to have 
resulted from the fusion of the 48Ca or UAr and the 

238 j nucleus followed by fission. (These products 
have excitation functions and angular distributions 
characteristic of the fusion-fission process). 
Since the only definitiXe signture of the complete 
fusion process in the 	Ca + 8Cm reaction is the 
detection of SHE's, it is possible that the reacting 
ions did not actuall' fuse--a possibility suggested 
by some calculations 14__but in view of the evidence 
cited above, we will proceed under th assumption 
that some fusion (cross section 	i0 7  cmi) did 
take place in the 48Ca + 248Cm reaction. 

A schemjc representation of the de-excita-
tion of any 0116  compound nuclei formed in the 
48Ca + 248Cm reaction is shown in Table 2, where 
we used two different estimates of the reaction 
energetics and fission barrier heights to calculate 
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Table 1. Attempts to synthesize superheavy elements by using complete fusion reactions. 

Reaction 
studied 

A
Z  

Compound Nucleus 

Predicted 
Mean excitation 	survival 

energy (MeV) 	probability 

Observed upper-limit cross section 
for SHE prodution for indicated 
half-life 	(cm) 

Reference 

Class 1: 	Compound nuclei with low survival probabilities 

232Th + 48Ca 280 11 44.5 10-21 4 x 10 	(>3 msec) (3) 

231 Pa + 	Ca 279111 34 10-17 5 x 10 35  (76 minutes) (3) 

+ 48 Ca 281112 33 oa 7 x 10 35  (20 hours) (3) 

248Cm + 40Ar 288114 45 oa 10 30 (108  to  101 second) (2) 

242Pu + 48 Ca 290114 43.5 oa 10-35 (6 hours to 1 year) (3) 

243 	+ 48Ca 291115 41 oa 2 x 10-35 (6 hours to 1 year) (3) 

Class 2: Small probability of forming compound nuclei 

208 Pb + 84Kr 292118 25.5 0(10 9 )b 10- 30  (>6 x 10 7  second) (4) 

238j + 68 Zn 306122 47 1.0 10-30 (10 	second to 1 year) (5) 

232Th + 76Ge 308122 32 1.0 10-34  (5 msec to 1 year) (6) 

242 Pu + 68Zn 310124 45 0.9 10-30 (10-9  second to 1 year) (5) 

+ 76Ge 314124 68 3 x 10-2 10 33  (5 msec to 1 year) (6) 

243 + 68 Zn 311125 39 - 	0.9 2 x 10-32  (10-9 second to 1 day) (5) 

246Crn + 68Zn 314126 34 0.3 10-30 (10-9 second to 1 year) (5) 

232Th + 84Kr 316126 51 < 10-1 4  5 x 10-30 (>6 x 10- 7  second) (4) 

Class 3: Compound nuclei with possible survival 

246 Cm + 48 Ca 294116 40 < 5 xQ-16  2 x 10- 35  (6 hours to 1 year) (3) 
(10-u1)b 

248 Cm + 48 Ca 296116 44 <4 x10-11  5 x 10 35  (6 hours to 1 year) (3,7,8) 
(10 	) b , C 

aN uc l e i whose survival rate is exactly zero represent cases In which some member of the neutron emission chain has a 
bflonexistent fission barrier. 
The cumulative survival rate for these nuclei up to the last step in the de-excitationprocess is given in parentheses. 
In the last step of the de-excitation process, the excitation energy is at or below the neutron binding energy and well 
above the fission barrier. The result of this circumstance Is a fission catastrophe in which nearly all the nuclei 
fission. 	 - 	 - 

cSee text for discussion. 

the survival rates of the superheavy nuclei. The 
estimates used are those of Fiset and Nix 15  and 
those of Randrup et al. 16  the former are similar 
to most theoretical calculations done in the period 
from 1966 to 1972, and the latter represent the 
more recent approach. The "experimental" upper 
limit on the SHE survival rate in this reaction 
can be calculated as the ratio of the SHE produc-
tion cross section upper limit to the çpmpie 
fusion cross section; that is, 5 x 10/10 	= 
5 x 10-8.  Clearly, the calculations based on the 
older, more optimistic barriers and energetics 
grossly overestimate the survival probabilities 
in this reaction, giving values approaching unity. 
The calculations based on the more recent, pessi-
mistic barriers and energetics are consistent with 
the data. The calculations based on the barriers 

and energetics of Fiset and Nix can be brought into 
agreement with the observed upper limits to the 
cross sections for SHE production by using values 
for the fission barrier heights that are 4 to 5 MeV 
lower than those originally predicted. The overall 
cross section for the production of ç1 

11
tectabJ su-

perheavy nuclei would be 10-27  x 10 	10'° cm2 , 
using the barriers of Randrup et al. One can ap-
preciate the minuscule magnitude of these cross 
sections by realizing that under the most favorable 
experimental conditions available today, a produc- 
tion cross section of 10 	cm2  would correspond to 
the production of one to three SHE atoms per day of 
irradiation.. 

Thus the failure to observe SHE's in this reac-
tion seems to indicate that the fission barriers of 
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Table 2. De-excitation of superheavy element precursors from the 48Ca + 248Cm reaction. 

Nucleus 
Excitation 

energy 
(MeV 

Randrup 

Fission 
barrier 
height 
(MeV) 

Based on 
et 	al. 	(Ref. 	16) 

Fraction 
surviving 
fission 

(%) 

Based 
Fiset and Nix 

Fission 
barrier 
height 
(MeV) 

on 
(Ref. 	15) 

Fraction 
surviving 
fission 

(%) 

296116 	fission(f) 44 5.7 18 11.0 98 

I neutron 
* emission 	(n) 

295116 	_±) 34 5.9 23 10.5 99 

294116 	(f) 26 4.1 1.4 10.0 99 

293116 	(f) 16 3.5 1.4 9.6 100 

292116 8 2.9 5 x 10-4  9.3 100 

Y,n 

Predicted cumulative 
4 	10-11 < 	x 0.96 survival probability 

these elements ar cQnsiderably lower than those 
reported earlier.1,lb This observation has certain 
qualitative consequences. If one accepts the cal-
culations of Randrup et al. 16  as correctly describ-
ing the properties of the superheavy nuclei (which 

consjjtent with the experimental data for the 
'Ca + 	8Cm reaction), then one concludes that the 
longest total half-life of a superheavy nucleus is 
-40 years--which precludes their observation in 
terrestrial matter or any object whose age signifi-
cantly exceeds 105 years, such as cosmic radiation. 
(This, of course, does not preclude observation of 
fossil remnants of extinct SHE 1 s, such as decay 
products or fission tracks.) At the same time, 
one must be careful to note that the experimental 
results only test the cumulative survival proba-
bilities, not the topology of the superheavy island. 
Thus we do not know whether the island of stability 
has a structure like the Matterhorn, steeply fall-
ing into the sea of instability as N decreases from 
184, as suggested by the calculations of Randrup 
et al., or whether it is a lesser peak with a broad 
base extending to significantly lower values of N, 
thus resembling the legendary home of Satan in the 
San Francisco Bay area, Mount Diablo, as would be 
suggested by the Fiset and Nix topology appropri-
ately lowered to fit experimental 'data. 
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FAST PARTICLE EMISSION AS A PROBE OF ENERGY DISSIPATION PROCESSES 
IN DEEPLY INELASTIC REACTIONS* 

R. P. Schmitt, G. J. Wozniak, G. U. Rattazzi, G. J. Mathews, A. Regimbart,t and L. G. Moretto 

The energy dissipation mechanism in heavy-ion 
collisions has yet to be understood. In particular, 
the relative importance of one-body viscosity, two-
body viscosity, and the excitation of giant modes 
is not known. Pieces of experimental evidence exist 
which seem to support all three approaches. Recent-
ly Robel and Swiatecki 1  have suggested that a sig-
nature of a one-body dissipation mechanism might 
be the emission of energetic nucleons. These fast 
particles (Fermi Jets) would be produced through 
the coupling of the relative velocity to the Fermi 
velocity of a nucleon within one of the heavy ions. 
If the mean free path is comparable to the dimen-
sions of the dinuclear system, as required in one-
body dissipation, energetic nucleons could be emit-
ted at a sufficiently high bombarding energy as a 
Fermi Jet. We present the results of our search 
fQr this effect in the reaction natCu + 252 Mev 
2 uNe 

Self-supporting natCu  foils (1 mg/cm 2 ) were 
bombarded with 252 MeV 20 Ne 6  ions produced by LBL's 
88-inch cyclotron. Projectile-like fragments were 
detected in a solid state Z-telescope (ZT) consist-
ing of an extremely uniform 11 pm Si AE counter and 
a 250 pm Si E counter. Light particles (i.e., p, 
d & t) were detected with 2 to 4 telescopes (PT) 
consisting of 400 - 600 pm AE counters and 1.25 in. 
Nal E counters. The latter counters could stop pro-
tons with energies greater than 100 MeV. The PT's 
were calibrated with elastically scattered protons 
and withprotons produced in (d,p) and (c,p) reac-
tions on ' 2C. The energy resolution of the Nal 
detectors was typicaly 1.5 - 2.0%. 

During most of the experiment, the ZT was fixed 
at a forward angle (+14 0 ), in order to maximize the 
cross section for Ne-like fragments. One of the 
PT's was located directly behind the ZT to detect 

articles emitted colinearly with the Ne-like frag-
ment. The other PT's, which were mounted on another 
arm, were moved during the experiments to measure 
the in-plane correlations. Angles as small as -8 0  
(a negative angle means that the counter is on the 
side opposite the ZT) and as large as ±131 0  were 
investigated. 

Light target contaminants such as 12C and 160 
can be a serious problem in light particle corre-
lation experiments. Therefore the effect of carbon 
buildup was monitored in several ways. We estimate 
that the effect of carbon contamination is not more 
than 10%. In Fig. 1 a number of proton energy spec-
tra are shown. The low energy cutoff at about 15 
MeV is due to the AE counter and the Al windows on 
the Nal detectors. Proton singles spectra are 
presented at the top of this figure for three lab 
angles. At 200  protons with energies of up to 70 
MeV are observed. Comparable energies are also 
observed for deuterons and tritons. 

Three-energy spectra for protons detected in 
coincidence with Ne-like fragments are shown in the 
middle of Fig. 1. These spectra have been obtained 
by summing all the data for atomic numbers over the 
range 6 < Z3 < 11 to improve the statistics. Again 
high energy protons are observed. Clearly the high-
est energy protons are seen for 0PT = +14 0 , directly 
behind the ZT (the ZT is responsible for the slight-
ly higher cutoff at low energies). In fact the 
proton energy spectra show a peak at about 20 MeV. 
This is probably due to emission from the high velo-
city Ne-like fragments. At PT angles other than 
+140, the velocities are no longer colinear and, 
hence, projectile emission results in lower energy 
protons. The low energy cutoffs in the spectra at 
-25 0  and +35 0  make it impossible to determine if 
there is a peak consistent with projectile emission. 
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Fig. 1. (a) Proton energy spectra observed in 
singles mode at various lab angles. (b) Proton 
energy spectra in coincidence with deep-inelastic1 
fragments emitted at 140 (positive angle meaning on 
the same side). (c) Laboratory proton energy spec-
tra for three different Z bins of deep-inelastic 
fragments. 	 (XBL 797-10592A) 

At the bottom of Fig. 1, the energy spectra of 
coincident protons detected at 0PT = +140 are shown 
for three Z-ranges of Ne-like fragments. Aside from 
the difference in yield, which essentially reflects 
the differences in the cross sections of the Ne-like 
fragments, the spectra are remarkably similar. All 
three spectra have the same shape. This feature is 
also observed at other PT angles. The insensitivity 
of the proton energy spectra to Z-selection hints 
that the protons might be produced during the early 
stages of the collision before the exit channel 
asymmetry has been determined. 

In Ref. 2 it was suggested that the high energy 
protons could be produced by projectile emission via 
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U) 
I- 
z 

(-3 

2 	J 	44 	0 	b 	r 	d 

Vj,,bC omens 3 

=bini 	- 
+bin 2 
xbin 3 

102  - 
+++ ,++++ GSZ3 ti 

U) - 
z 

- 	+,OI" +++ 
+ 
+ + 

++ 
++ - 

v 
++ 

WI 
UI(XW 	+ 

I 
iø 

10 	20 30 	40 	50 60 	70 	80 

E jOb( heV) 

Fig. 2. (a) Velocity distributions of the Ne-like 
fragment. (b) Laboratory proton energy spectra 
gated by three different velocity bins of the Ne-
like fragment (1 meaning lower velocity, and 3 
higher). 	 (XBL 797-10589A) 

the velocity effect discussed above. If this were 
the case, the proton energies should be strongly 
correlated with the velocities of the projectile-
like fragments. A velocity spectrum of fragments in 
the range 6 < Z < 11 is shown at the top of Fig. 2. 
This spectrum has been gated by all coincident pro-
tons detected at +14 0 . In the lower portion of the 
figure energy spectra gated on the heavy fragment 
velocity are shown. Equal velocity bins were chosen. 
The highest proton energies are clearly associated 
with intermediate velocities (bin 2). For the high 
velocities (bin 3), the yield for coincident protons 
drops off rapidly above 30 MeV. Although the sta-
tistics are limited for the low velocity bin (bin 
1), it appears that high energy protons are also 
produced in the most inelastic collisions. On the 
basis of the above observations, it seems certain 
that velocity addition alone cannot account for all 
the very energetic protons produced in this reaction. 

In Fig. 3 the in-plane angular correlations are 
shown for 15-25 MeV protons detected in coincidence 
with individual atomic numbers. In all cases the 
angular distributions peak close to zero degrees. 
At larger positive or negative angles, the yield 
drops off very rapidly. There also appears to be 
an asymmetry in the angular distributions. Emission 
is apparently favored at negative angles. In addi- 
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tion, there is a suggestion of a shoulder at +350. 
This could be due to evaporation from the projec-
tile. The other features, however, are probably 
not due to the combined evaporation of the target-
like and projectile-like fragments. In general the 
target-like fragments have rather low velocities 
and should be ineffective in focusing the high vel-
ocity protons. Hence, target evaporation alone 
should lead to an almost flat angular distribution. 
The angular distributions for equilibrium projec- 
tile emission should be roughly symmetric about the - 
fragment direction. However, recoil effects and 
the forward peaked angular distributions for the 
Z-fragment will skew the distribution of evaporated 
protons toward 00. 

Footnotes and References 

*Con densed from LBL-9512. 
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DYNAMICAL EFFECTS IN THE REACTIONS OF 20Ne WITH 63,65Cu  AND 197Au 

G. J. Mathews, G. J. Wozniak, J. B. Moulton, and L. G. Moretto 

ta from 20Ne induced reactions with 63 ' 65Cu 
and 19'Ay have been discussed in previous annual 
reports. 1,2  In this article we overview the salient 
features of these data in the framework of a unified 
models of the diffusive mass exchange taking place 
during the collision. In particular, it seems that 
evidence exists for important effects arising from 
the (N/Z) equilibration and for the formation of 
a long lived intermediate complex. 

A good place to begin the comparison between 
model and experiment is with the angular distribu-
tions of different fragments since these are most 
sensitive to the dynamics included in the model. 
Figures 1. and 2 show a comparison between experiment 
and theory for some representative fragment Z's both 
above and below the projectile. For comparison, 
calculations both with and without neck formation 
are shown. It should be noted that these calculated 
angular distributions are absolute fits and have 
not been normalized. 

Overall, the agreement between the theoretical 
and experimental angular distributions seems quite 
reasonable. The trends of side-to-forward peaking 
near the projectile Z followed by a transition to 
1/sinS behavior above the projectile are adequately 
reproduced. The importance of neck formation is 
particularly evident in the Ne + Cu distributions 
which seems to require a long-lived component in 
order to reproduce the observed flattening of the 
distribution at backward angles. It is interesting 
that this flattening is not nearly so pronounced in 
the Ne + Au data. This is predicted by the model 
(perhaps too much so) because the fragments do not 
as easily penetrate deep enough to form a neck and 
increase the collision lifetime. Although the 
flattening observed in the Ne + Cu data could be 
achieved by selecting a rather broad lifetime dis-
tribution (instead of a long-lived component), this 
choice does not produce the correct slope of the 
angular distribution in the forward hemisphere. 
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observed in the energy spectra of symmetric frag-
ments from lighter-ion reactions. 2 , 	This structure 
may be due to giant resonances 2  or particle emis-
sion effects. 3  Hence, the energy spectra from this 
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It is particula,y sat
1

ying that the side 
peak in the 175-MeV 	Ne + 	'Au data emerges from 
the model calculations. It appears, however, that 
just above the projectile there is excessive forward 
peaking in the model calculations. This indicates 
too much contribution from short-lifetime, high 
,-wave, collisions. Three possible sources of this 

discrepancy immediately come to mind. One is that 
the dispersion due to equilibration is somehow even 
greater than our estimate. This, however, seems un-
likely since the collision times are already suffi-
ciently long to guarantee (N/Z) equilibrium, and if 
anything, the dispersion estimated here should be 
an upper limit since the quantal width may dissipate 
with increasing temperature. Another possibility 
is that the collision lifetimes are somehow shorter 
for the high £-waves than calculated. A more likely 
possibility we feel, however, is that the actual 
driving potential is less steep toward symmetry that 
that estimated here. This could perhaps be due to 
dynamical effects (such as the time dependence of 
the fragment rotational energies, and separation 
distance) or due to fragment deformation. 

The general trends in the angle-integrated Z 
distributions (not shown) seem reproduced. These  

are: a peak in the product yield near the projec-
tile Z (due to very short lifetime events) which 
skews toward lighter Z's [due to (N/Z) equilibra-
tion.]; the minimum at sytmietry for the Ne + Cu sys-
tems; the increase in yield toward symmetry for 
the Ne + Au systems; and the trend of increasing 
cross section with increasing energy. Consistently 
it seems that not enough cross section goes to Vs 
lighter than the projectile and too much cross sec-
tion appears just above the projectile. Possible 
reasons for these discrepancies are discussed above. 
Nevertheless, the overall agreement with signifi-
cantly different trends for these vastly different 
systems is encouraging. 
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REACTION PRODUCTS FROM 790 and 524 MeV Nb +93Nb 

G. J. Mathews, G. J. Wozniak, S. BIau, R. P. Schmitt, G. Rattazzi, L. Sobotka, M. Lutoif, and L. G. Moretto 

Reaction products from the collision of a 
symmetric system are of interest for a number of 
reasons. On the one hand the lack of a driving 
force for diffusion in the entrance channel means 
that to first order the observed charge (or mass) 
distributions are only the result of dispersion. 
Hence, the experimental charge distributions 
provide an opportunity to establish the diffusion 
constant independent of uncertainties due to lack 
of knowledge of the potential-energy surface. 

In a previous annual report' these considera-
tions were discussed in the light of a singles 
measurement of 524-MeV 93Nb + 3 14b. Since then 
these data have been supplemented with additional 
measurements at 790 MeV. Also, co-incident y-ray 
multiplicities have been measured at both energies 
which should allow for crude impact-parameter 
selection of the data. The preliminary indication 
from these data is that the charge distribution at 
the higher energy is somewhat broader, as expected. 

Perhaps the most striking feature of the new 
data relates to another interesting aspect of sym-
metric collisions. If giant resonances are excited 
during the collision, one might hope that a coherent 
matching of the strength function for the two sym-
metric fragments may cause these resonances to be 
visible in the energy spectra of the emitted frag-
ments. Some interesting structure has indeed been 
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heavier system are of interest. In the previous 
annual report a preliminary discussion of structure 
in the Z = 41 energy spectrum was presented. How-
ever, there were considerable uncertainties from 
poor beam quality and statistics. The present data 
have been obtained with vastly improved beam quality. 
In Fig. 1 an energy spectrum from the more recent 
data obtained at 100  in the lab is shown. The elas-
tic peak is remarkably syimietric. The slight two-
peak structure in the relaxed peak can be traced to 
quasi-elastic events. The important point is that 
within the first 100 MeV of excitation energy almost 
no events are observed, and certainly no structure 
which could be attributed to giant modes. Although 
this does not rule out the possibility of structure 
in the mass-separated spectrum, 2  the present data 

indicate that if there is structure in the kinetic-
energy spectra it is probably significantly less 
than that observed in Refs. 2 and 3 where some 
structure could be observed even in the Z-identified 
spectra. 

References 

G. J. Mathews et al., Nuclear Science Annual 
Report, 1977-78, LBL-8151, p. 179. 

A. Mignerey et al., Bull. Am. Phys. Soc. 24, 
629 (1979). 

N. Frascaria et al., Phys. Rev. Lett. 39, 918 
(1977). 

A STUDY OF THE a -PARTICLE FRAGMENTATION OF' 87  MeV 12C IONS ON 208Pb 

A. C. Shotter, A. N. Bice, D. Stahel, and J. Cerny 

The emission of fast light particles from 
heavy-ion reactions provides a valuable probe to 
the understanding of reaction mechanisms. Thus the 
emission of fast a particles has been interpreted 
in terms of high energy transfer processes, local 
hot spots on the nuclear surface, or the direct 
fragmentation of the projectile in the overlapping 
nuclear field. It has also been suggested that 
these light particles may be produced through the 
mechanism of projectile excitation and subsequent 
breakup. We report here an experiment designed 
specifically to investigate this projectile excita-
tion and decay into the -like channels for 187 MeV 
-'C ions scattered from 08 13 b. 

For excitation energies below 15.9 MeV Ihe 
Qnly particle channel which is open is the C 
öBect + 3a; Q = 7.367 MeV. The 'C ions which are 
exci 	to the 7.66 MeV state upon scattering from 
the 	Pb nucleus will decay into this channel with 
a small relative energy (0.29 MeV). The decay par-
ticles will therefore be confined to a narrow cone. 
By using two detector systems in close geometry it 
is possible to detect the particles in this reaction 
cone with good efficiency. To achieve maximum effi-
ciency two solid state telescopes were constructed 
so that the two AE counters were side by side on 
the same silicon slice; a similar arrangement was 
used for the E detectors. 

The spectrum shown in Fig. la corresponds to 
the total energy of coincidence events in the two 
telescopes with the gating requirement that tele-
scope 1 must record an a particle. The peak at 
about 178 MeV is due to the breakup of exited 12C 
into the 8Becz channel, but leaving the OoPb  nucleus 
in its ground state. This interpretation is based 
on the observation that the particle identification 
spectrum, for the second telescope, and correspond- 
ing to the events  of this peak, shows a single group-
ing near the 'Li position. Such an occurrence would 
be expected if two a particles of approximately the 
same energy entered the counters simultaneously. 

(The actual ct7Li reaction is ruled out by energy 
considerations). The lower peak in Fig. la at 172 
MeV originates from the breakup of 13C into the 
a9Be channel following neutron pick-up from 2 C. 

The yield of the (aSBe) peak has been measured 
at various laboratory angles, and it is found that 
the yield is a maximum at the grazing angle. 

The peak at 187 MeV in Fig. 	not only origin- 
ates from those events where the 1C nucleus is 
excited to the 7.6 MeV state, but there can be con-
tributions from higher excited states provided the 
target nucleus remains in its ground state. There 
appears to be little evidence of any events 2-6 MeV 
below the 3a peak of Fig. la, which would be expect-
ç if the 208 Pb nucleus were excited as well as the 
-C nucleus. That the 178 MeV peak corresponds to 
several excited states of 12C can be seen from Fig. 
2, which shows the energy spectrum of the 8Be(2a) 
events recorded in one telescope when the second 
telescope has recorded an a particle and the total 
energy has added up to the 178 MeV peak. The broad 
peak at 120 MeV corresponds to the breakup from the 
7.6 MeV state. The width of this peak is a direct 
consequence pf the center of mass relative energy 
between the °Be and a particle. The high and low 
peaks correspond to break-up from the 9.64 state. 
These peaks are narrower than the 7.6 state because 
for this case the center-of-mass relative energy is 
higher for the 8Be and a particles and so the finite 
size of the counter geometry only allows certain 
kinematic break-up configurations to be recorded. 
A calculation of the efficiency for detecting the 
particle break-up from these states when applied to 
the data of Fig. 2 shows that the relative intensity 
for excitiQg the 9.6 MeV state to the 7.6 MeV is 
about 0.7.  

Figure lb shows the total energy spectra when 
the two telescopes both record an a particle in 
coincidence. The major contributlon to this spec-
trum is from the emission of the oBe particles. 



55 

181 MeVj 8LAB = 9° 

28 Pb( 12C,aX) 
Tell: a 

- 	TeL2:X 	I 
/ 	x. 8  

- 	 / 
I 

- 	
X=9Be 

40 	60 	80 	lOU 	120 	140 	160 	180 

208Pb('2C8Be) 	. 
Tel,l:a 
Tel 2: a 

- 	 I 

I 	I 

\\ 

40 	60 	80 	100 	120 	140 	160 	180 

- 	 I 	c) 208 Pb( 12 C,a) 	I  
Tell: a 

F 

I. 

40 	60 	80 	100 	120 	140 	I0 	180  

	

10,000 	I 	 I 
208 PbO 2 C, a 'Be) 208 Pb(gs.) 

181 MeV; 0LAB 	
90 

8 Be from 

	

1.000 
	

12 0(1,6MeV) 

: 	
• 	

8 Be from 

8 Be from 	+ 
	4 	' 2 C(9.6 MeV) 

'2C(9.OMeV) 

10 

00 	120 	140 

8 Be energy (MeV) 

F. 2. Projection of the 87 MeV 208Pb( 12C, 8Be-c) 
2uopb (g.s.) peak onto the Be energy axis. 

(XBL 798-2600) 

10,000 

8,000 

6,000 

4,000 

2,000 

0 

8,000 

6,000 

4,000 

2,000 

0 
.2,000 

1,500 

,000 

500 

0 

U, 
4- 

0 

0'- 
0 

Total energy (MeV) 

g. 1. Energy spectra obtained from the 208Pb + 
'C reaction at E12c = 187 MeV: (a) Spectrum for 

the reaction ?O8Pb( 12C, c-x), (b) spectrum for 
the reaction 208 Pb( 12 C, 8Be) and (c) spectrum for 
the reaction 208 Pb( 12C, o). 	(XBL 798-2499) 

This conclusion is based on the observation that 
for a particular total energy in Fig. lb, the 
corresponding c energy spectrum in one telescope 
shows strong correlated groups corresponding to 
the ground and first excited states of °Be, with 
negligible background associated with sequential 
a decay processes. 

The emission of 8Be particles come from either 
transfer processes, direct breakup of 12C  in the 
field of the nucleus or excitation and subsequent  

decay of 12C. We believe that the peak contribution 
above the dashed line in Fig. lb can be associated 
with the excitation and decay of ' 2C, the 208Pb 
being left in its ground state. This is because 
the ratio of this cross section contribution to the 
cross section of the - 8Bect peak at 178 MeV in Fig. la 
is equal to within 10% to the calculated effective 
solid angles for the two processes. The remaining 
part of the 8Be spectrum probably arises from trans-
fer or deeply inelastic processes. 

For comparison purposes the energy spectra of 
particles emitted from the reaction, without any 

coincidence requirement between the counters, is 
shown in Fig. ic. 

Footnote and Reference 
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ANGULAR MOMENTUM TRANSFER IN DEEPLY-INELASTIC SCATTERING OF 56Fe + 209B1 

M. S. Zisman, R. J. Puigh, R. Vandenbosch, T. D. Thomas,t and L. N unne ll eyl: .  

The determination of the angular momentum 
transfer in deeply-inelastic scattering (DIS) is 
of great importance for a full understanding of 
the reactioniechanism. We have therefore devel-
oped a method 1  which allows us to study both the 
magnitude and the alignment of the angular momentum 
transfer in deeply-inelastic scattering when using 
a heavy target with an appreciable fission decay 
probability. 

The technique is illustrated in Fig. 1. We 
detect one of the fragments from the sequential 
fission of the target-like reaction product in 
coincidence with the projectile-like fragment from 
the 015. Angular correlations are measured both 
in and out of the reaction plane in order to de-
termine both the magnitude and alignment of the 
angular momentum transferred to the heavy fragment. 
This experiment utilized a 476 MeV 56 Fe beam from 
the SuperHILAC incident on a 300 pg/cm 2 209 13i tar-
get. Projectile-like fragments were detected in a 
LE-E telescope (9 .mi, 100 pm) at ek = 32 0 . Fission 

Fin. 1. Geometry of the experiment. The 56 Fe and 
20 Bi labels refer to projectile-like and target-
like products from DIS reactions. (XBL 797-10745) 

fragments were detected in either of two recoil 
counters, one of which could be moved out of the 
reaction plane. Coincidences were measured at in-
plane angles from 40 to 130 0  and out-of-plane angles 
from 18 to 900. 

Simultaneous fits to the in-plane and out-of-
plane correlations, using the formalism described 
in Ref. 1, are shown in Fig. 2 for the total DIS 
region (Q 	-132 MeV) and for various Q-value bins. 
We see that the in-plane correlations are fairly 
flat and peaked near the recoil direction, = 00. 
The out-of-plane correlations are much steeper and 
show a tendency to flatten out for the more nega-
tive Q-value bins. This trend is consistent with 
the increased width of the K distribution of the 
fissioning nuclei expected 2  at high excitation 
energies. 

In practice, our results are sensitive only to 
the average value of the J distribution, which we 
denote "JBi.  To treat the different M substates, 
we assume that the angular correlation arises from 
random coupling of an aligned component Ji with 
a component '2  uniformly distributed in the plane 
perpendicular to the recoil direction: 

4. 

Bi = 	+ 

Fig. 2. In-plane and out-of-plane angular correla-
tions for the Q-divided data. The curves are fits 
to the data (see text). (XBL 7811-11985) 
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Table 1.ansfejd angular momentum for the 
1DOFe + 'Bi system at Et = 476 MeV. 

< -Q' JB 2 
(MeV) (li) (h) 

61 44 22 0.81 

99 37 15 0.88 

138 43 22 0.80 

168 39 16 0.87 

219 35 22 0.70 

-432b 40 18 0.85 

a 	3 (M2 ) 	1 
zz = 	

- 	

, where M2  = J 	(3 2 2 ). 

Bi 

bSummed over the entire DIS region. 

The values of JBi  and J2 derived from the data are 
listed in Table 1. Uncertainties on the JBi values 
are about 10% except for the two extreme Q-value 
bins where the statistics are poor. We find that 
the magnitude of the momentum transfer is quite 
large, about 40 h. This js compable to the value 
found in Ref. 1 for the 8bKr + UBi system. Al-
though the values of the random component J2  are 
substantial, the alignment, parameter 	0.8 is 
still quite large. 

To put these values in context, Fig. 3 compares 
our results with simple estimates for "rolling" and 
"sticking" spheres. We see that our values are some-
what higher than the rolling estimate (R) but con-
siderabl less ~8gn the sticking limit (S). In the 
case of 86Kr + 	Bi, the observed momentum transfer 
was in good agreement with an estimate based on 
sticking spheroids (i.e., deformed spheres. A 
similar calculation (SD) for the 56 Fe + 20Bi (Fig. 
3) does not yield much better agreement with the 
data. 

In summary, we have measured the angular momen-
tum transferred to the target-like nucleus in the 
deeply inelastic scattering of 56 Fe + 2u9Bi at 476 
MeV. We find that the fraction of incident angular, 
momentum transferred, 3Bj/2j,  is approximately con-
stant over the range sampled by our data, with a 

Fig. 3. Plot of angular momentum transferred to 
the target-likeproduct as afunction of the inci-
dent angular momentum 2. The lines give estimates 
for rolling (R) 'and sticking (S) spheres and stick-
ing deformed spheres (SD). 	 (XBL 797-2329) 

magnitude intermediate between rolling and sticking 
estimates. The transferred angular momentum is 
strongly aligned along the normal to the reaction 
plane, as expected from classical considerations. 
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FUSION AND EMISSION OF 1 H and 4He IN REACTIONS BETWEEN COMPLEX NUCLEI AT 
HIGH ENERGIES 

H. Delagrange,*  D. Logan,t M. R. Rivet,*  M. RajagopaIan, J. AIexander, 

M. S. Zisman, M. Kaplan,t and J. W. Bailt 

Since 1960, 'H and 4He have been found to be 
emitted with large cross sections in many reactions 
between omplex nuclei.' Forward-peaked (directJ  
emission seems to dominate for projectiles of I 

14N and 160  and evaporative emission 3  (symmetric 
about 0cm = 90 0 ) for 40Ar + 77 Se. First inter-
pretations were that the direct H/He came from 
projectile breakup, 2  but more recent evidence 4  is 
for massive transfer or incomplete fusion (capture 
of the projectile residue). Currently there is 
great interest in gaining an understanding of com-
plete fusion at high energies, and it is natural 
to ask about the possible role of the incomplete-
fusion events. Experimentally, can one adequately 
distinguish complete from incomplete fusion in the 
measurements, and correspondingly, do the reaction 
models take adequate account of fast ejection of 
H/He during the impact processes? Models currently 
in use assume that complete fusion occurs prior 
to significant loss of energy or angular momentum 
from the composite system. Our new results along 
with other data strongly suggest that this assump-
tion is not valid. 

In Fig. 1 we show angylar distributions at 
two incident energies for 'H/ 4He and fission-like 
events for a 164Dy target. Also, we show the angu- 

Fig. 1 	Measured angular dependence of (dci/dc) and 
T for 1 H, 'He and (cki/de) for fission-like events 
from 40Ar + 164Dy. The open points are for 274 MeV 
and t' filled p9ints are for 222 MeV. Results 
for "°Sn and lD5 targets are similar; for Au 
see Ref. 5. 	 (XBL 797-10740) 

lar dependence of the effective temperatures ob-
tained by fitting the spectra to the equatpn 
P(c) 	(c-B) exp (-c/T). Results for the ' 4 Sm 
and ' 16 Sn targets are similar. In contrast with 
the data3  for a 40Ar + 77 Se target, there is a clear 
forward-peaked component with a high effective tem-
perature. We have attempted to resolve the direct 
and evaporative components by fitting to the func-
tion, W(o) = A exp (-Ye) + B + C cost 0). We assign 
to evaporative processes the integral of the sym-
metric part (B + C cos 2  e) and the rest to direct 
processes. We assign to the fission cross section 
the value 0f = 272 (da/dc)c m. (at  0cm = 900 ). 
These values provide upper imits to the symmetric 
part of the fission cross sections. 

In Fig. 2 we present the cross sections for 
40Ar reactions at two excitation energies as func- 

E*lOOM eV 	E*=I40M eV 

io 
fusion 

fission 

fission Forward — 	 He 
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Fig. 2. Integrated cross sectons at two excitation i 
energies for fusion, fission, H, 4He and ER vs 
charge of th composite nucleus, ZCN.  Data for 
a target of ' 7 5e are from Ref. 3. (XBL 797-10741) 



tions of Z of the composite system. As the incident 
energies are well over the barrier, the fusion cross 
sections (fission plus ER) are relatively constant 
(-0.6 to 	1.0 b). However, with increasing ZCN, 
the fraction of ER drops drmatically (lower curve). 
The direct component of 1H/He emission is rela-
tively constant (with ZCN)  at -120 mb and 200 mb 
for excitations of 100 and 140 MeV, respectively. 
Presumably, direct H/He ejection occurs much faster 
than the subsequent fission or evaporative decays 
and is unaffected by them. By contrast the evapora-
tive component of H/He must compete with fission 
and its cross section decreases drastically from 
ZCN = 52 to 84. However, from Z = 84 to 97 there 
are actually increases in the evaporative H/He while 
the ER cross sections have been reduced tremendously 
by fission. In Ref. 5 we show that even for the 
very fissile system with ZCN = 97 the bulk of this 
evaporative H/He component must be emitted prior 
to scission and cannot be attributed to emission 
from the fission fragments. One must conclude that 
it comes from the composite system with intrinsic 
rate comparable to fission regardless of the rapid 
dependence of the number of open fission channels 
on Z. Therefore the energy spectra of H/He should 
reflect the temperatures and barriers of the com-
posite system prior to fission and largely unmind-
ful of it. The experimental spectra are consistent 
with this argument. Thus, it would appear that 
these emissions of H/He are powerful, if not unique, 
reflectors of the early life of the composite system. 

Our purpose here is to emphasize the possible 
importance of energy dissipation by H/He ejection 
during the impact stage. Firt consiçler reactions 
with the lighter projectiles ' 2 C and '4N 	For 
energies well over the barrier we know that forward-
peaked H/He emission is very large. 24  Also, we 
now believe that the projectile residue often fuses 
with the target. 4  For ER measurements near the 
detection threshold of a gas telescope the heavy 
residuals after forward-peaked direct 4He emission 
may not be detected. As the projectile energy is 
increased, however, such residual nuclei will often 
be detected and possibly included in the integrated 
cross section assigned to ER. In the case of 40Ar 
induced reactions, the experiments probably include 
most incomplete fusion reactions along with the com-
plete fusion; at high energies there may be some c9n-
fusion of fission with deeply-inelastic reactions.° 

What do we actually want to include in the 
experimental fusion cross section? This clearly 
depends on the reaction model that we want to test. 
References 4 and 5 give evidence that the proba-
bility for direct 4He emission is greatest for. 
9W-waves near to or greater than the high £ cutoff 
for fusion (krit). Therefore a model calculation 
of £crit must consider in detail both the nucleon 
transfers and the particle emissions for £ near 
£crit. Energy dissipation by nucleon transfer  

alters both the energy and angular momentum of the 
relative motion and therefore the calculated values 

of £crit. 7  Experiments show that the cross sections 
for direct H/He emission are often quite large 
(-4000 mb for 126 MeV 12 C + Bi; -'-200 mb each for 
H/He for 274 MeV 40Ar), and could thus perturb col-
lision trajectories for many £ values. Therefore, 
the role of the incomplete fusion residues vis-a-
vis a "fusion" cross section of'1OOO mb has obvious 
importance. To our knowledge no current reaction 
model for fusion includes this aspect, i.e., energy 
dissipation and perturbation of the assumed poten-
tial barrier due to direct particle ejection during 
the impact. 
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RAPID ENERGY EQUILIBRATION AND EMISSION FOR H AND He IN THE REACTION 
340 MeV 40Ar + 191Au 

D. Logan,*  M. Rajagopalan,t M. S. Zisman, J. M. Alexander,t M. Kaplan,*  and L. Kowalski 1  

Studies of light charged particle emission have 
provided many very interesting views of reactions 
between complex nuclei. In most cases, both an 
evaporative and a direct component have been identi-
fied by their characteristic energy and angular 
distributions. The direct emission can involve a 
significant fraction of the reaction cross section. 
In rections sych as 160 + 209 Bi, Britt and Quinton 
found 1  direct 4He emission to be favored near the 
grazing angle and with velocities close to that of 
the projectile. On this basis they argued that pro-
jectile breakup may be responsible. Galin et al. 2  
observed high energy H and 4He emission at forward 
4ngles in the 14N + Rh system but not for 40Ar + 
' 7 5e. This result suggests that perhaps only the 
light heavy-ion projectiles give rise to direct H 
and He ejection. 

We have chosen t9 study H and He emission in 
the reaction 340 MeV °Ar + 197Au. For this system 
sizable cross sections have been observed 3  for frag-
ments Z < 30 (forward peaked) and also for heavier 
products that are emitted with a 1/sin 8 angular 
distri.bution. This system is of special interest 
because it 15 intermediate between the heavy sys-
tems (e.g., 86Kr + 209 Bi) where no complete fusion 

clerly identifiable and the light systems (e.g., 
C + 182W) where a large fusion cross section is 

identified by fission plus evaporation residue 
formation. 

The experiment utilized a 340 MeV 40Ar beam 
from the SuperHILAC. Fission-like and projectile-
like fragments were detected with a gas ionization 
telescope (GT) 5  and light charged particles were 
detected by two three-member solid state telescopes 
(SST) which could be moved out of the reaction plane. 
In this study we made an initial survey of the cor-
relations between H/He emission and one heavy frag-
ment detected at 8 = 40 0  or 600 . From Z determina-
tions in the GT we find that 	90% of the fragments 
in coincidence with H/He have 27 < Z < 70. Thus, 
the major mechanism responsible for H/He emission 
involves fission-like reactions rather than quasi-
elastic or deeply inelastic reactions (which would 
lead to projectile-like fragments). 

In Figs. 1 and 2 we show angular and energy 
distributions for H/He detected in coincidence. 
The energy and angular distributions are consistent 
with those in the singles mode. It appears that 
even the major part of the forward peaking in the 
singles distributions is reflected in the coinci-
dence cross sections. We conclude that the major 
fraction of the H/He recorded in singles is emitted 
in coincidence with a heavy fragment. Only =10% 
were found to be in coincidence with projectile-
like fragments of Z < 27. Little, if any, cross 
section remains for H/He emission from residual 
nuclei that survive fission-like breakups. 

The question now arises as to whether the H/He 
emission precedes or follows scission and full 
acceleration of the fragments. There are four ex-
perimental observations that indicate that such 
emission precedes significant fragment acceleration: 
(1) the average energies of H/He in coincidence 
are not enhanced in the direction of either frag-
ment. (2) The coincidence cross sections show no 
enhancement in the direction of either fragment 
(Fig. 1). (3) The shape of the singles energy 
spectra for e c.m.  > 1000  are quite different from 
those expected for isotropic emission from fully 
accelerated fragments. (4) The shapes of the H/He 
energy spectra observed in the coincidence mode 
are indistinguishable from those observed in the 
singles mode (Fig. 2). 
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Fig. 1. Angular correlations for 4He and 'H with 
respect to heavy fragments detected in the gas 
telescope. The angle of the gas telescope is 8G. 
The points for out-of-plane angles 	= 28 0  and 470 
are designated by o. Those for 1 = 00 and 14 0  are 
designated by.. Points for 0G = 400 have been 
normalized to those for 0G = 600 by the relative 
fission cross sections. The smooth curves follow 
the shape of the angular distributions in the 
singles mode. 	 (XBL 797-10742) 
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Fig. 2. Energy distributions (c.m.) for 'H and 
4He observed in the coincidence mode with 0G = 40 0  
and 600.  All events observed are included and 
grouped according to the value of 0c.m.  for 1 H and 
He. (XBL 797-10743) 

Two more observations suggest H/He emission 
even before the act of scission: (1) the average 
energies are consistent with evaporation from a 
composite of total Z 	97 (Fig. 3). In Fig. 3 the 
back-angle energy spectra are compared to those 
observed for the reactions 12C + 182W and 40Ar + 
' 54 5m leading to 194Hg excited to 98 and 142 MeV. 4  
The peak energies can be seen to be consistent with 
the Z ratio of 97/80. (For the 194Hg system at 
98 MeV less than 10% of H/He emission was found to 
be in coincidence with fission.) 4  (2) The ratio of 
He to H cross sections is0.9 (for 0cm > 1000). 
This ratio would be expected to be-'-OA2  for a frag 
ment of mass 78-117 with spin of-20. 	For such 
a fragment a spin of--60 would be implied by this 
He/H ratio of 0.9. Such large spins are well above 
estimates from the "sticking model." By contrast 
this ratio is consistent with that f a compound 
nucleus ' 94Hg (and by implication 27Bk) of mean 
spin of-60. 	We therefore conclude that the pre- 
doni1nnt fraction of H/He emission precedes scission 
of 3 "Bk even for this highly excited composite 

system which must have a very short lifetime. (The  
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Fig. 3. Energy distributions for 4He and 'H at 
(Ocm > = 160° and 1500,  respectively. These re 
compared to spectra from reactions leading to 1.94H 
as shown ((0) c.m. 	150165 0 ). 	(XBL 797-10744 

abundance of H/He with energies below their most 
probable value may signify emission from a very 
deformed composite system, but calculations of the 
spectral shapes must be made to explore this point.) 
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EXCITATION FUNCTIONS FOR 40-140 MeV ALPHA PARTICLES INCIDENT ON NIOBIUM 

James J. Hogan and Barbara V. Jacak 

In the past several years, model calculations 
of reactions involving the emission of alpha par-
ticles preformed in the nucleus have reproduce 
experimental excitation functions very well.' 
In each of these, a single parameter related to a 
preformation probability sufficed to allow calcu-
lation of approximately seventy-five cross sections 
induced by 10-100 MeV protons. Target nuclei ranged 
from A = 50 to A = 232; the latter calculations in-
cluded the possibility of fission. 4  The success of 

these studies prompted the present work on reactions 
induced by alpha particles with emphasis placed on 
those reactions in which one or more alpha particles 
were re-emitted. 

Work was performed at the University of Mary-
land cyclotron at high energies and the LBL 88-inch 
cyclotron at incident energies below 120 MeV. Tar-
get foils of thin, very pure niobium were irradi-
ated in the external beam with -0.5 iiamp beams of 

Table 1. Cross sections in mb for products of reactions of alpha particles incident upon niobium. 

A Isomer Nuclide 140 120 

Beam Energy, MeV 

100 	 80 60 40 

82 82Rbm 4.9 ± 0.2 2.3 ± 0.7 

83 83Rb 2.6 ± 0.3 
83Sr 12.9 ± 1.9 5.8 ± 1.0 

84 84Rb 2.9 ± 0.4 1.8 ± 0.3 
84y 7.3 ± 0.4 5.8 ± 0.3 
84Zr 1.5 ± 0.3 0.9 ± 0.2 

86 86ym 64.9 ± 2.8 27.7 ±2.1 12.4 ± 0.4 10.4 	0.3 

86y9 495 ± 5.1 10.5 ± 2.5 3.9 ± 0.4 3.2 ± 0.3 
114.4 ± 5.8 38.2 ± 3.3 16.3 ± 0.6 13.6 ± 0.5 

86 Zr 46.7 ± 1.8 14.3 ± 0.9 1.4 ± 0.1 

87 87Srm 0.5 ± 0.1 1.1 	± 0.5 2.0 ± 1.0 0.38± 0.16 0.58k 0.45 
87ym 61.0 ± 5.1 53.3 ± 2.6 23.1 	± 0.6 8.0 ± 0.3 4.28k 0.18 

87yg 47 ± 0.9 9.8 ± 1.9 3.3 ± 0.2 0.24 	0.02 0.26k 0.02 
65.7 ± 5.2 63.1 	±10.1 26.4 ±0.6 8.24 	0.30 4.54 	0.18 

87Zr 103.5 ± 6.4 131.2 ± 9.2 60.7 ± 2.2 3.08k 0.38 1.18 	0.21 

88 88y 41.9 ± 2.6 40.7 ± 1.8 27.5 	± 1.4 6.9 ± 1.8 4.6 	± 0.06 

88Zr 194.0 ±19.0 144.0 ±16.0 173.0 ± 5.0 37.0 ± 1.0 
BBNbm 6.5 ± 0.3 6.8 ± 0.3 2.4 ± 0.2 1.3 ± 0.7 

Nb9 35.4 ± 1.9 22.2 ± 0.8 30.2 ± 1.4 3.0 ± 0.3 

88 Nb 42.1 ± 1.9 29.0 ±0.9 32.6 ± 1.5 4.3 	0.8 

89 89Zr 280.0 ±10.0 230.0 ±10.0 153.0 ± 4.0 216.0 ± 5.0 13.6 	± 0.4 
89Nbm 4.6 ± 0.3 3.5 ± 0.2 6.8 ± 0.1 8.7 ± 0.5 1.05± 0.12 

Nb9 4.5 ± 0.4 4.1 	± 0.3 47.9 ± 2.8 72.5 	± 3.1 <1 

89 Nb 9.1 ± 0.5 7.7 ± 0.4 54.7 ± 2.8 81.2 	± 3.1 <2.0 ± 1.0 

90 gOym 1.5 	± 0.1 0.97± 0.9 
90Nb 192. ± 16.0 254. 	± 24.0 211. 	± 5.0 81.9 ± 1.4 194.0 ± 3.0 

90Mo 55. 	± 	6.0 90. 	± 	5.0 63. 	± 2.0 1.87± 0.28 

91 91rn 0.40 ±0.22 0.78± 0.11 0.52± 0.05 0.25k 0.04 
91 Mo 0.54 	019 0.38± 0.05 1.06± 0.40 0.71± 0.13 

92 92Nbm 39.0 ± 1.6 40.2 ± 1.7 36.1 ± 0.9 33.8 ± 0.9 36.1 ± 0.9 18.3k 	0.5 

921c 9.3 ± 0.4 18.0 ± 0.6 23.8 ± 2.8 75.7 	± 3.6 46.0 ± 0.2 

93 93riom 35.1 ±1.4 59.9 ±8.4 67.9 ±2.0 121.0 ±3.0 376.± 	12.0 2.6 ±0.2 

931cm 1.45± 0.9 2.82± 0.19 3.93± 0.72 14.7 	± 1.6 55. ± 	10.0 1.81± 0.40 

93Tc9 3.76± 0.24 7.66± 0.46 6.59± 0.11 14.1 	± 2.1 91. ± 	2.0 2.01± 0.05 

931c 5.2 ±0.26 10.5 	±0.5 10.5 ±0.8 28.8 ±2.6 146. 	11.0 3.8 	±0.5 

94 941cm 0.57±0.31 0.78±0.04 1.20±0.07 2.940.18 10.3± 	0.5 92.3 	3.8 

941c9 5.0 ± 0.3 11.6 	± 0.6 16.6 	± 0.3 39.5 ± 0.7 145. 	± 24.0 93. 	± 17.0 

941c 5.6 ± 0.5 12.4 	± 0.7 17.8 ± 0.3 42.4 ± 0.8 155. 	± 24.0 185. 	± 18.0 

95 95Nbm 0.12± 0.02 0.19± 0.02 0.32k 0.02 0.32 	0.03 

95Nb9 0.89± 0.12 0.14± 0.01 0.19k 0.01 0.14± 0.01 

95Nb 1.01± 0.12 0.33± 0.02 0.51 	0.02 0.46± 0.03 
95Tcm 0 1.3 	± 0.2 3.4 ± 0.2 14.4 	± 0.4 

95Tcg 4.96± 0.27 12.9 ±0.4 38.9 ±0.5 213. 	± 2.0 

951c 4.96± 0.27 14.2 ± 0.5 42.3 ± 0.5 227. 	± 3.0 

96 96Tc 0.49± 0.02 1.21± 0.02 3.8 ± 0.01 11.5 	± 0.2 
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alpha particles for 1-2 mm. High purity aluminum 
foil5 were used to monitor the beam intensity by 
the 27 Al (a,4p3n) 24Na reaction whose cross section 
is well known. 5  

We have measured excitation functions for a 
total of 45 isotopes and isomers. This is suffici-
ent data to allow determination of complete mass 
yields over 15 mass units (82-96) and charge dis-
persions over seven Z units (37-43) (see Table 1). 

Calculations in collaboration with the Milan 
group of Ettore Gadioli have begun to simulate 
these reactions. It is expected that these calcu 
lations will allow information to be obtained on 
several facets of alpha particle induced reactions 
and alpha particle substructure in nuclear matter. 
Among these are the probability of formation of 
alpha particle clusters in nuclear matter, and the 
break-up probability of alphas in the nuclear poten-
tial well. The latter is of considerable theore-
tical interest in that conventionally it has been 
assumed that alpha particles have only a fleeting 
existence as a cluster. Nevertheless, examination 
of the results of these experiments (and others 
too numerous to reference here) show an enhanced 
emission of multiple alphas from these reactions. 
This very strongly implies a lifetime for their ex- 

istence comparable, at least, to several interaction 
periods. 

The authors are indebted to Prof. Glenn T. 
Seaborg for providing both the opportunity and the 
support necessary for this work. 
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NEW SPONTANEOUS FISSION ACTIVITIES PRODUCED IN BOMBARDMENTS 
+ 2 Cm, 1:0 + 2tCm, 1 N + 249 Bk, O + 2 Bk, and 13C + 2 Bk 

J. M. Nitschke, L. P. Somerville, M. J. Nurmia, and A. Ghiorso 

In the previous annual report 1  we described 
the construction of a new recoil tape transport 
system using mica track detectors for the purpose 
of searching for a spontaneous fission (S.F.) acti- 
vity with a half-life of 80-300 msec. Dubna experi-
menters have claimed this activity to be due to the 
nuclide 260104. Table 1 lists the results we have 
obtained at the 88-inch cyclotron in Berkeley using 
this tape machine compared with the Dubna results. 
Except for the 22Ne + 242 Pu experiments, for which 
we have not obtained a sufficiently good bombard-
ment, there is sharp disagreement for each reaction. 
We can draw several conclusions: 

The 80 msec, 0.1, or 0.3 sec S.F. activity 
as reported by the Dubna group has not been observed 
in experiments at Berkeley. In the case of 15N + 
2498k our upper limit for this cross section is at 
least 25 times lower than the cross section measured 
by the Dubna group for an 80 msec S.F. activity. 

Even if80 msec activity exists, it 
is unlikely to be 	tJ1O4, since our cross section 
limits are consideralX below the calculated ross 
ections to produce 6U1O4 	In the case of 1 N + M our crosssection limit is at least 50 times 
lower than the cross section calculated by the 
JORPLE code. We estimate this calculation to be 
correct within a factor 2 or 3 for 4n reactions  

based on the experimental cross section for 
249Cf( 15 N, 4n) 260105. 

Three other S.F. activities with half-
lives of approximately 19 msec, 54 msec, ançl 1.4 sec 
are produced in Berkeley. In the reaction 180 + 
248Cm the Dubna group did not report finding either 
the 54 msec or the 1.4 sec activities which we do 
find. 

What are these three new activities? We have 
obtained some important clues by measuring relimi-
nary excitation functions for the reaction 180 + 
248Cm (Fig. 1). Notice that the excitation function 
for the production of the 1.4 sec actitivy is much 
broader than any of the calculated or experimentally 
observed excitation functions for production of 
neutron evaporation residues. The half-life of 1.2-
1.6 sec agrees with the 1.5 ± 0.3 sec measurement of 
the half-life for S.F. for what has been claimed to 
be due to 259Fm, discovered at Los Alamos in the 
reaction 257 Fm(t,p) 259 Fm. 3  Subsequent measurements 
of the total kinetic energy and fission mass distri-
bution for the 1.4 sec S.F. emitter revealed a total 
kinetic energy and symmetric mass distribution for 
fission in agreement with the characteristic sym-
metric fission that has been observed for 259 Fm. 
These measurements are discussed in anothQr contribu-
tion to this report.4 
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18 + 248Cm 	• 1.4sec. S.E activity - 
o 54msec. S.F activity 

19 msec. S.F activity 

• 	l4sec( 259Fm) 

19msec .1 	1 Rf 

54m

nil   \ 'I- - 
!r\ 

	

 I Calculated 	- 
x,n reactions 

I/263Rf\ /260R4 
'I 

__IrI I! 	I 	!I 	 I 	I 
80f 	90 	100 	110 	120 

E/MeV 

Fig. 1. Measurexcitation functions for the 
reaction 18 + 	8Cm. Dotted lines show the cal- 
culated excitation curves for rutherfordium 
isotopes. 	 (XBL 798-2420) 

It is 	rth noting that the mechanism for 
produçjng 2 Fm cld be due to either the transfer 
of a 'i-Be to the 	8 Cm target nucleus, or compound 
nucleus formation followed b' ct, 3 He emission. 
Our calculations have shown 1 Be transfer and 7 Be 
emission to be energetically possible in a de 
inelastic type transfer 	The production of 5 Fm 
in the reaction 180 + 	can be compared with 
the production of 38C1 in 180 + 27 A1 as reported by 
K. Aleklett et al. 5  More experiments are neces-
sary, however, to determine the kind of reaction 
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mechanism involved. If such a reaction is actually 
taking place, a similar reaction could eventually be 
ud for the production of 260Fm via the reaction 
24 Cm (180, 6 Be 260 Fm, which would be analogous to 
production of 3 Cl, alsç observed by K. Aleklett 
et al. in the reaction i8o + 27Al. 

The 54 msec activity has been observed at only 
o bombardig energies, 88.8 and 94.8 MeV with 

ions on 	8Cm. The narrow excitation function 
for production of this activity is similar to the 
one calculated by JORPLE code for HiRf which would 
be produced in a 4n reaction. Cross bombardments 
show (Table 2) that the 54 msecF. acitivity is 
probably not a nuclide near the ' 8Cm target, since 
it is not produced in the reactip 16 + 248Cm. It 
seems most likely to be due to 	although other 
possibilities, e.g., 261 No, cannot tTe ruled out on 
the basis of cross bombardments alone. 

The 1 msec 	tivit.y 	proWed in the 
reactions 160 + 	2'Cm and IDN + 'Bk with cross 
sections close to the  values predicted by 

1  30RPL t49Bk, calculations for 26U104. In the case of 	N +  
the width of the measured excitation functiQn also 
agre s wi eth calculations. In the reaction 180 + 
2 ' 8Cm, however, the 19 msec activity is produced 
with a cross section of 8 nanobarns, about 50 times 
the value calculated for 248 Cm( 180, 6n) 	9Rf reac- 
tion at 108.8 MeV. At this writing there Ire four 
possible explanations for this discrepancy- 

There is only one 19 msec activity which 
is2Rf, produced in a 4n as well as a 6n reaction. 
JORPLE r0/rf  values have been optimized to fit 4n 
reactions well, but these values are possibly in 
error for predicting 6n cross sections for Z = 104 
compound nuclei. 

The are two 19 ms.ç actj,yties. Qpe 
of them is 8'Rf  proiiEed in IDN  + 'Bk and 100 

+ 248Cm reactions. The other 19 msec S.F. activity 
produced by 108.8 Mev 180 + 248Cm is not an isotope 
of rutherfordium but another S.F. activity lower 
in atomic number. 

The 19 msec activity is 	Rf and the ( 180,6n) 
reaction is enhanced by some as yet unknown mechan- 

Table 2. 	Cross sections 	(nanobarns) at different projectile energies(MeV) for various 
cross bombardments. 

19 msec 54 msec 1.4 sec 

92 MeV 160 + 2 Cm -4.4 < 0.2 < 0.6 

-77-87 MeV 19N + 2 Bk 
 97 

8.2 (81.9) < 0.5 (81.9) < 0.3 (81.9) 

82-118.8 MeV 180 + 2 Cm -7.8 (108.8) 5.1 (88.8) 14.7 (94.8) -  

93.5, 98.5 MeV 10 + 29Bk '0.8 (93.5) < 0.7 (93.5) '2.2 (93.5) 

94.5 MeV 10 + 2 Pj 0.4 < 0.4 < 5.1 

112.7 MeV 	+ 2 Pu 1202 Ne ? < 0.8 
 94 
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ism. For example, two neutrons might be released 
from 180 prior to the compound nucleus formation, 
which means that we are dealing effectively with an 
(160, 4n) reaction. 

(41 Both of the 19 msec activities are not 
due to Z 60Rf, but to S. F. activities lower in 1  
atomic Iumber. 

port, gave preliminary indications of a possible 
5 sec S.F. ativity. Using the tape system, which 
has a lower 56 Fm S.F. background, we were able to 
measure its half-life (4.8 ±0.7 sec) and its cross 
section (-3.4 - 4.0 nanobarns). We have not identi-
fied this isotope bt a 0.3 - 0.4% electron capture 
branch in 4A2-sec 28Lr, followed by spontaneous 
fission of 58No, is a possible explanation. 

Precise measurements of the 19 msec half-life 
in 15 N + 249 8k (19.1±1.1 msec) and 180 + 248Cm 
(19.8 ±1.6 msec) reactions, using computer fitting 
codes FRANTIC and TFAST6, show that it is more 
likely that we have only one 19 msec activity. 

In addition to the results of cross bombard-
ments in Table 2, the 19 msec activity was absent 
in the 160 + 246Cm and 83.3 MeV 15N+ 248Cm (c1. 

0.9 nb reactions performed with a rotating drum 
system in previous experiments. 

Considering the relative cross sections for 
production of other isotopes in each of the cross 
bombardments (Table 2) and the excitation functions, 
it is possible to rule out most isotopes as candi-
dates for the 19 msec activity. Our cross section 
and half-life measurements maybe subject to some 
small systematic errors, but taking the data at face 
xAue, it is possible that the 19 msec activity i 
1(Rf. But the high yield for the 248Cm ( 180,6n)l82Rf 
reaction must be explained or a second 19 ms activity 
with Z < 104 must be identified. 

In a 70.0 MeV 13C + 249Bk bombardment the UMGII 
system, described in another article4  in this re- 
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PRODUCTION OF 259Fm IN THE BOMBARDMENT OF 248Cm WITH 180 

D. C. Hoffman, D. Lee, A. Ghiorso, M. J. Nurmia, J. M. Nitschke, and K. Aleklett 

A 1.4± 0.2 sec spontaneous-fission çS.F.) 
activity was observed by Nitschke et al. in a 
systematic survey of S.F. activities produced in 
bombardments of 48Cm with 180.  We have further 
studied this activity using the MG fission-fragment 
spectroscopy system described elsewhere in this 
Annual Report.' 

W
o 
 irradiated a 490 ug/cm 2  target of 248Cm 

with lQ from the LBL 88-inch cyclotron. The energy 
of the 180 beam was adjusted to be 95 MeV average 
in the Cm target to make use of the maximyrn produc-
tion cross section as determined earlier.' 

The MG system uses a rotating horizontal wheel 
which carries 80 collection foils; this large number 
is necessary because it °dilutesM any lpng-lived 
S.F. activities (in this case 2.7-hr 2DFm) which 
tend to build up in the foils during an experiment. 
Even so, we found it necessary to replace the f9ils 
with new ones every 60 minutes to reduce the 256Fm 

background. 

In this experiment the wheel was stepped every 
two seconds. The half-life obtained, 1.5± 0.3 sec, 
is consistent with the 1.4 sec obtained by Nitschke 
et al.' and in agreement with the 1.5± 0.2 sec 
measured by Hoffman 3  for 259Fm. 

A mass-yield spectrum for the 702 coincident 
events observed in the first two seconds of counting 

time is 	own in Fig. 1 as filled c1''cles together 
with a 2 Cfcalibration spectrum shown as open 

squares. 

The mass division of 1.5 sec activity is seen 
to be narrowly symmetric; our data analysis is still 
in progress but it appears that the small "wings" 
in the mass-yield spectrum are due to the remaining 
' 56Fm background. 

The average pre-neutron-enhissiOn total kinetic 
energy (i1), uncorrected for the background, is 
220±5MeV for the 702 events. This may be compared 
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Fig. 1. Mass-yield disjbutions of the 704 events 
(filled circles) and a £Cf  calibration source 
(open squares). Note that the abscissa scale has 
been adjusted to give A = 259 for the short-lived 
activity. 	 (XBL 795-9566) 

with the most probable IKE for 259Fm, 242 MeV, and 
the ff! for 256 Fm, 197.9 MeV. 3  

The above evidpe strongly sugqests that our 
activity is indeed 'Fm formed in a deep inelastic 
process which may formally be written as 248Cm( 180, 
'Be) 259 Fm. That this kind of reaction takes place 
with a yield comparable to those observed in 
compound-nucleus reactions between the same target 
and projectile has important consequences in the 
controversies about S.F. activities assigned to 
new elements. 
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A STUDY OF y-RAY MULTIPLICITIES FROM DEEP INELASTIC REACTIONS INDUCED 
BY 7.2 and 8.5 MeV/A 40Ar ON 63Cu AND 159Tb TARGETS 

M. Lutolf, G. J. Wozniak, G. J. Mathews, R. P. Schmitt, R, Regimbart, P. Bigeleisen, S. K. BIau, R. M. Diamond, 
H. Hubel, L. G. Moretto, G. U. Rattazzi, L. G. Sobotka, and F. S. Stephens 

In recent years deep inelastic heavy-ion 
reactions have been shown to be characterized by 
the formation of an intermediate complex consisting 
of two well-defined fragments in contact undergoing 
equilibration. An important aspect of these reac-
tions is the transfer of angular momentum of the 
intermediate complex into intrinsic spin of the 
fragments. Extensive studies of (HI, xn) reactions 
have shown that most of the excitation energy and 
angular momentum of the compound nucleus are carried 
off by evaporated particles and i-rays, respectively. 
In fact, measurements of the multiplicity and angu-
lar correlation of the i-ray cascade from rare earth 
nuclei have shown it to consist primarily of 
stretched E2 transitions. If we assume that the 
fragments prQduced in deep inelastic reactions de-
excite in a similar fashion, then the number of 
i-rays emitted should give a measure of the angular 
momentum transferred into the spin of the products. 

With the above assumption our group has 
measured the i-ray multiplicity M 1  from deep in-
elastic reactions on natAg, 165 Ho and 197Au using 

°Ne and 86Kr projectiles. 1 ' 2  For deep inelastic 
products from the Ne-induced reaction on natAg, 
an increase in mass asymmetry was accompanied by 
an increase in M.., indicating that different asym-
metries were populated by a constant 9,-window and 
rigid rotation had been reached. For Kr reactions, 
MY  has been shown to be relatively independent of 
product charge and angle. While this pattern is 
very different from that observed for the lighter 
projectile, it is not inconsistent with rigid rota-
tion (if there is a fractionation of angular momen-
tum along the mass asymmetry coordinate.) Such 
fractionation, whereby the lower 2-waves contribute 
most heavily to the formation of products at large 
mass asymmetries is more likely for reactions in-
duced by heavy projectiles (i.e., Kr) since deep 
inelastic products can be formed by a very large 
range of partial waves (9, = 0 to -300n). For the 
Ne reaction, on the other hand, the competing com-
pound nucleus channel restricts the range of partial 
waves available for deep inelastic products to a 
narrow band of -...20 Ii. 
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In order to investigate the angular momentum 
transfer and the degree of 2-fractionation present 
in reactions induced byintermediate massprojec-
tiles, we bombarded targets of 63 Cu and 5 Tb with 
40Ar beams from the LBL SuperHILAC at 288 and 340 
MeV. The Ar-like fragments were detected in a 

E-E telescope and the coincident y-rays in a cir-
cular array of six Nal detectors placed at 450 
above the scattering plane. In Fig. 1 are plotted 
the measured -y-ray multiplicites vs the atomic 
number Z q the

° 
 tected deep inelastic fragments 

	

from the 	+ 	Cu reactions at a representative 
angle. 

The independence of M 1  on the mass asyTTllletry 
at both bombarding energies is very similar to that 
observed for the Kr induced reactions and indicates 
a substantial degree of 2-fractionation for this 
system. Although £max rises as the bombarding ener-
gy increases from 288 to 340 MeV, the decrease in 
M1  probably results from a gr.eater fraction of the 
fragments' spin being carried away by evaporated 
particles at the higher temperature. 

For the 40Ar + 159Tb reaction M is shown in 
Fig. 2 for deep inelastic products detected at 50 0 . 
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vs Z for the deep inelastic reaction 
4 Ar + 	b. 	 I (XBL 798-2445) 

A dramatic dependence of M y
on product Z is observed 

at very large mass asymetries. This pronounced de-
crease of the multiplicity as Z decreases indicates 
an even greater 2-fractionation than was observed 
in the Kr induced reactions. This effect is pro-
bably due to a potential energy barrier existing 
for the highest 2 waves, which prevents diffusion 
towards larger asyrmietrics or lower Z fragments. 
Efforts are underway to reproduce the measured M 
with calculations based on the ditfusion model 
developed by Sventek and Moretto. 
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FRAGMENT SPIN ORIENTATION FROM ANISOTROPY MEASUREMENTS OF CONTINUUM 
y-RAYS IN DEEP INELASTIC REACTIONS* 

Aguer,t R. P. Schmitt, 1  D. Habs, 5  G. U. Rattazzi, R. M. Diamond, C. Eflegaard,lt D. Hillis, C. C. Hsu, 1  

G. J. Mathews, L. G. Moretto, C. R ou l et,** F. S. Stephens, and G. J. Wozniak 

It might be expected that in deep inelastic 
reactions most of the orbital angular momentum 
transferred into fragment angular momentum would be 
normal to the plane of the reaction, as suggested 
by simple friction models. Then a strong anisotropy 
should be observed in the out-of-plane to in-plane 
intensity ratio for the y-ray cascades which de-
excite the fragments and carry off the spin. Large 
anisotropies are indeed obseryed fr discrete y-rays 
from light systems' such as 100 + 7 Al. Similarly 
a strong anisotrQpy has been observed in out-of-
plane -particle and sequential fission 3  fragment 
angular distributions. In contrast, measurements 
of continuum-rays have yielded relatively small 
anisotropies.' 

NaI(75°  out) 

NaI(150 °  in) 

Beam 

Ge (Li) 

Nal (900  out) 

PSD2 

PSD1 

(900  in) 

There are at least two possible explanations 
for this latter behavior. One suggestion is that 
the small y-ray anisotropy observed in deep inelas-
tic reactions could be due to a depolarization 
mechanism, namely the generation of angular momen-
tum by twisting, bending and/or wriggling modes, 
similar to that which occurs in the fission process. 
Another suggestion is that the small anisotropy 
could be explained by keeping the alignment of the 
fragment spins but by allowing an admixture of E2 
and dipole transitions in the i-ray cascades. How-
ever, since the proportion of dipole transitions 
present in the continuum y-ray spectra can be large, 
it is important to investigate more favorable sys-
tems where the i-ray cascade multipolarity is rela-
tively pure and known. 

In order to determine which mechanism is the 
cause of the weak continuum i-ray anisotropies, we 
have studied a deep inelastic reaction, 1064 MeV 
136 Xe + 197Au, where the synetric products will be 
rare earth nuclei with masses of 160. Such nuclei 
are known to be good rotors and have been shown via 
(HI, xn) reactions to decay mainly by stretched E2 
transitions when formed with large spins. The con-
tinuum i-ray energy spectra from such nuclei consist 
of a prominent (80% ± 10%) E2 bump from 0.6 to 1.5 
MeV followed by a higher energy statistical tail. 

Figure 1 shows schematically the arrangement 
of the two fragment detectors and the NaT counters. 
When both deep inelastic fragments were detected 
in the two particle counters and simultaneously a 
y-ray in one of the NaT counters, the in and out-
of-plane positions of the particles, their TOF 
difference, the y-energy and the particle-i TAC 
were recorded on magnetic tape. With the assumption 
of a binary reaction mechanism, the Q-value and the 
masses of both reaction products were extracted. 
From elastic scattering, the mass resolution 
A(FWHM) was determined to be 16 amu. The out-of-

plane angle of both fragments was restricted to 
be within ±6 0  of the reaction plane. The extracted 
yield vs Q-value and lab angle for different mass 
bins was found to be quite similar to those 

197Au + 1064 1eV t36Xe 

U, 
I- 
z 
a 
Ci 

0 	 1 	 2 	 3 	 4 

E 7  CMeV] 

Fig. 1. (a) A schematic diagram of the experimental 
apparatus is shown. (b) i-ray spectra are shown for 
the 900 in-plane and 900 out-of-plane NaT counters. 
These i-rays were emitted from "syqitric° Rloducts 
(152 A ' 172) from the 1064 MeV 1 °Xe + 
reaction. 	 (XBL 797-10737A) 

measured with AE-E telescopes at 979 MeV 136 Xe + 
197 Au where sequential fission events could be 
separated from binary deep inelastic events. 

In Fig. lb y-ray spectra detected in coinci-
dence with the syinnetric deep inelastic products 
(152 < A172) and for a 0 value of -140 to -280 
MeV are shown for the 90 0  out and 900  in NaT 
counters. Both y-ray energy spectra show the 
prominent E2 bump at the same position as observed 
in the Xe + Mg compound nuclei reaction which was 
also studied. This similarity between the i-energy 
spectra is strong evidence that fragments produced 
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in deep inelastic reactions de-excite similarly 
to the Dy compound nuclei and with dominantly (80%) 
stretched E2 y-ray transitions. For this range 
of masses, and for the three Q values bins, > -140 
MeV, -280 to -140 MeV and < -280 MeV, the y-ray 
multiplicity M1  was measured for a 360 keV thres-
hold to be 30, 38, and 42, respectively, assuming 
that 5 i-rays lie below the threshold. These values 
indicate that a large amount of angular momentum 
(30 - 42 h ) has been transferred to the fragments. 

In order to extract the y-anisotropy, the 
response function of the y-energy spectra was un-
folded and corrections were made for Doppler shift 
and aberration (solid angle) effects. Since one 
cannot tell which of the two identical fragments 
emitted the y-rays, these last two corrections were 
made in an average way. In Fig. 2, the ratios R = 
W(900  out)/W(900  in) and R = W (150 0  in/W(90 0  in) 
are shown vs E1  for 152 < A < 172 and three differ-
ent Q-values. The error bars shown reflect the 
uncertainties due to statistics, the Doppler cor-
rections and the unfolding procedure. (The raw 
data and the unfolded spectra gave the same results 
to within 5%). The ratio W(90 0  out)/W(90 0  in) 
shows a small anisotropy, 0.75± 0.1, for E between 
0.8 and 1.6 MeV which may decrease slightly with 
decreasing Q-value. (Such a trend with Q-value 
has alsoen oerved for discrete y-rays emitted 
from the 100 + £ lAl system.) Between 0.4 and 1.2 
MeV, the ratio W(150 0 )/W(900  in) is near unity and 
independent of Q-value. Furthermore, both the in-
and out-of-plane ratios are essentially unity for 
E1 	2 MeV. 

The small out-of-plane anisotropy for the 
"bump" region (80% E2) implies a substantial mis-
alignment of the fragment angular momenta. The 
magnitude of this spin misalignment has been esti-
mated with a simple model. It was assumed that 
the probability function for the misalignment is 
Gaussi an 

Pce 02/2a2) 

in the polar angle peaked at 0 = 0 0 . The angular 
distributions for dipole and quadrupole i-rays 
emitted by the deploarized source was then obtained 
by folding the angular distributions given with 
this function, weighting by the solid angle and 
integrating over all space. For 80% E2 transitions 
it was found that the variance, a, is 340±70.  If 
the admixture is 70% stretched E2 1 s, then a-30 0 . 

The magnitude of the spin misalignment determined 
for this reaction is comparable to put-of-R).ane 
angular widths determined for the 8°Kr + 2UBi 
(a = 27 0 ) and for the 208 Pb + 90Zr (a = 20-30 0 ) 

systems from sequential fission measurements. 

Recently Moretto and Schmitt 5  have developed 
a syimletric, two-sphere model for the bending, 
twisting, tilting, and wriggling modes which are 
presumably responsible for the spin depolarization. 
Assuming statistical equilibrium they have derived 
expressions for the angular momentum associated 
with each of these modes. Since all the modes con-
sidered above are independent, the total misalign-
ment can be obtained by adding each component in 
quadrature. Using the experimental Q-values to 
calculate the temperature T and assuming rigid 

Xe 

90° 

197 
Au+IO64MeV 

136 

	

(900 in) 	 90°in 

152 As 172 	50°in \
) 

I 

	

out\ 	 I  

14- 	 - 	Q<-28OMeV 

0.6 

Er 	I. 

0.4 	1.2 	2.0 	2.8 	0.4 	1.2 	2.0 	2.8 

E(MeV) 	 E (MeV) 

Fig. 2. The ratios R = W(1500  in/900  in) (squares) 
and W1(900  out/W1(90 0  in) (triangles) are plotted 
for the mass range (152 < A < 172) and three differ-
ent Q-values. 	 (XBL 797-2298) 

moments of inertia, one obtains a sigma of 350 
The close agreement with experiment is perhaps 
somewhat fortuitous in view of the experimental 
uncertainties and the simplicity of the model. 
Nevertheless, it is clear that the observed y-ray 
anisotropies are consistent with the thermal exci-
tation of the collective modes which depolarize 
the fragment spins. 

In sumary, we have measured the energy spec-
tra, i-ray multiplicity and angular correlation 
of continuum i-rays emitted from rare earth nuclei 
(produced in both compound nucleus and deep inelas-
tic reactions) whose i-ray cascades consists of 
80% E2 transitions. The observed prominent E2 
"bump", the large i-ray multiplicity and the small 
out-of-plane anisotropy are the first clear evi-
dence of a depolarization of the fragment angular 
momentum during the deep inelastic process. The 
extracted misalignment is interpreted in terms of 
a statistical model of the phase space available 
to various deploarizing modes. 

Footnote and References 

*Con densed from LBL-9513. 
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FISSION FOLLOWING TRANSFER TO 232Th AT ENERGIES BELOW THE COULOMB BARRIER 

J. A. Leigh, A. M. Diamond, A. Johnston,t J. 0. N ewton ,* and S. H. Sie* 

Fission induced by the Coulomb interaction of 
a target and projectile (Coulomb fission) hs been 
considered theoretically for several years.1-4 
Attempts to observe Coulomb fission using Kr and 
Xe projectiles on actinide targets have been 
reported. 5 ' 6  Fission events were indeed observed 
in coincidence with back-scattered particles but 
the characteristics found are not wholly consistent 
with Coulomb excitation being the dominant process. 
At bombarding energies between 0.85 and 1.0 times 
the Coulomb barrier (VCB) the differential cross 
sections are the same, within about a factor 2, 
for both Kr and Xe ions, and experimental yields 
are similar for 232Th and 248Cm, even though the 
latter has an 11% spontaneous-fission decay mode. 

An alternative process which might lead to 
the observed results is particle-transfer-induced 
fission. If the Q values for transfer reactions 
were such that transfer to states above the fission 
barriers of the product were likely, there would be 
little dependence on the projectile or on the target 
since all have fission barriers around 6 MeV. Cur-
rently one cannot identify the scattered particles 
in Kr- and Xe-induced reactions and therefore we 
have made similar studies with lighter projectiles. 

The present experiment was performed using 
the 14UD Pelletron accelerator at the Australian 
National University. Targets of 23 2Th, -'-50 11g/cm 2  
thick, were bombarded by beams of 160  and 19F in 
the energy ranges Elab = 75-95 and 85-95 MeV, re-
spectively. Singles transfer data were obtained 
using an annular detector at a mean angle of 1720 
to the beam direction. Transfer-induced fission 
was identified by requiring triple coincidences 
between this counter and two fission-fragment 
detectors located at ±700. 

By replacing the annular detector with a two-
detector particle telescope at 154 0 , Z-specific 
reaction products were identified, and measurements 
using an Enge spectrograph at 1540 were also per- 

Tormed. The dominant reactions leadinci to fission 
are 23 2Th( 19F 180) 233 Pa 60%, 232Th( 19F, 15N) 236U 
'-'25%, 232Th(1O, 14 C) 234U "-45%, 232Th( 1- 60, 12 C) 236U 
'25%, and 23 2Th( 160, 15 N) 233 Pa '-'20%. 

The measured excitation functions are shown 
in Fig. 1, where they are compared with the results 
for 86Kr and 136Xe projectiles. 5  

The obvious features are that the excitation 
functions are all of similar shape and magnitude 
except that for 19F which is somewhat higher with 
a less-steep gradient. In this instance the ( 19F, 
180) single-nucleon transfer reaction has a Q value 
fav.oring transfer to states above VF, and thus the 
data are dominatedy single- rather than two-proton 
stripping as with 190 

The similarity of the excitation functions in 
Fig. 1 suggests that similar processes might be 
involved in all cases. However, transfer reactions 
near the Coulomb barrier are generally dominated by 
Q-value effects. Therefore it is surprising that 
the cross sections are so similar, since the Q win-
dows associated with the various projectiles differ 
considerably. Values of Qga - Qopt are shown in 
Fig. .2 for the most likely tripp1ng and pickup re-
actions; Qgg is the Q value for ground state trans-
fer and Qopt = Ei(z'Z'/zZ-l), where z(z') and Z(Z') 
are the atomic numbers of the incoming (outgoing) 
particle and the target (residual) nucleus and Ei 
is the bombarding energy in the center-of-mass sys-
tm taken s 0.94 VCB.  For the light projectiles 
(160 and lF) the spread in the centroids of the Q 
windows (Qqg - Qopt) for the different reactions is 
considerable, and only those with values near a 
minimum excitation energy of VF, taken to be 6 MeV, 
are observed to contribute to transfer fission. 

These results are in agreement with a simple 
calculation of transfer probbilities to an energy 
greater than VF.  But similar calculations for 	Kr 
and 136 Xe projectiles suggest little transfer- 
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Fig 1. Excitation functions for fission induced 
by 16, 19 F, 86Kr, and '36 Xe. The data for the two 
lighter projectiles are from the present work and 
those for the heavier ions are taken from Ref. 5. 
The errors shown do not include a possible contribu-
tion associated with the choice of a 1/sine depend- 
ence for the fission-fragment angular distributions; 
the assumption of isotropy reduces the cross sec-
tions by 36%. The lines are drawn to guide the 
eye. 	 (XBL 798-2403) 

induced fission because of the near-zero or negative 
Q-windows involved, and there is little probability 
of pure Coulomb fission with Kr particles. Yet he 
fission cross sections observed are similar for 160, 
86Kr, and 136 Xe. We would like to suggest that with 
the heavy ions, fission occurs as a result of the 
combination of Coulomb excitation and excitation 
from the tail of the Q window for particle transfer, 
the relative amounts changing toward more Coulomb 
excitation as one goes from light to heavy projec-
tiles and to lower bombarding energy. For oxygen 
the process is primarily transfer induced; it would 
seem both processes are necessary with Kr, and the 
same is probably true with Xe. At least is seems 
difficult with Xe to speak of a pure Coulomb-
induced or transfer-induced fission in the range 
(0.85-1.0)VCB. 7  

Footnotes and References 

*Dep artment of Nuclear Physics, the Australian 
National University, Canberra, Australia. 
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Fig. 2. Preferred excitation energy in thç resual 
nucleus following transfer reactions with 160,  1 F, 
86Kr, and 136 Xe. The nucleons transferred are in-
dicated and the sumbols "+" and "—" refer to pickup 
and stripping, respectively. Qot  has been evalua-
ted at Ei = 0.94VCB. The excitation energy required 
to produce fission (VF) is indicated at 6MeV. 

	

- 	(XBL 798-2404) 

tpermanent address: Kelvin Laboratory, National 
Engineering Laboratory, East Kilbride, Glasgow, 
Scotland. 

E. Guth and L. Wilets, Phys. Rev. Lett. 16, 
30 (1966); L. Wilets, E. Guth, and J. S. Tenn, 
Phys. Rev. 156, 1349 (1967). 	- 	- 

K. Beyer and A. Winther, Phys. Lett. 30B, 296 
(1969). 	 - - 	 - 	- 

H. Hoim and W. Greiner, Nuci. Phys. A 195, 333 
(1972). 

V. Oberacker, G. Soff, and W. Greiner, J. Phys. 
C 3, L271 (1977). 

P. Colombani, P. A. Butler, I. Y. Lee, D. Cline, 
R. M. Diamond, F. S. Stephens, and D. Ward, Phys. 
Lett. 65B, 39 (1976); P. A. Butler, I. Y. Lee, 
J. 0. Newton, V. El-Masri, M. M. Alconard, P. 
Colombani, R. M. Diamond, F. - S. Stephens, R. W. 
Lougheed, and E. K. Hulet, Phys. Lett. 68B, 122 
(1977). 	 — - 

D. Habs, V. Metag, J. Schukraft, H. J. Specht, 
C. 0. Wene, and K. D. Hildenbrand, Z. Phys. A 283, 
261 (1977). 	 - 

D. Habs et al. (private cornmunicatjon) may have 
observed pure Coulomb fission using a 184W  beam on 
238ij at energies down to 0.8 VCB. They identified 
the projectile after the collision by its conversion 
electron spectrum. 	 - 



73 

RADIOCHEMICAL STUDY OF ACTIN IDE ELEMENTS PRODUCED IN THE INTERACTION OF 
136Xe with 244pu 

D. Lee, D. C. H offman ,* J. J. Hogan, B. V. Jacak, W. M. Jae,t  M. Nurmia, K. E. Thomas, and G. T. Seaborg 

As part of the continuing study of deep in-
elastic transfer reactions in the actinide region 
carried out by this group, we have examined the 
interaction of 136 Xe with the isotope, 244Pu. 

The target was 215 pg of 244p u  electrosprayed 
by P. A. Baisden onto a 12.5 pm Be foil. Mass 
analysis performed at Oak Ridqe National Laboratory 
showed it to contain 98.6% 244Pu, '-4% 242 Pu, and 
small amounts of 238241 Pu. The diameter was 
6.3 mm yielding an average target thickness of 
672 pg/cm 2 . 

The irradiation made use of a new facility at 
the SuperHILAC, the zero degree beam line designed 
and implemented by one of the authors, and fabri-
cated at LBL. The beam emerges at zero degrees 
relative to the axis of the accelerating tanks of 
the SuperHILAC; because there is no bending invol-
ved, the intensity of the beam incident upon the 
target is maximized. Two independent cooling sys-
tems are used. The target and the beam window are 
cooled by jets of nitrogen gas at low pressure and 
high velocity, and the collimators and beam stop 
are cooled by circulating water. 

In this experiment, recoils were caught in a 
cone of 51 pm Al which subtends a solid angle of 
89% of the forward hemisphere while allowing the 
unscattered beam to emerge without striking the Al. 
This arrangement was necessary due to the large 
scale production of lanthanides from the interac-
tions of Xe and Al'. The target assembly is also 
designed for rapid access to and dismounting of 
catcher foils. The entire actinide target assembly 
may be isolated from the accelerator by means of a 
slammer valve activated either by absolute pressure 
or by the rate of increase of pressure in the beam 
line. Further protection arises from a large volume 
scattering chamber located between the accelerator 
and target assembly. This target system was pro-
duced specifically for the irradiation of high 
actinides or other highly radioactive targets. 

The 244P u  target was irradiated with a beam of 
approximately 1 pamp 1 36Xe29" for 4.42 hr. This 
averages to 2.28 x 10 11  Xe/sec. After degradation 
of the incident 1156 MeV Xe beam in the 1.8 mg/cm 2  

Havar window and the 12.5 pm Be backing the average 
incident beam energy was calculated to be about 965 
MeV. The energy loss in the target was calculated 
to be about 20 MeV. 

After irradiation, the conical recoil catcher 
was removed and chemically analyzed for actinide 
elements having Z > 92. The first chemical separa-
tion, monitored through the use of 233 U, 237 Np, 
238P u , and 249Cf tracers, yielded U, Np, Pu, and 
trans-Pu fractions. 

The chemical purity of the various fractions 
was reasonable. Somewhat less than 1 a dis/min  

of Ac was found in the trans-Pu sample while the 
Np fraction contained about 5% of the Pu activity. 
The Ac, however, leads to decay products from Ac 
to the Pb-Bi region which together with the low 
cross sections expected in these experiments, was 
sufficient to necessitate furher chemical purifica-
ti on. 

Therefore, five days after irradiation, the 
trans-Pu fraction was redissolved, loaded onto a 
hot (800C) cation exchange column and eluted with 
pH = 3.71, 0.5 M a-HIB. Five fractions were col-
lected: Fm-Md, Es, Cf, Bk, and Cm. The Bk fraction 
was 0 counted; the other four fractions were alpha 
pulse height analyzed. 

The beta decay of the U, Np, Pu, Bk fractions 
was followed for from 15 to 40 days; S.F. was fol-
lowed for about 4 days, and alpha counting continued 
for two weeks. 

Overall, eight fractions containing elements 
from Z = 92 to 101 were analyzed for alpha, beta, 
gamma, and spontaneous fission acitivites. The 
results, either absolute cross sections or upper 
limits, are listed in Table 1. It should be noted 
that no correction has been made for the unknown 
efficiency of collection by the recoil catcher 
arrangement since neither the angular distribution 
nor the energy spectrum of the products of these 
deep inelastic transfer reactions is known. 

Upper limits only are reported for alpha decay 
nuclides indicating cross sections of less than 
1 x 10-30 cm2 . It is likely the low yields are due 
to an unfortunate mass number yield pattern from 
this experiment's target-projectile combination. 
This is suggested by a comparison Qf the results of 
experiments performed at Darrnstadt 1  and Livermore 2  

using bombardment of targets in this mass region. 
The mass number yield patterns found in these ex-
periments may be suitably adjusted in charge and 
ma 	number to account for the difference between 
a ' 4Pu target and those of the older studies. 
Such an analysis leads to the prediction that a 
preponderance of long-lived Am, Cm, Cf, and Es iso-
topes will be produced and relatively low cross 
sections are expected for the shorter-lived 0.1 to 
10-day activities for which there is the greatest 
sensitivity in this work. 

The upper limits we have set for the production 
of Cm and Cf isotopes are smaller than might be ex-
pected from previous work but it is noteworthy that 
the only measurable isotopes are well removed from 
the expected peaks in the mass distribution. This 
work suggests then that either the isotopic yield 
curve may be narrower than previously measured or 
may be shifted somewhat with respect to the valleys 
of stability. This effect, while not wholly sur-
prising, is more evident in analysis of products 
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10 1 e 1. Production cross sections for the reaction 
Xe + 244p u . 

Nuclide 	 Cross section 	 Method 
(cmi) 

237u 6.4 x 10-27  

240U 12 x 10-27  

239Np 15 x 10-27 

243Pu 57 x 10-27  

245 Pu 66 x 10-27  

246Pu 6 x 10-27  

242Cm <3 x 10 -31  

245 Bk 1.2 x 10-28  

3.4 x 10-30 

253CfEs < 1 x 10-31  a 

254 Cf <5 x 10-31  S.F. 

253 Es <I x 10-32  a 

254 Es-Fm <4 x 10-32 a 

255Es < 1 x 10-31  a 

252Fm <1 x 10-31  a 

255Fm <1 x 10- 31  a 

256Fm <1 x 10-32  S.F. 

257Fm <8 x 10-32  a 

from this target than from the bulk of heavy-ion 
studies using 238 U as a target. 

Eventually, this work will be extended to 
heavier actinide targets where the expected mass 
transfer leads to products in the heavy actinide 
and more importantly, the trans-actinide region. 
It is expected that experiments will be performed 
in the near future using 248Cm as a target, and 
eventually with an even heavier actinide target. 
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DECAY OF THE COMPLETE FUSION NUCLEUS, 151 Eu 

James J. Hogan* 

Several years ago, Lee and Markowitzl stidied 
the products of the complete fusion reaction I39L a  + 
12C. This work presents the results of a similar 
study on the same 151 Eu nucleus produced in a reac-
tion in which the average angular momentum deposited 
is substantially greater. The two, taken together, 
form a Ghoshal-type pair of experiments. The pur-
pose of this work was to examine the differences 
in the two sets of experimental results, to attempt 
to correlate these with angular momentum and rota-
tional energy effects, and ultimately to calculate 
these effects using a model approach. 

The reaction studied was 180 + 133Cs at labora-
tory incident energies of 75-125 MeV. The targets  

were prepared by vacuum evaporation of 500-700 pgrn/ 
cm2  of CsC1 onto 10-mil Al by C. Scheu in the 
vacuum evaporation shop. These were then covered 
with a 150 j1gm/cm layer of Al, again by vacuum 
evaporation, to ensure the integrity of the target 
during irradiation. Experiments were carried out 
at the 88-inch cyclotron using a direct water cool-
ing system designed and supplied by H. Harrington. 
Targets were irradiated with beams of up to 2 pamp 
of thO4+ for as long as 2 hr with no visible effect 
on the target material despite the relatively high 
volatility of CsC1. 

The targets were dissolved and chemical puri-
fication of Eu was carried out in the presence of 
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Table 1. Experimental cross sections for the reaction 133cs(180,3_6n)148445Eu. 

Average Incident 
Energy 

Cross Section (mb) 

Average Excitation 
Energy, 151Eu 	(180,3n) 	( 180,4n) 	( 180,5n) 	( 180,6n) 

73.5 ± 	0.07 50.5 	± 0.05 22.1 	± 	0.08 348 ± 13 120 ± 7 0.55 ± 	.09 

85.6 ± 	0.07 61.2 	± 0.06 2.8 	± 	0.04 203 ± 	7 400 ± 22 77 ± 3 

97.7 ± 	0.06 71.9 	± 0.06 0.6 	± 	0.03 62 ± 	3 420 ± 24 289 ± 12 

109.7 ± 	0.07 82.4 	± 0.06 0 10.5 ± 	.5 156 ± 9 400 ± 17 

120.9 ± 	0.05 92.3 	± 0.04 0 1.1 ± 	.2 37 ± 2 247 ± 11 

Eu tracer. The same four excitation functions as 
previously measured by Lee and Markowitz were deter-
mind these were the (CF, 3-6n) reactions leading 
to 14145E u . The samples were counted on a large 
volume Ge(Li) counter with appropriate pulse-height 
analysis. The measured cross sections, including 
the random errors associated with counting and 
decay curve analysis, and the systematic errors 
arising from uncertainty in published decay schemes, 
are presented in Table 1. 

Several points are immediately apparent follow-
ing a comparison of these results to the earlier 
ones measured by Lee and Markowitz. 

Xhe pçs in the four excitation functions from 
the 1o0 + 1 Cs reaction lie at larger excitation 
energies in the center-of-mass system. This re-
flects the higher average rotational energy associ-
ated with the complete fusion nucleus in the heavier 
projectile experiments. An estimate of the magni-
tude of this effect may be made from closer examina-
tion of the peak positions. In the two reaction 
systems, the peaks in the four excitation functions 
are displaced from each other by an amount of exci-
tation energy which increases slowly with increasing 
numbers of neutrons emitted. This result is entire-
ly consistent with an approach to angular momentum 
effects first suggested by R. M. Diamond A  F. S. 
Stephens, and others in this laboratory. 3  

These authors show that a "binning effect" on 
domains of angular momentum in the complete fusion 
nucleus largely governs the cross section for pro-
duction of a given isotope at a given excitation 
energy. This effect is in turn related to an effec-
tive excitation energy for particle evaporation 
given by the difference between the excitation 
energy of the complete fusion nucleus and its rota-
tional energy. The relative cross sections at a 
given energy and the relative energies of the peak 
cross sections may then be used to gain information 
about the angular momentum states of the complete 
fusion nucleus. This work suggests that the heavier 

projectile deposits an average of 8-10 h more angu-
ular momentum than the lighter, and approximately 
1/3 more than thatexpected from the Diamond-
Stephens approach. 

The magnitude of the peaks in the four excita -
tion functions vary in the two reactions the 	+ 

133Cs yielding lower peaks than 12C + 13La. The 
3n out cross section is 30% lower; the effect de-
creases to only a few % for 6n out. Again, this 
is consistent with the angular momentum "binning 
effect" of Diamond-Stephens and may be related to 
an increase in high energy continuum gamma rays 
and the enhanced emission of alpha particles pre- 
ferentially from high angular momentum, low excita-
tidn energy states (yrast traps). 

Because of these results, a related series 
of experiments has been undertaken to sjdy th 
same reaction products from the system 1 i3 Cs( 2 Ne, 

3-6n) 14845Eu. These differ only in the emission 
of an alpha particle from the high angular momentum 
system. This work is in progress in collaboration 
with Mr. K. J. Moody at the 88-inch cyclotron. 
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YIELDS OF Bk ISOTOPES FROM 24913k PLUS 180 

A. M. McFarland 

The yields of berkelium isotopes from the 
reactions of 93.4 and 98.5 MeV 180  ions with 249 Bk 
have been measured in the course of our studies of 
the production of actinides from heavy-ion bombard-
ment of actinide targets. 

All bombardments were 	ne at the 88-inch 
cyclotron. The 485 pg/cm' 	target was prepared 
by Ron Lougheed at Lawrence Livermore Laboratory by 
evaporating 153 pg of 249Bk as the fluoride onto a 
0.5 mil beryllium foil. Reaction products recoiling 
from the thin target were caught on a 800 pg/cm 2  
aluminum foil 2 cm in diameter and facing the target 
at a distance of 1 cm downstream. 

The berkelium isotopes were chemically separa-
ted from almost all the other activity on the foil 
by taking advantage of the fact that berkelium, 
unlike neighboring actinides, has both a (III) and 
a (IV) oxidation state. 

The roil was dissolved in a 2 I'l I-1NO3, after 
which Bk 	was oxidized to Bk 4  with bromate ion 
in 12 M HNO3. The Bk 4  was then extracted into a 
heptane solution of bis-2-ethylhexylorthophosphoric 
acid (HDEHP). All species in the (III). state or 

lower, including most lanthanides and the other 
transplutonium çlements, remained in the aqueous 
phase. The Bk 	was then reduced with H202 in 12 
M HNO3 and returned to an aqueous layer. Cerium, 
zirconium, molybdenum, and technetium have been 
observed to follow Bk in similar schemes.', 2  After 
washing steps, this fraction was evaporated on a 
1 mil platinum disk, which was flamed, mounted on 
an aluminum counting card, and covered with a layer 
of Al foil to screen the low energy beta rays ex-
pected from 249Bk present due to knockover from 
the target. Because 249 Bk decays by the emission 
of very low energy beta particles, whose detection 
is difficult in the presence of the other higher 
energy beta particle emitters in the 	mple, and 
due to the spurious introduction of 2 Bk onto the 
catcher foil, it was not possible to use this iso-
tope (the only one available) directly as a tracer. 
However, the chemical procedure used, as established 
through the use of 249Bk tracer in parallel blank 
runs, typically results in a yield of 60-80%. 

The two samples, named A and B respectively 
for the 98.5 MeV and 93.4 MeV 180 bombardments, 
were counted on a lithium-drifted germanium gamma-
ray detector with pulse-height analyzer. The gamma 

Table 1. Berkelium isotope cross sections. 

Expt. 	Mass Elb 180(MeV) E y (key) y % 	E y (observed) 
(key) 

t1  t 	(observed) o 	(nib) 

B 	251 93.4 152.8 unknown 153.0 57 rain 47 min 
017a 

177.7 unknown 177.8 54 

A 	251 98.5 152.8 unknown 153.0 56 rain 14* 
177.7 unknown 177.8 57 rain 33* 

B 	250 93.4 889.98 1.7 890.2 3.22 h 
929.28 1.4 929.7 
988.96 45.2 989.3 3.25 h 23 

1028.58 4.4 1028 
1031.76 35.2 1032.0 3.28 h 24 

A 98.5 889.98 1.7 890.2 
929.28 1.4 929.7 
988.96 45.2 989.3 3.13 h 64 

1028.58 4.4 1028 
1031.76 35.2 1032.0 3.08 h 70 

B 	248 93.4 104.7 5.9 104.7 23.5 h 23.2 h 8 
109.3 9 109.6 23.2 h 9 

A 98.5 104.7 5.9 104.7 30.0 h 26 
109.3 9 109.6 31.0 h 24 

bGajnma abundance unknown. Abundance of 100% used in calculation. 

bsome 246Bk 	(1.8 d) may be present. 	A very small intensity gamma ray at 799 MeV which may be from 246Bk 
was observed. 
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spectra of berkelium-248, -250, and -251 were ob-
served and, from these data, the yields of these 
isotopes were calculated as summarized in Table 1. 
These cross sections must be regarded as lower 
limits because no allowance was made for a possible 
less than 100% efficiency in collecting the recoil 
products in the aluminum foil. 

The Bk isotopes that decay by electron capture, 
those with mass numbers 248, 246 9  245, 244 9  243, if 
produced, could be monitored through the accompany-
ing Cm x-radiation; no x-ray decay corresponding to 
isotopes of mass number less than 246 was observed. 

After a month, by which time all the detected 
Bk isotopes had decayed, the fractions were leached 
off the platinum dish with strong HNO3. This solu- 

tion was evaporated, redissolved in pH 4.2 buffer 
solution and the californium from beta decay of Bk 
was extracted into a benzene solution of thenoyl-
trifluoroacetone. This fraction was evaporated 
onto a platinum disk and alpha pulse-height 
analyzed using surface barrier detectors. 
Berkelium-248, -249, -250, -251 beta decay to 
detectable s-emitting californium isotopes, and 
the yield of those daughters is now in the process 
of being determined. 
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ENTRANCE ANGULAR MOMENTUM DEPENDENCE OF THE 44m,9$c  ISOMER 
RATIO IN THE REACTION 29$i(180p2n)445c 

K. Aleklett,*  W. Loveland,t P. L. McGaughey, D. J. Morrissey and G. T. Seaborg 

The isomeric pair 44mSc(i = 6k), 44 gsc(I = 
2+) has previously been studies in the reactions 
45 Sc(cJ,t) 44 5c (Ref. 1) and 41K(a,n) 44 Sc (Ref. 2) 
and has been seen in many different high energy 
heavy-ion reactions. 3  In this study the pair was 
produced in the compound nucleus reaction 29Si( 180, 
p2n)4Sc. The use of the heavy-ion beam of the 
88-inch cyclotron allowed the study of the isomeric 
pair at much higher angular momenta than in the 
previous studies. 

Thin targets of 29j  (95% isotopically pure) 
in the oxide form were prepared on tantalum foil 
backings. This allowed off-line gamma ray spectro-
scopic identification of the reaction products 
without interference from activities produced by 
reaction with the catcher foil when the beam energy 
was below 80 MeV. For the highest beam energy, 
80 MeV, a chemical separation of Sc isotopes from 
the catcher foil was necessary. The decay of 44 9Sc 
goes 99.89±9.01% via a 1157 keV gamma transition 
while the 4mSc  goes 86.6±0.2% (Ref. 4) via a 271 
key internal gama transition followed by the decay 
of the ground state. These gamma lines were meas-
ured using a Ge(Li) detector and were, more or less, 
the only lines in the spectrum. 

The production cross sections (a6 +  and 2+) 
were calculated from the yield data and the ratio 
(06402+) and were thus determined for each differ-
ent beam energy. The preliminary ratios are given 
as function of beam energy in Fig. 1. The ratio 
shows an increase with beam energy from the value 
of 1.0 at 30 MeV to 4.7 at 70 MeV. In the reaction 
45 5c(d,t) 44Sc a linear increase of the ratio from 
0.15 to 1.35 was found in the beam energy interval 
19 to 29 MeV, while in the reaction 41K(c,n) 44 Sc 
the ratio was found to increase from 0.13 at beam 
energy of 8.0b MeV to a maximum of about 2.0 at 
approximately 23 MeV and then to decrease back 
down to 1.0 at 30 MeV. 

ollping fuher analysis, these results from 
the 2 Si('0,p2n) 4Sc reaction will be compared 
with those from the other two reactions and with 
different theoretical calculations. However, even 
at this stage of the analysis one can see that with 
heavy-ion projectiles a much wider range of iso- 
meric ratios (i.e., angular momenta) can be sampled. 
Data such as these will be important in testing 
various statistical models of the de-excitation 

Beam energy (MeV) 

Fjg. 1. The ratio (a6+/o2+ for the isomeric pair 
 gSc as function of the 180  beam energy. 

(xBL 7912-13357) 
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process. It may also be possible to interpret 
measurements of the 44m,gSc  isomeric pair from 
other kinds of heavy-ion nuclear reactions and to 
deduce approximate values for the primary product 
angular momenta. 
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EXCITON MODEL CALCULATIONS OF FISSIONABILITY* 

J. J. Hogan,t E. Gadioli, E. Gadioli-Erba, and C. Chung 

For the past four years, we have been studying 
complex nuclear reactions induced by protons of 
10-100 MeV comparing the excitation functions for 
individual products with calculations performed 
utilizing the Exciton Model of Pre-Equilibrium 
Decay.' In particular, we have reproduced more 
than 50 excitation functions for reactions ranging 
in complexity from (p,n) to (p,6p7n) from targets 
having A = 50,90,200 and 232. 	In these later 
papers, we have extended the model to take account 
of alpha cluster emission. 

The work described here extep 	the model to 
a study of the fissionability of 	'Th at excita- 
tion energies up to 100 MeV. 

We have measured experimental excitation func-
tions for 16 reactions of form (p,xn), x = 1-7, 
(p,pxn), x = 1-6, (p,2pxn), x = 3-7 and (p,3pxn), 
x = 5-7. We have then calculated these excitation 
functions using the same model as described in Refs. 
1-4 with no changes or variation in parameters, 
including the emission of alpha clusters. We find 
excellent agreement with experiment using an ap-
proach to the calculation of rf, r, r, and r. 
similar to that discussed by Vandenbosch and 
Huizenga which is in turn based on the ideas of 
the liquid-drop model. 

Specifically we find 

rn 
 - 2A213 (af\f__(2 - 2y + 2) + S(y,-l) - fl 	Uf  

- -c--  y;;) 	Y(l 	

(_)ex (Y -Yf) 
Un  

where 	and K0  are constants dependent upon A, 
Yn = 2 vtJ, yf = ,'Uj and U is excitation 
energy corrected for pairing and binding energies. 

We have found the calculation to be extremely 
sensitive to the ratio of the level densities of 
the deformed fissioning nucleus, a, and the re-
sidual nucleus from neutron emission, an. We have 
been able to evaluate this parameter however, 
because of the availability of experimental data 
for five of the excitation functions from (p,ln) 
to (p,7n). It is noteworthy that the value found  

to give the best results, 1.05, is the same as 
recently used for pion induced fission of Pb and 
Bi. 

Some of the data and results are summarized 
below. The fairly typical fits of the calculation 
(open circles) to the 232Th(p,pxn) excitation func-
tions are shown in Fig. 1. With the inclusion of 
the (p,d) component of the (p,pn) reaction (dashed 
line) it is noteworthy that both the simplest, 
(p,pn) and most complex (p,p6n) reactions are fit 
satisfactorily. Together with the (p,xn) series 
which shows similar agreement between theory and 
experiment in the simplest (p,n) and most complex, 
(p7n) reactions, these results lend confidence 
to the treatment of fissionability we have used. 

In Fig. 2, a comparison is shown between the 
values of rn/rf for the highly fissile, neutron-
deficient isotopes of Pa and the less fissile 
isotopes of Th. In the case of Th, the fission 
barrier exceeds the neutron binding energy; the 
result is a steeply decreasing ratio of rn/rf as 
the excitation energy increases. If the fission 
barrier is less than the neutron binding energy as 
is the case in the Pa isotopes, fission is highly 
favored at low energies. This strong dependence 
arising from the delicate balance of neutron bind-
ing energy and fission barrier results in observ-
able experimental effects on the (p,7n) and (p,p6n) 
reactions. 

A conventional plot of the probability of 

Msion, Pf, against the fissionability parameter 
A is presented in Fig. 3. Nuclides represented 

vary from Z = 88-91 and A = 225-233. A dependence 
of fissionability on excitation energy is clearly 
evident in the variation of the slopes of the data 
at different (labeled) values of the excitation 
energy. 
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HALF-LIVES OF NEUTRON DEFICIENT EUROPIUM ISOTOPES 

James J. Hogan* 

In the course of the work descrjecI bove 
measuring excitation functions for 	 pro- 
duced in heavy-ion reactions, it became apparent 
that considerable uncertainty existed in the half-
lives of these isotopes. For exmple, the new 
edition of the Table of Isotopes' lists three pri-
mary references to the half-life of 148Eu and these 
differ by 16%, ranging from 50-58 days. Similarly, 
the three references to 147Eu give half-lives of 
21.5 to 24 days while the most recent Chart of 
Nuclides 2  lists 24.3 days. Variations in the 
listed values of the shorter-lived 145-146 Eu iso-
topes, while not as dramatic, remained a source 
of considerable error in the decay curve analysis 
in these experiments. 

In one or more of the sources from these 
experiments, usually near the peak in the excita-
tion function, substantial count rates were found 
allowing the measurement of a decay curve over many 
half-lives. In addition two of the four isotopes 
have more than one intense ganna ray providing a 
secondary measure of the lifetime. Spectra were 
measured for periods ranging from 20,000 sec ('-0.23 
days) early in the experiment to 5,000 mm (-3.5 
days) three to five months from irradiation. The 
longest-lived isotope, 148 Eu, has been followed 
over three half-lives (>150 days); the shortest-
lived (-'4.5 days) was followed for 12 half-lives. 
Counting two gansna rays from a single isotope as 
two determinations, the data yield 3 measurements 
of the half-life of 1 48Eu, 6 of 147 Eu, 10 of 146 Eu, 
and 6 of 145 Eu. 

Each data point had associated with it an 
error calculated taking account of uncertainty in 
the peak area as well as the background. The in-
verse square of these errors provided a weighting 
function for a least squares determination of a best 
half-life for each decay curve. This was evaluated 
from that decay constant for which the weighted 
squares of the fractional derivations in the ratio 
of the observed to expected count rates were minimi-
zed. Finally the several determinations of a given 
half-life were weighted according to the inverse 
square of their errors and a final average calcu-
lated. Results are reported in Table 1. 

Table 1. Half-lives of europium isotopes (days). 

Determi n- 
A 	 Previous' 	This work 	ations 

148 54 	± 2 55.3 ± 	1.0 3 

147 21.5 	± 0.5 24.6 ± 0.1 6 

146 4.65 ± 0.03 4.51 ± 0.03 10 

145 5.93 ± 0.04 5.93 ± 0.04 6 

The agreement of 145Eu to the tacceptedu  value' 
is exact with a slightly lower limitçf error. The 
ten measurements of the half-life of ' 46 Eu lead to 
a value -'2.5 hr or about 2% lower than the accepted 
value.' Although the statistical error is about 
one quarter of the difference, it is significant 
that all ten independent determinations led to 
values less than the listed value. The value for 
148Eu is not greatly different from that in the 
Table of Isotopes but reduced the uncertainty in 
that value. 

The half-life of 147 Eu was found to be 
sharply different (-15%) from that in the Table of 
Isotopes, more like the value of 24 daysuggested 
more than 25 years ago by S. G. Thonipson. 	It is 
not at all clear why this large discrepancy exists 
but six concordant values from three independent 
irradiations measured over seven half-lives lend 
considerable confidence to this work. 
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ENERGY DEPENDENCE OF MULTINUCLEON TRANSFER REACTIONS INDUCED 
BY 20Ne ON 12C* 

M. E.Ortiz,t A. Decal,t  A. MenchacaRocha,it M. Buenerd 1  D. L. Hendrie,8 J. Mahoney, C. Olmer,II 

and D. K. Scott 

U, 

C 

0 
C-) 

Systematic studies of multi-nucleon transfer 
reactions induced by heavy ions, involving both 
variations in incident energy and mass transfer, 
can make a stringent test of heavy-ion reaction 
mechanisms. We have investigated the energy depend-
ence of multi-nucleon transfer reactions on a light 
target nucle 	through the measurement of reactions 
of the type 2 C( 20Ne,x)Y, where x ranges from 1 F 
to 15N (i.e., from one to five nucleon transfers) 
at incident energies of 150, 175, 202, 225, 252, 
and 294 MeV. It is shown that the gross features 
of the incident energy and mass transfer dependen-
ces of the reactions can be well reproduced by 
either DWBA or semiclassical calculations. 

The energy spectra measured for the reaction 
product 160  at forward angles are shown in Fig. 1 
at several incident energies. The other reaction 
products ( 19F, 180, 170 ,  15 N and 14N) were also 
present on the focal plane of the spectrometer, but 
only restricted excitation regions were covered at 
all energies. Therefore, we concentrated on the 
energy dependence of the following excitation 
energy windows: 19F, 0-5MeV; 18,  10-15 MeV; 170, 
5-10 MeV; 160,  10-15 and 20-25 MeV (the shaded 
regions in Fig. 1); and 15N, 23-25 MeV. 

The angular distributions do not have any 
prominent diffractive structure and fall off ex-
ponentially as predicted for direct reactions in 
this energy region. 1  Figure 2 shows the integrated 
differential cross sections for the various 
selected regions plotted as a function of the inci-
dent energy. The data follow smooth trends over 
the observed energy range. The solid and dashed 
lines represent theoretical calculations. 

In most cases the excitation windows lie in 
the unbound region of the spectra, where the densi-
ty of states is large. The prediction of absolute 
yields by a DWBA calculation would thererore be 
difficult. Nevertheless we use the DWBM to under-
stand the observed relative trends. A simple semi-
classfcal formulation 3  to lend physical insight 
into the reaction process was also included. The 
results of DWBA calculations for all the different 
channels are shown (solid lines) in Fig. 2. Simi-
lar results were obtained (dashed lines in Fig. 2) 
with the semiclassical model. 

I2 (20Ne, 160) 160 
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Fig. 1. The energy spectra for the reaction 
l?C(2ONe ,thO)160 measured at forward angles are 
shown as a function of incident energy. The 
shaded region represents the excitation energy 
windows considered for the analysis of the energy 
dependence. 	 (XBL 791-7826) 

Both the DWBA and the semiclassical calcula-
tions were done assuming that the energy dependence 
for a finite window in excitation energy is approxi-
mately the same as that of a state lying in the 
center of the window. The shape of the predicted 
energy dependence is found to depend only weakly 
on the choice of 3 value. It is clear that the 
simple semiclassical model can be used to explain 
the features of the data, and therefore it is a 
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very useful and inexpensive means of optimizing 
the incident energy to enhance a given excitation 
region. 

In conclusion, we have shown that the gross 
features of the energy dependence of multinucleon 
transfer reactions induced by heavy ions can be 
well reproduced by simple one-step DWBA calcula-
tions or by semiclassical calculations. The 
observed shapes are well described by simple total 
angular momentum and linear momentum conservation 
conditions. They prove to be insensitive to spin 
assignment and were found to depend mostly on the 
Q-value. 
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J 	 (in parentheses) for the reactions 2UNe + 12C+19F, 
300 	 18, 17, 160 and 15 N. The theoretical predictions 

are discussed in the text. 	 (XBL 791-7828) 

HIGH ENERGY PROTON EMISSION IN REACTIONS INDUCED BY 315 MeV 160 IONS* 

T. J. M. Symons, P. Doll, M. Bini, D. L. Hendrie, J. Mahoney, G. Mantzouranis, D. K. Scott, 

K. Van Bibber, Y. P. Viyogi, H. H. Wieman, and C. K. Gelbke 

Ihe analyis of the resilts of the bombardment 
of ' 9 'Au and 'C by 315 MeV 00 ions at the 88-inch 
cyclotron 1  has been completed. Figure 1 shows 
proton spectra from the Au target which are fitted 
with an exponential function describing isotropic 
evaporation from a moving source of velocity 0.1c 
with a single charcteristic temperature of 8.1 MeV 
(solid lines). In addition, a fireball calculation 
was made using the Fermi gas equation of state both 
at normal nuclear density, ro = 1.2 fm, and at a 40%  

greater density, ro = 1.07 fm. The dashed lines 
show the predictions for ro = 1.2 fm, with corres-
ponding values of O.06.c for the velocity and 7.6 
MeV for the temperature. The agreement with the 
data is fair although the absolute cross section is 
underestimated by a factor of 2 at forward angles. 
Calculations made using the hybrid formulation of 
the exciton model showed that a value of between 
20 and'24 excitons described the angle integrated 
spectrum well in both slope and absolute magnitude. 
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Fig. 1. Cross sçtion for production of protons 
in the reaction .197Au( 160,p)X, together with fitted 
and calculated spectra as described in the text. 

(XBL 7810-6601A) 

Using the 24 exciton calculation, we obtained the 
dotted curves, which are in reasonable agreement 
for angles greater than 300, but underestimate the 
20 0  cross section by at least a factor of 2. This 
disagreement almost certainly arises from the 
neglect of projectile excitation at these angles 
and from the simplifications inherent in this 
calculation. 

We conclude that both the fireball and the 
hybrid models can give a reasonable description of 
the high energy proton spectra measured in this 
experiment. The great advantage of the hybrid 
model is that it is a microscopic model in which 
the cross sections are calculated in closed form, 
in marked contrast to cascade calculations. 	How- 
ever, it should be remembered that while this model 
allows for proton emission before the excitation 
energy is equilibrated over the whoTh system, lead-
ing to higher effective temperatures, there is no 
geometrical localization which is the basis of the 
hot spot and fireball models. The simultaneous suc-
cess of the fireball calculation provides evidence 
that such localization may already be important at 
these energies. Finally, one may note that, as in 
the case of complex fragment emission, a transition 
between the inclusive spectra observed at low and 
high energies appears to have set in at 20 MeV/ 
nucleon. It is to be hoped that unified descrip-
tions of heavy-ion processes in this energy range 
may lead to the deduction of constants such as the 
thermal conductivity of nuclear matter as has been 
attempted for hadron-hadron collisions. 
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C. RELATIVISTIC HEAVY IONS 

1. Projectile and Target Fragmentation 

HIGH ENERGY INTERACTIONS OF NUCLEI 

A'fred S. G oldhaber* and Harry H. Heckman 

In a review article,' we assayed the present 
status of high energy nuclear collision studies 
and surveyed the important questions that remain 
to be addressed. A brief historical review, be-
ginning with the early observations of cosmic ray 
nuclear interactions, was presented. We defined 
some kinematic terms, and explained the reasons 
for their use. We briefly described accelerator 
facilities and experimental techniques. Experi-
ments on projectile and target fragmentation, and 
fragment production at intermediate rapidities, 
were described in particular. Comparisons of these 
data with conventional theoretical models were 

given. We concluded with a discussion of theore-
tical speculations about possible new phases of 
matter at higher than normal baryon density. 
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CORRELATIONS BETWEEN SLOW AND FAST FRAGMENTS IN 
RELATIVISTIC NUCLEAR COLLISIONS 

W. G. Meyer, H. H. Gutbrod, Ch. Lukner,*  and A. Sandoval 

A recent Bevalac experiment has yielded some 
interesting results concerning the mechanism of 
production of fragments with Z > 4. The results 
show that fragments with 4 < Z < 12 come from 
central relativistic heavy ion collisions, whereas 
binary fission products are produced in peripheral 
collisions. 

The experimental apparatus is described in 
Ref. 1. It consisted of a E-E telescope used to 
measure the energy spectra of the slow-moving frag-
ments (Z 	4), a silicon array for measuring ener- 
gies of coincident partners, and a multiplicity 
array used to measure the multiplicity of charged 
particles (above an energy of 25 MeV/nucleon) asso-
ciated with observing a particle in the telescope. 
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The energy spectra of the fragments (4Z12) 
are Maxwellian in shape and are characterized by a 
peak resulting from a Coulomb barrier, as seen in 
Fig. 1. Quantitative calculations indicate that 
the Coulomb barrier is the result of an extended, 
diluted source of nuclear matter, whose density is 
less than one half that of normal nuclear matter. 

Measurements of the mean associated charged 
particle multiplicity has yielded some very inter- 
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Fig. 1. Laboratory kinetic energy spectra for 
Z = 6 fragments from the interaction of 4He + Au 
at projectile energies of 1050 and 2100 MeV/nucleon. 

(XBL 797-2208) 
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esting results (see Fig. 2). Fragments with 
4 < Z < 12 have the highest mean multiplicity. 
The second result of interest is that the mean 
multiplicty scales with the total kinetic energy 
of the beam, not with the projectile velocity. 

If one compares the energy spectra in Fig. 1, 
one can see that the position of the maximum of the 
spectrum shifts to lower energy as the mean multi-
plicity of the reaction increases. That is, the 
peak in the Z = 6 spectrum is at a lower energy for 
the 2100 MeV/nuclon 4He + Au reaction than for the 
1050 MeV/nucleon lHe + Au reaction. The mean multi-
plicity is higher at the bombarding energy of 2100 
MeV/nucleon. Thus the Coulomb barrier seen by the 
z = 6 fragments decreases as the multiplicity of 
the interaction increases. 

Figure 3 shows two different but typical multi-
plicity patterns as measured with our multiplicity 
array. The multiplicity pattern associated with 
observing an oxygen fragment at a 90  angle in the 
laboratory is symmetric, indicating a rather small 
impact parameter collision. On the other hand, the 
pattern associated with observing a Z = 26 fragment 
at 900  in the laboratory is very asymmetric and 
shows a 1800 -correlation between the slow moving 
Z = 26 fragment and the fast charged particles de-
tected in the multiplicity array. The Z = 26 pic-
ture shows momentum balance between fast (E > 25 

400 MeV/n 20Ne + Au-b-Oxygen + x 

Z 26 
- 

'-'lob 

p ps 2 GeV/c 

400 MeV/n 20Ne + Ag-'-Z = 26 + x 

Fig. 3. Typical multiplicity patterns associated 
with observing an oxygen and a Z = 26 fragment at 
0lab = 900 and 8lab 	 (XBL 797-2134) 

MeV/nucleon) and slow (El 	2 MeV/nucleon) parti- 
cles. Note, the momentum of the z = 26 fragment, 
P1 = 2 GeV/c. It is impossible to transfer this 
amount of momentum in the perpendicular direction 
with the observed yield in a single nucleon-nucleon 
collision. Therefore, the momentum balance observed 
for Z = 26 fragments and fast charged particles 
is a result of a collective interaction involving 
many nucleons from the projectile and target. 
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Fig. 2. Mean associated charged particle multi-
plicities as a function of the Z of the trigger 
particle. (XBL 797-2135) 
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INTERLABORATORY MEASUREMENT OF THE TARGET RESIDUE RECOIL PROPERTIES 
IN THE REACTION OF 8.0 GeV 20Ne + 18lTat 

W. Loveland, D.J. Morrissey, K. Aleklett,I and G. T. Seaborg 

Studies of target fragmentation in relativis-
tic heavy ion (RHI) reactions have shown that the 
product mass and charge distributions resulting from 
relativistic heavy ion induced reactions are gener-
ally similar to those observed in reactions induced 
by protons of the same total energy. 1,2  Further-
more, Kaufman et al. 3  have observed that the target 
residue recoil properties from the reaction of 25 
GeV 12C (i.e., 2.1 GeV/amu) with 197Au are very 
similar to those properties observed in the reaction 
of 28 GeV protons with 197Au and differ greatly from 
the residue recoil properties observed in the reac- 
tion of 3 GeV protons with 197Au. With these ideas in 
mind, we thought it would be interesting to measure 
the target residue recoil properties from reactions 
induced by lower energy (i.e.,< 25 GeV) heavy ions, 
since it is well known that the maximum momentum 
transfer occurs in the reaction of 1-3 GeV protons 
with heavy targets. 4  

Following preliminary observations by our 
group, we collaborated with J. B. Cumming and P. E. 
Haustein of the Brookhaven National Laboratory and 
S. B. Kaufman, E. P. Steinberg and B. D. Wilkins 
of the Argonne National Laboratory in a joint meas-
urement of the target residue recoil properties in 
the reaction of 8.0 GeV 20Ne with 181Ta. In a sin-
gle simultaneous bombardment at the Bevalac, each 
group irradiated its own thick target-thick catcher 
recoil experiment and analyzed the radioactivities 
induced in the foils at their own laboratories. 
The quantitites determined from this analysis are 
F/B and the approximte range 2W(F + B) where W is 
the target thickness and F and B are the fractions 
of a given radionuclide activity that recoiled out 
of the target foil in the forward and backward 
directions, respectively (see Fig. 1). 

Comparison of the data in Fig. 1 with pre-
liminary results 5  of the ANL group shows the data 
sets agree within experimental error. Furthermore, 
comparison with the data of Bachmann et al. 6  or 
the data of Ref. 3 shows the ranges of the target 
residue fragments to be similar to those observed 
in the reaction of energetic protons with heavy 
non-fissionable targets, but the fragment (F/B) 
rtios are much larger in the reaction of 8.0 GeV 
2UNe with 18 Ta than those observed for the reac-
tion of energetic protons with 181Ta or 197Au. 
Furthermore,, the (F/B ratios from the reaction 
of 8.0 GeV °Ne with 18117a are much larger than 

1hQse Qbserved in the reaction of 25 GeV 12C + 
l9IAu i 

These data were analyzed using a two step vec- 
tor model' in which the velocity distributions are 
resolved into two components; a velocity component 
directed along the beam direction, resulting from 
the initial projectile-target interaction, and a 
velocity component V. isotropic in the moving sys-
tem, resulting from de-excitation of the moving 
fragment. These two steps are equivalent to the 
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Fig. 1. (XBL 798-2411) 

abrasion and ablation steps in the abrasion-abla-
tion model of RHI collisions. The results of this 
analysis are shown in Fig. 2 where the values of 

(=V1/C) and <T>(=1/2AV 2 ), the average fragment 
kinetic energy in the system moving with velocity 

are shown as a function of the product mass num-
ber A. Also shown are data from the interaction of 
3 GeV protons with 197Au, 4  which is taken to repre-
sent the maximum momentum transfer to the target 
residues ever observed in a proton-induced reaction. 
It appears that the forward velocities, 13, of the 
target fragments from the RHI reaction exceed the 
corresponding velociti.es from the proton-induced 
reaction, especially for the lightest reaction prod-
ucts. While more careful comparisons with data from 
reactions induced by 1-10 GeV protons are in order, 
it would seem that one has seen evidence in the tar-
get fragment recoil properties for °hard' collisions 
in RHI induced reactions. Further studies of the 
target residue kinematic properties in these lower 
energy RHI-induced reactions should prove to be of 
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importance for our understanding of the mechanism 
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Au AND Ti RESIDUES FROM PERIPHERAL INTERACTIONS OF 8.0 GeV 20Ne with 209BI 

K. Aleklett, D. J. Morrissey, W. Loveland,t  K. Moody and G. T. Seaborg 

Target residue isotope distributions for Au 
and Tl isotopes have been measured radioanalytl- 
ly for the reaction of 8.0 GeV 2°Ne ions with '-'Bi. 
We have also calculated the isotopic production 
cross section for Au and Tl isotopes using a macro-
scopic abrasion-ablatin model and a microscopic 
intranuclear cascade-evaporation model. The impor-
tance ofthe neutron skin in determining the yield 
of these products from the peripheral interactions 
was also explored in the framework of the macro-
scopic model. This work is part of a systematic 
tudy of the production of these isotpes with a 
09 Bi target using 5,8, and 42 GeV 2UNe and 4.8 

GeV 12C beams. The complete surveymay help to  

give a better understanding of the excitation ener-
gies of target residues in relativistic heavy ion 
(RH!) reactions. 

Two 99.999% pure Bi foils of thickness 116 
and 137 mg/cm2 , each surrounded by 35 mg/cm 2  mylar 
catcher foils, were irradiated at the Bevalac for 
18 	and 21.3 hour A  obtaining a total of 3.64 x 
lO 	and 3.75 x lO'' particles, respectively. To 
enhance the number of observable Au and Tl isotopes 
by removing interfering activities a chemical separ-
ation of the 137 mg/cm foil was performed. First 
1 mg each of Au and Ti carriers were added and dis-
solved with the foil in 2 ml conc. HCL and 4 ml 



conc. HNO3. After the reaction stopped the extra 
NO2 was boiled off. The solution was cooled and 
about 4 ml H20  added. Then two extractions with 
2 ml ether were made. The ether fractions contain-
ing Au and Ti were removed from the top of the aque-
ous phase and combined in another test tube. This 
was washed two times with 1 ml and 1.5 M HC1, and 
finally plated on a Pt disk. The chemical procedure 
took about 20 minutes. 

The gama activity in the chemical Au/Il frac-
tion and the unseparated foil was measured for 4 
and 6 weeks, respectively, using a 16% Ge(Li) de-
tector with an FWHM of 1.9 keV at 1332.5 keV. Nine 
isotopes of each element were identified. By com-
paring gama lines from the unseparated foil to 
those in the chemical fraction it was possible to 
determine the chemical yield for Au to be 78% and 
for Tl to be 79%. The production cross sections 
were calculated from the gamma activities, which 
were cçrrected for detector efficiency and abun 
dance, 1  and extrapolated to the end of the irradia-
tion period. Following correction for growth and 
decay during the bombardment as well as for the 
fluctuation of the beam intensity, the cross sec- 
tions were calculated. The Au and Tl cross sections 
are shown by the solid points in Fig. 1. The solid 
curves are Gaussian functions drawn through the 
data points by eye. The neutron-deficient parts of 
the distributions were not possible to detect with 
the radiochemistry used due to the short half-lives 
of these isotopes. Also, the absolute intensities 
of the gansna rays of the very neutron deficient Au 
isotopes are unknown at present. 
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In the abrasion-ablation view of the collision 
of RHI with a target nucleus, the two nuclei are 
taken to be uniform hard spheres which move on 
straight-line trajectories. 2  Those nucleons that 
lie in the region of overlap of the two nuclei are 
sheared off in the abrasion (or fast) stage of the 
collision. The spectator fragments of the targets, 
which consist of the nucleons that were outside the 
region of overlap, are assigned an excitation energy 
that is proportional to their excess surface area. 
This is the minimum excitation energy that such 
fragments would be expected to have, and, in addi-
tion, increases due to frictional forces are likely 
to be present. The centroid of the isotopic distri-
butions is given as a first approximation by the 
neutron to proton ratio of the target nucleus. The 
variance of the neutron-to-proton ratio can be cal-
culated in the statistical limit 2  or through ground 
state fluctuations of normal nuclear matter. 3 ' 4  
For heavy nuclei, however, there is an excess of 
neutrons in the peripheral or skin region. There-
fore, more neutrons than protons will be abraded 
in grazing collisions. The neutron-to-proton ratio 
for the abraded nuclear matter from 209 Bi bombarded 
with 2'-'Ne was calculated as a function of the number 
of removed nucleons using the effective sharp radii 
for the neutron and proton distributions given by 
Myers and Swiatecki. 	(See Fig. 2.) Such an intro- 
duction of the neutron skin into the calculation 
produces a shift of the centroid of the primary 
target fragment distribution for Au and Ti isotopes 
of about 1.5 mass units to the neutron-deficient 
Side. 

In the microscopic approach the collision of 
the RHi projectile with the target nucleus is treat-
ed as a two-step process in a Monte Carlo cascade 
calculation. A fast step occurs with cascading col-
lisions of nucleons from one reaction partner inside 
the nucleus of the other partner, which is followed 
by a slow statistical evaproation of the primary 
fragments after the fast cascading nucleons have 
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Fig.1. Experimental cross sections for Au and Ti 
isotopes are given as the solid points and the solid 
curves are Gaussian functions drawn through the data 

	

points by eye. 	 (XBL 799.2428) 

Fig. 2. The neutron-to-proton ratio of the abraded 
nuclear matter from 209 Bi bombarded with 2 '-'Ne, as a 
function of the number of removed nucleons (calcu-
lated using the effective sharp radii for the 
neutron and proton distributions given in Ref. 5), 
is shown by the solid line. The broken line is the 
same ratio calculated with a uniform nucleus. 

(XBL 799-2429) 



escaped or been captured by the primary fragments. 
The calculation is made using an extension 6  of the 
intranuclear cascade code, VEGAS, 7  for proton-
induced reactions which have been modified to treat 
two colliding nuclei. The two nuclei have diffuse 
nuclear density distributions, and consideration of 
the Fermi motion of the nucleons is also included. 
The neutron or proton nature of the collision part-
ners is selected at random in proportion to their 
number in the nucleus. The impact parameter is 
also selected at random, and the final cross sec-
tions are integrated over the range of impact pa-
rameters. The primary fragments are subsequently 
individually deexcited using a version of the 
Dostrovsky, Frankel, and Friedlander statistical 
model Monte Carlo calcuations. 8 ' 6  The excitation 
energy of each fragment was obtain from the fast 
cascade code. 

In Fig. 3 we present the comparison of the 
calculations of the final product cross sections 
with the experimental results. The correlated 
abrasion-ablation results are given as the solid 
line for calculations with uniform nuclei and as 
the dotted line for the calculations with the neu-
tron skin. The uncorrelated cascade evaporation 
results are given as histograms. Large differences 
are immediately apparent between the two types of 
calculations. The uncorrelated final product dis-
tribution is approximately three times as wide as 
the correlated one, and although flatter, contains 
slightly more cross section. When compared with 
the experimental cross sections the abrasion-
ablation calculation predicts nuclei which are too 
neutron excessive. This may be due to an under-
estimation of the excitation of the fragments. 
One also sees an odd-even effect that is bigger 
than experimentally observed. The uncorrelated 
cascade evaporation calculations reproduce the ex-
perimental cross sections well in the mass region 
covered. To get a better picture of the neutron 
deficient part of the distribution, a mass region 
with long-lived neutron deficient isotopes should 
be studied or an on-line kinetic method has to be 
applied. These possibilities are being explored 
but may have to wait for the acceleration of heavy 
beams in the upgraded Bevalac allowing these prod-
ucts to be produced as projectile fragments. 
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TARGET RESIDUES FROM THE REACTION OF 8 GeV 20Ne WITH 187a AND 191Aut 

D. J. Morrissey, W. Loveland,*  M. de Saint Simon,l:  and G. T. Seaborg 

In this article we report the study of the 
reaction of 400 MeVA 20Ne projectiles (8.0 GeV 
total energy) with ' 81Ta and '' 7 Au targets. The 
choice of this projectile and energy allows us to 
make comparisons with the earlier studies of the 
proton-induced reactions and also allows us to 
study the interaction of RHI at an energy lower 
than previously reported studies. 

As in previously reported radioanalytical 
measurements of the target residue products from 
RHI reactions, 1  these products are observed through 
gamma-ray spectroscopy of the target materials sub-
sequent to the irradiation. The 97Au targets con-
sisted of two foils, 12.5 cm by 10.2 cm each, with 
thicknesses 49.3 mg/cm2  and 242.0 mg/cm 2 , each sur-
rounded by 6.6 mg/cm 2  Al catcher foils. These two 
targets, differing by a factor of approximately 5 
in thickness, allowed us to evaluate the contribu-
tion from secondary particle induced reactions to 
the RHI reaction products. The 1817a target con-
sisted of a single foil, 13.6 cm by 10.2 cm, of 
thickness 154.1 mg/cm 2 , also surrounded by 6.6 
mg/cm2  Al foils. An external beam of °Ne was de-
livered to a1 m air gap by the Bevalac at the 
Lawrence Berkeley Laboratory. Two separate irradi-
ations were performed, one of the gold foils and 
one of the tantalum foil. 

Gamma-ray spectrometric measurements were made 
with a single Ge(Li) detector on 5-10 cm 2  area 
pieces cut from the irradiated target foils, which 
were centered on the beam spot. These measurements 
began r20 minutes after the end of bombardment (EOB) 
for the gold targets, 14 hours after EOB for the 
tantalum target, and continued essentially uninter-
rupted for 40 days. The identification of the 
product radioactivities and the calculation of their 
production cross ections has been described in 
detail elsewhere. 	Seventy-seven different radio- 
activities were observed in the two gold targets 
(36 in the thinner target and 66 in the thicker 
target, which includes those observed in both), and 
74 radioactivities were identified as reaction prod-
ucts in the tantalum target. In all, 109 different 
radioactivities were identified. 

The radiochemical cross sections, whose 
measurement was described above, represent post 
neutron and charged particle evaporation, post 
"fast" beta decay production cross sections. Thus, 
in order to obtain true production cross sections 
one needs to correct radiochemicall.y measured cross 
sections for beta decay, when possible, that occurs 
between the time of their production in the nuclear 
reaction and the time at which they are detected 
through their own beta decay. Once corrected these 
values of the indpendent production cross sections, 
d 2a/dZdA, can be used to calculate the mass or 
charge yield, d/dA or da/dZ respectively, and also 
to estimate the total cross section for target 
residue production. 

Comparison of th mass ditribution from the 
reaction of 8.0 GeV 28Ne  with 81Ta with the pre-
vious studies of proton induced reactions, 3 , 4  seen 
in Fig. 1, shows the striking agreement of the RHI 
results with those from proton-induced reactions of 
the (approximately equivalent total projectile 
energy. This agreement is confirmed by the com-
parison of the °Ne + 197Au mass distribution with 
the results of Kaufman

" 
 al. 5  for the reaction of 

11.5 GeV protons with 19 Au and the sparser results 
of Hudis et al. 6  for the gaseous products from the 
reaction of 29 GeV protons with 197Au. This com-
parison can be seen in Fig. 2. 

Integration of the mass yield curves, dc/dA, 
over mass number gives the cross section for the 
production of target residues. We have chosen to 
integrate these curves over the interval from mass 
number 40 to the mass of the target. Here we assume 
that there is no fission component to the mass yield 
curve, as demonstrations of such a component is 
beyond the capability of studies such as this one. 
We have chosen a lower limit of 40 mass units for 
two reasons: (a) the multiplicity of fragments with 
masses smaller than 40 is unkown, that is, these 
products may arise from interactions where another.  
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Fig. 1. The target residue mass distributin, 
daldA, obtained for the reaction of 8 GeV 28Ne  with 
a 81Ta target (solid points), is compared with the 
previously measured mass distribution from 4  5.7 GeV 

+ 181Ta (solid line) and that from 3  340 MeV p + 
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8.0 GeV 20Ne + ' 97Au 

ii 

£ 	fi 	. 11 
• 11.5 GeV 

£ 29 GeV 

Product mass number A 

Fig. 2. Similar to Fig. 1, the mass distribution 
obtained for the reaction of 8 GeV 20Ne + 
is shown (solid circles). For comparison, the data 
of Kaufman et j1, 5  for 11.5 GeV protons (solid 
squares) plus 9  Au and the data of Hudis et al. 6  
for 29 GeV protons plus 197Au (solid triangles) 
are also shown. 	 (XBL 794-1081) 

heavy fragment also survives. This certainly is 
true for fragments such as protons and 4He, where 
the number of such fragments per event is much 
greater than one. And (b) in studies such as this 
one, very little data exist for these low-mass 
products. 

The results of this integration are contained, 
in Table 1. The total cross sections f2r the pro-' 
çIçtion of heavy target residues from 1OlTa and 
'Au were found to be 2.8 ± 0.5 barns. The fact 

that a small difference that would be expected on 
the basis of mass number difference was not seen 
between the two targets is due to the scatter in 
the calculated mass yields. For comparison we have 
included two calculations of the total reaction 
cross section in Table 1. The hard sphere calcula-
tion refers to the overlap form of the sharp sphere 
model where the total reaction cross section is 
written: 

= llr (A! 3  + A'3 - bTp ) 2  

nucleon cross section with energy. 8  The comparison 
of the hard sphere calculations with our measured 
heavy fragment cross sections show that approxi-
mately 75% of the reaction cross section gives rise 
to these products. The soft sphere calculation 
would indicate that these products represent ap-
proximately 80% of the reaction cross section. An 
estimate of the impact parameter range that gives 
rise to these products can be made from the fraction 
of the total reaction cross section that they repre-
sent. Thus, 75% of the hard sphere reaction cross 
section would lie between the impact parameter range 
of 0.5 (RT + R) < b < (RT + R n). This indicates 
that heavy residues are created in collisions where 
the center of the projectile lies inside • the radius 
of the target nucleus. This situtation is signifi-
cantly different from the reaction of 40Ar with 
NatCu where no target residues were inferred to 
arise from such central collisions. 9  Therefore, 
more-central collisions give rise to heavy residues 
in these collisions than with lighter nuclei. 
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Table 1. 	Total cross section comparison. 

Experimental 
Large Fragment Cross Section 

(barns) 

20Ne + 181Ta 	 2.8 + 0.5 

20Ne + 197 Au 	 2.8 + 0.5  

Calculated Cross Section 
(barns) 

Hard Sphere 	Soft Sphere 

	

3.64 	 3.47 

	

3.80 	 3.59 
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TARGET RESIDUE PRODUCTION IN THE REACTION OF 8.0 GeV NEON WITH URANIUM 

P. L. McGaughey, D. J. Morrissey, W. Loveland,* and G. T. Seaborg 

Earlier studies of relativistic heavy ion (RHI) 
reactions with various targets have demonstrated 
that target residue formation cross sections for 
RHI projectiles are similar to those of protons of 
approximately equal total energy. 1 - 4  These studies 
also indicate, however, that enhanced fission and 
heavy residue production is possible with RHI pro-
jectiles, relative to the yields with protons. To 
further investigate the effects of varying the ener-
gy and size of the projectile, an experiment was 
performed to measure the target residue mass and 
charge distributions resulting from the interaction 
of 8.0 GeV neon with uranium. 

The target array consisted of four natural 
uranium foils, varying in thickness from - 25 to 
75 mg/cm2, Each foil was sandwiched between two 
15 mg/cm mylar catcher foils to prevent the es-

cape of the low energy recoils. The targets were 
irradiated for 630 minutes at the Bevalac, during 
which a total flux of 6.8 x 1012 20Ne ions was re-
corded by an ion chamber placed in front of the 
array. Immediately following the end of bombard-
ment, gama-ray spectroscopic measurements of the 
radioactivities induced in the target and catcher 
foils were begun using a coaxial Ge(Li) detector, 
and were countinued for one month. To permit the 
detection of low level activities normally obscured 
by high level fission products, one of the uranium 
foils was dissolved and chemically separated into 
several fractions, 5  which were than assayed indi-
vidually. 

On the basis of the measured gamma-ray ener-
gies, half-lives and relativeabundances, over 100 
radionuclides were identified. 6  Each measured 
activity was corrected by -10 to 30%, based on the 
variation of activity with target thickness, to 
account for the effects of secondary-induced reac-
tions. The magnitude of the correction factor was 
found to be linear with target thickness to within 
experimental error. Independent and cumulative 
yields were calculated for each observed radionu-
clide by an iterative fitting and integration pro-
cedure, based upon the assumption of a Gaussian 
charge distribution of the form 

P(Z,A) = (2iia2 ) 1 / 2  exp (-(Z-Zp) 2/2a2 ) P(A). 

Here P(Z,A) and P(A) are the relative probabilities 
for the formation of a particle-stable nucleus of 
mass number A and atomic number Z, and of a nucleus 
of the same A integrated over all Z's, and a is 
the width parameter of the distribution in Z units. 

Except in the mass region of 80 	A < 140, all 
the isotopic charge dispersions of the target resi-
due's independent yields were found to be single 
Gaussian distributions (with widths a-j  0.3 to 0.8), 
consisting of neutron-deficient nuclides, resulting 
from less-peripheral collisions in which high large 
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Fig. 1. Independent yield formation cross sections 
as a function of most probable atomic number for 
products with atomic numbers between 51 and 57. 

(XBL 799-2415) 

amounts of excitation energy are deposited. In the 
fission mass region of 80 < A < 140, two Gaussian 
distributions are observed, one consisting of neu-
tron-deficient nuclides, with a - 0.5 to 0.6, repre-
senting a continuation of these products, and the 
other containing neutron-excessive nuclides with 
a -0.7 to 0.8. The separation between the centers 
of the two dispersions is -3.5 Z units for Z = 54. 
Figure 1 demonstrates the presence of the two sepa-
rate distributions for products with Z's between 
51 and 57. 

The neutron-excessive dispersion has an N/Z 
ratio of 1.5 and is similar to those observed in 
the retions of 25 GeV 12C 3  and 28 GeV protons 7  
with 2i0U. Its presence is attributed to binary 
fission of a near-target residue, which would be 
formed only in peripheral collisions. Based upon 
the direct comparison of the charge dispersions 
with those of other high energy fissioning systems 
of known excitation energy, 8  it may be inferred 
that the average excitation of this fissioning sys-
tem is on the order of -50 to 100 MeV. 

The isobaric fission production cross section 
distribution is shown in Fig. 2. It demonstrates 
a broad symmetric peak centered at mass numbers 
100 to 115, which suggests a mean fissioning mass 
number of 225. The total fission cross section is 
-1.5 barns, which represents about one-third of the 
measured residue cross section of -4.5 barns. This 
is in general agreement with the results obtained 
with 25 GeV 12C and with 28 GeV protons. If we 
assume that fission results only from peripheral 
collisions, as indicated by the mean fissioning 
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fission yields. (XBL 799-2417) 
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Fig. 2. Fission mass yield production cross 
sections. 	 (XBL 799-2416) 

mass number, then we can calculate the impact param-
eter range that contributes to the fission process 
as: 

0f0R 	(RT+Rp)2 

and therefore 

0.82 (RT + R) ( b < (RT + R) 

where R1 and Rp are the radii of the target and 
projectile, respectively. 

The total mass-yield curve, which is shown as 
a dotted line in Fig. 3, is quite similar in magni-
tude and shape to the published mass-yields for 
both the 28 GeV proton (as shown in Fig. 3) and the 
25 GeV 12 C (not shown) reactions. (Also shown as 
the plotted points are the non-fission yields.) 
With the RHI projectiles, an increase of yields in 
the fission mass region is observed, relative to 
the proton-induced reaction. Mass-yields in the 
region of 160 < A < 190 which were reported to be 
large with 25 GeV 12 ç, are small with both 28 GeV 
protons, and 8 GeV 2UNe. 

Since the 8.0 GeV 20Ne + 238U experiment was 
performed, irradiations have been carried out with 
5.0 GeV and 20 GeV 20 Ne. These experiments have in-
cluded mass and charge distribution determinations  

coupled with recoil range and fragment angular dis-
tribution measurements. It is hoped that the forth-
coming results of these experiments will help to 
better characterize the mechanisms of the interac-
tions of RHI projectiles with uranium. 
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RADIOCHEMICAL DETERMINATION OF TARGET RESIDUES PRODUCED BY 
THE REACTION OF 28 GeV PROTONS WITH URANIUM 

B. V. Jacak, D. J. Morrissey, M. Rodder, and G. T. Seaborg 

For some time the Seaborg group has been 
interested in analysis of the target residues from 
bombardments of uranium at the Bevalac with rela-
tivistic heavy projectiles. Comparison of these 
residues to those produced in bombardments of natur-
al uranium with 28 GeV protons is useful to aid in 
characterization of the RHI reaction mechanisms. 

A great deal of data from 28 GçV protons plus 
uranium have alread been published.' 2  There is 
however, a lack of published data on yields in the 
mass number region from 180 to 200. The purpose 
of this irradiation was to observe products in this 
region and to extend the mass yield curve compiled 
from previously published data (Fig. 1). 

The region from mass number 180 to 200 is par-
ticularly interesting because the cross sections of 
these products show a prominent bump in relativis-
tic heavy ion bombardments (Fig. 1). This enhanced 
yield has been ascribed to the presence of survivors 
of near central collisions between target and projec-
tile. These "large residue nuclei" do not fission 
but de-excite by neutron and particle evaporation. 
This rie in cross sections is more pronounced for 
25 GeV ' 2 C + U than for 8 GeV 20Ne + U. In contrast, 
the mass number yield from 28 GeV p + U is not known 
beyond mass number 160. We were interested in see-
ing if the yield for higher mass numbers flattens 
out or continues to drop. 

A natural uranium foil weighing 12.72 mg/cm 2  
was irradiated with 28 GeV protons from the Alter-
nating Gradient Synchrotron at the Brookhaven 
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Fig. 1. Mass yield curves. Isobaric yields from 
the current experiment are given as points with 
error bars. The solid lines indicate previously 
published data. 	 (XBL 794-1255A) 

National Laboratory for 63 minutes. One half of the 
foil was y-counted directly, anda chemical group 
separation developed by J. V. Kratz and coworkers 4  
was carried out using the other half. As the ur-
anium was dissolved, the halogens were collected 
in a carbon tetrachloride trap. Astatine, mercury, 
and other elements forming volatile bromides were 
then distilled from the dissolved foil. Lastly, 
aheavy metal fraction was removed from the remain-
ing mixture by elution from cation exchange resin 
with dilute hydrobromic acid. The foil portion 
and chemical fractions were counted on a 60 cm 3  
Ge(Li) detector over a period of 25 days following 
the bombardment. 

Using a data analysis system consisting of 
codes developed by the Seaborg group, 5  mass number 
yields in the regions of A 	70, A 	120, and 180 < 
A <210 were determined. The yields of mass numbers 
in the 70 and 120 regions agreed fairly well with 
those from previous experiments, lending confidence 
to the new results in the 180 to 210 region. All 
of the mass-chain yields from this experiment have 
been added to the existing mass yield curve, and 
are shown along with their error bars in Fig. 1. 
The cross sections observed in the region from A = 
185 to A = 205 are approximately 10 mb per isobaric 
chain. 

At incident proton energies less than-.1 GeV, 
the products of mass numbers 170 to 200 represent 
a transition region between fission and spallation 
products. At bombarding energies above several 
GeV, fission and spallation products no longer fall 
into two distinct regions; products from the two 
mechanisms began to overlap. In addition to spal-
lation, there is another type of reaction which 
may result in products of mass 170 to 200 for high 
energy protons. This is the fragmentation mechan-
ism, which consists of the ejection of heavy frag-
ments along with the protons and alpha particles 
emitted during the direct interacti9n cascade. 
Typiçl fragmentation products are 12c, 16, 24 Ne, 
and 0Mg. Removal of such fragments would lead us 
to expect the de-excited residues to fall in the 
mass region from 170 to 200. Unfortunately, when 
examining only the target residue it is not possi- 
ble to distinguish the products from the spallation 
and fragmentation mechanisms. 

Comparison of these measurements of heavy resi-
due production in proton and heavy ion induced reac-
tions with various reaction model calculations can 
help to sort out the contributions from the various 
mechanisms. Clearly, the yieldsin the mass number 
region 180-200 for 28 GeV p + U differ from those 
for the heavy ion bombardments of U (especially 
25 13eV 12C + U). This seems to be different from 
the behavior with a much lighter (copper) target. 6  
Further exploration of the proton induced reactions 
might aid in the characterization of the more com-
plicated heavy ion reaction mechanisms. 
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MEASUREMENT OF FRAGMENT SPECTRA FROM COLLISIONS OF 
100 MeV/NUCLEON 40Ar ON URANIUM* 

K. Frankel 

We have finished analyzing the data from our 
experiment 100 MeV/nucleon 40Ar + U 	Fragments. 
Double differential cross section were measured 
for fragments of. 5 < Z < 10 at energies from 10 to 
130 MeV/nucleon. 

We placed stacks of Lexan plastic detectors 
at angles of 10, 16, 24, 35, 55, 80, 100, 125, 145, 
156, 164, and 170 degrees. Three exposures, each 
with a different beam fluence and target thickness, 
were conducted. This was done in order to obtain 

data over a wide range of fragment energy and cross 
section. Data for boron and oxygen fragments are 
shown in Figs. 1 and 2. 

The data can be roughly divided into two cate-
gories. The first category (mainly at low labora-
tory kinetic energies) is apparently due to frag-
ments emitted in central collisions. The data can 
be fit by a model which assumes a moving thermal 
source. The temperature assigned to the moving 
source is much higher than one would predict on 
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the basis of energy and momentum conservation. 
This anomalously high temperature has been previ-
ously observed at •bombarding energies of 400 and 
500 MeV/nucleon and suggests the emission mechanism 
is nonthermal in nature.' The data also appear to 
lie on the "universal curve" of invariant cross 
section, discovered by Price et al. 2  

The second category (mainly at high laboratory 
kinetic energies) corresponds to peripheral colli-
sions- Projectile fragmentation peaks are observed 
in the 100  data. Thermal fits to the data give 
higher apparent temperatures than those observed 
by Greiner et al. 3  At a 10 0  angle, we are looking 
far on the tail of the distribution so it is not 
possible to tell if the high apparent temperature 

is due to a change in physics at a 100 MeV/nucleon 
beam energy. 
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SEARCH FOR NEUTRON-RICH NUCLEI 

J. D. Stevenson*  and P. B. P r ice* 

In the past year, using the technique of Lexan 
spectrometry described elsewhere 1  in this Annual 
Report, we completed our analysis of neutron-rich 
fragments of 200 MeV/amu 40Ar projectiles reacting 
i an Al target. We observed sizable signals at 
2 'Ne, 32Mg, 4Al, and 36 Si, and a few counts at 
35Al. The mass resolution for these neutron-rich 
nuclides was adequate, and the feasibility of the 
technique was clearly demonstrated. 

In March 1979, we repeated this experiment 
using a beam of the much more neutron-rich nuclide, 
48Ca. The large size (450 cm 2 ) of our detector 
made it possible to run for 30 hours at one spec- 

trometer setting. For neutron-rich nuclei with 
charge to mass ratios Z/A in the range 0.27 to 0.33, 
our limiting cross section will be a 	0.1 nb. The 
measurements and analysis will be completed in early 
1980. 
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PRODUCTION OF NEUTRON-RICH LIGHT NUCLEI BY FRAGMENTATION 
OF HIGH ENERGY HEAVY-ION BEAMS 

T. J. Symons, G. D. Westfall, V. P. Viyogi, H. J. Crawford,t T. C. Awes,t C. K. GeIbkel 
D. E. Greiner, H. H. Heckman, J. Kidd,! P. J. Lindstrom, C. McParland,t J. Mahoney, D. K. Scott and A. C. Shotter 

During the last ten years, there has been a 
considerable increase in our knowledge of light nu-
clei far from stability. Three experimental tech-
niques have proved to be especially effective for 
the production of these nuclei. They are heavy ion 
transfer reactions, 1  deep inelastic scattering 2  
and spallation of heavy targets by high energy 
protons. 3  Recently, fragmentation of high energy 
heavy ions has attracted attention as a promising 
new method for the production of these nuclei. 

The particular advantage of this novel experi-
mental approach is that the products Of a projectile 
fragmentation reaction move at nearly beam velocity, 
close to 00  in the laboratory. The exotic products 
are much easier to identify than in previous experi-
ments where they emerge at low velocities. Since 
the method also allows the use of thick targets and 
enables a large fraction of the reaction cross sec-
tion to be collected in a detector placed at 0 0 , 
the resultant gain in efficiency can be as much as 
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106 over a typical low energy experiment. it now 
becomes feasible to check the predictions of theo-
retical mass formulae close to the limit of sta-
bility, where the assumptions of the theories are 
subject to the greatest uncertainty. 4  

We have performed two experiments at the 
Bevalac to investigate this method. In the first, 5  
a beam of 205 MeV/nucleon 40Ar ions was used and 
two new isotopes, 28Ne and 35A1, were observed. 
Although this experiment demonstrated the antici-
pated high efficiency, it was limited by the small 
mass of the projectile. Therefore, we have now 
performed a second experiment using a 48Ca beam 
which is the heaviest and most neutron-rich projec-
tile presently available with high intensity. 

The projectile fragments produced in the reac-
tion were momentum analyzed in a zero degree spec-
trometer and detected in a particle telescope. The 
telescope consisted of two 500 p position sensitive 
Si(Li) detectors, twelve 5-rn thick Si(Li) detectors 
and a plastic veto scintillator. The beam intensity 
was monitored directly using plastic scintillators 
and an ion chamber and also with scintillators that 
measured scattered particles from the target. This 
technique allowed reliable monitoring of the beam 
from the lowest (10 3  particles/sec) to the highest 
intensities. 

The combination of the spectrometer and the 
focal plane telescope provides a system capable 
of tw9 independent measurements of the particle 
mass. 1  First, the particles are identified by the 
energies deposited in the Si(Li) detectors using 
an extension 6  of the standard techniques for iE- 
E telescopes. 7  For each AE detector in the stack, 
a particle identification signal (P1) is calculated 
from the formula: 

=I(E +1.78 - E 781/s 	M°78  z2 	(1) 

where AEi is the energy that was lost in the ith 
detector, Ei  is the total energy deposited in 
subsequent detectors up to the stopping detector, 
Si is the thickness of the ith detector, and M 
and Z are the fragment mass and charge. The i 
PIi signals are then combined to form a weighted 
mean and x2.  Cutting the tails of the x 2  distribu-
tion allows the mass resolution to be improved by 
eliminating many of the events that are misidenti-
fied because of reactions in the detectors and 
statistical fluctuations in the energy loss. The 
mass resolution obtained with this technique is 
typically of the order of 0.2 amu. 

Secondly, the total energy, 1, deposited in 
the telescope is combined with the particle deflec-
tion, D, in the spectrometer to form a second par-
ticle identification signal: 

P1 = k/TO2 - T/2Z 2 	M/Z2 	 (2) 

A sample of the results obtained is shown in 
Fig. 1, which is an M vs Z scatter point where M 
and Z have been calculated using Eqs. 1 and 2. In 
addition a 30% X2  cut has been applied to the data 
in order to reduce the background. The data shown 
have been sumed over runs with the telescope at 
different positions in the spectrometer focal plane. 
The length of these runs varied from a few minutes 
to several hours and, therefore, the intensities of 
the individual isotopes do not represent the pro-
duction cross section. It may be observed that 
neighboring isotopes are well separated and the 
background level is very low. This enables us to 
identify an isotope if 10 or more counts are present. 

Projections on the mass axis for each element 
from carbon to chlorine are shown in Fig. 2. From 
these data, we may identify 14 new 1sotope, 22 N, 
26 F, 33Mg, 34Mg, 6 A1, 37 A1, 38 Si, 9 Si, 41P, 42p ,  

43s, 44 s, 44cl and 45Cl. This result represents a 
significant advance in this field and demonstrates 
the power of the technique for production of light 
nuclei far from stability. 

In addition we may make the following observa-
tions regarding the data: 

(i) The production cross sections are being 
evaluated and will be compared to those obtained 
from other techniques. As an example, in Fig. 3 
are preliminary cross sections for production of 
Na isotopes obtained from fragmentation, 40Ar frag-
mentation and proton spallation on 238U. It may 
be seen that while the largest cross section is 
obtained for proton spallation, there is a signifi-
cant increase in yield-from 40Arto 48Ca. One may 
expect further improvement with heavier beams from 
the upgraded Bevalac. 

jji) The yield of some isotopes, in particu-
lar, +O, is surprisingly low. This nucleus, which 

4.00 	 19.00 	 24.00 	 29.00 	 34.00 	 39.00 	 44.00 	 49.00 

where k is the spectrometer calibration constant. 
The independent identifications obtained using 
Eqs. (1) and (2) can be combined to calculate M 
and Z unambiguously. 

MASS 

Fig. 1. Scatter plot of M vs. Z for projectile 
agments of reactions induced by 205 MeV/nucleon 

°Ca ion. 	 (XBL 797-10481) 
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Fig. 2. Mass histograms for individual elements 
produced by fragmentation of 205 MeV/nucleon 
48 Ca. 	 (XBL 799-2569) 

was not observed in our experiment, is known to be 
particle stable. In this nucleus, the d5/2  and 5 1/2 
shells are closed and the number, of bound states 
predicted by the shell model is very low. This may 
influence the production cross section. 

(iii) We are now at the stage where the next 
isotope of an element is predicted unstable; 29Ne 
is one such example. Limits on the production 
cross section for these isotopes will be particu-
larly valuable in order to test the best available 
mass formulae. However, it is cler that to make 
a significant advance in this respect, it will be 
necessary to extend these experiments to the meas-
urement of half lives and masses. 

Fig. 3. Production cross sections for Na isotopes 
jy (a) proton spallation, (b) fragmentation of 
-'Ar and (c) fragmentation of 48Ca. (XBL 799480A) 
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FRAGMENTATION OF 40Ar AT 213 MeV/NUCLEON* 
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The study of 40Ar induced reactions at energies 
below 10 MeV/nucleon has led to important advances 
in our knowledge of deeply-inelastic scattering.' 
At these energies the reaction is believed to pro-
ceed by a diffusion mechanism, leading to the emis-
sion of fragments from an equilibrated dinuclear 
system. At much higher energjes, it is unlikely 
that a dinuclear system can ever be formed, and 
there is evidence from studies with light projec-
tiles like 160  that a fast abra•sion mechanism 
becomes the dominant peripheral process. However, 
projectile excitation followed by equilibration 
and decay can also explain many features of the 
results with 160.3-5  Since the characteristic fea-
tures of heavy ion reactions at lower energies are 
much better developed with projectiles like 40Ar, 
it is likely that a better understanding of the 
high energy processes will come from studies on 
such heavy systems. 

In order to study the reaction mechanism, C 
nd Th targets were bombarded by 213 MeV/nucleon 
O r  from the Bevalac. Energy spectra were meas-
ured at lab angles from 00 to 40  in a telescope 
consisting of eight 5 mm Si(Li) detectors capable 
of stopping fragments heavier than nitrogen. The 
particle identification technique used the algo 
rithm (E+E)n - EncTh 1 Z 2 , where I is the thick-
ness of the AE detector, M and Z are the mass and 
charge of the particle, and n is taken to be 1.78. 
This expression was modified for the case of an 
eight-element telescope to provide multiple identi-
fications. The resulting mass spectra had a reso-
lution varying from 0.2 to 0.5 amu. Isotope pro-
duction cross sections were obtained by integrating 
the energy spectra and angular distributions. 

The energy spectrum of 34S fragments at 1.5 0  
from the fragmentation of 213 MeV/nucleon 40Ar on 
a carbon target is given in Fig. la. The solid Fla 
line corresponds to a fitted Gaussian momentum dis-
tribution. These width a of the distributions are 
given by 3  

= a02Af(A - Af)/(A p  - 1) 	 (1) 

where Af and A are the fragment and projectile 
masses and co  is a constant. In Fig. la the 
values for o for all measured fragments in the 
mass range 16 to 37 are given. The average value, 
(as>, of 94 ± 5 MeV/c can be interpreted in terms 

of the Fermi momentum of the projectile 3  which 
gives the value pf = 209 ± 11 MeV/c which compares 
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Fig. 1. (a) Measured energy spectrum of 34S at 
1.5 0  from fragmentation of 213 MeV/nucleon 40Ar on 
carbon target. The solid line corresponds to a 
fitted Gaussian momentum distribution. (b) Values 
of 00  for the fragments in the mass range 16 to 
37. (For each fragment, the weighted mean of 00 
obtained from energy spectra at many angles are 
shown). 	 (XBL 7810-11520) 
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well with the measured value for 48Ca of 251 ± 5 
MeV/c. Alternatively, (an) can be related to a 
nuclear temperature if the emitting system is as-
sumed to be in thermal equilibrium. This relation 
gives a temperature of 9.6 ± 1.1 MeV, which is 
slightly higher than the 8 MeV temperature seen in 
a wide range of 160-induced reactions. 4 9

6  

The measured isotope production cross sections 
for the C target are given in Fig. 2. The absolute 
normalization is uncertain to within a factor of 2. 
Both thermal equilibrium and fast abrasion-ablation 
models have been used to describe these isotope dis-
tributions. In the model of decay of the excited 
projectile, 5  the cross section is proportional to 
exp(Q/T), where the sum extends over all frag-

mentation channels, Qf is the corresponding sepa-
ration energy, and T is an effective temperature. 
In Fig. 2 the predictions with T = 9.6 MeV are 
compared for the elements with Z = 8, 12 and 16 
(thin, solid lines). The model does not reproduce 
the observed Gaussian distributions. 

The isotope distributions can be rather well 
described within the framework of abrasion-ablation 
models. 7  In these calculations the primary fragment 
mass distributions are determined from the geometry 
of the fireball model and the primary isotope dis-
tributions depend on the extent of proton-neutron 
correlations in nuclei. Two assumptions were made 
about the correlations: a) no correlations (NC), 
and b) correlation arising from the zero-point 
vibration of the giant dipole resonance (GDR). The 
de-excitation of the primary fragments by particle 
emission was calculated by using the OVERLAID ALICE 
code and assuming the excitation energy was equal 
to the difference in surface energies of the 
abraded projectile and a spherical nucleus of the 
same mass. A second assumption was that additional 
excitation was deposited in the primary fragment 
through absorption of nucleons from the interaction 
region (fireball). In Fig. 2, the results are shown 
for abrasion-ablation calculations, assuming NC, NC 
and additional excitation energy, and GDR correla-
tions. The isotope distributions for the NC case 
are too wide, whereas the GDR case and the NC plus 
additional excitation case both give rather good 
agreement. Thus, one cannot distinguish whether 
ground state correlations are being observed or 
whether there are no correlations present with only 
additional excitation. 
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EVIDENCE FOR ORBITAL DISPERSION IN THE FRAGMENTATION OF 160 
AT 90 AND 120 MeV/NUCLEON* 
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c 

The understanding of the reaction mechanism 
in projectile fragmentation has long been sought. 
At relativistic energies with 12C and 160  projec-
tiles, both the abrasion-ablation calculations and 
models of projectile excitation followed by statis-
tical deça adequately describe the isotope distri-
butions. 1 ' 	Further, it has been pointed out that 
there is an exact formal degeneracy between such 
models with regard to the fragment momentum distri-
butions. 3  Recent data for a heavier projectile 
and lower energy ( 40Ar, 213 MeV/nucleon) however, 
seem to favor a fast abrasion stage from relative 
isotopic and elemental yields. 4  We report here, 
in the first heavy fragment studies in the 100 MeV/ 
nucleon region, an apparent anisotropy between 
p1 and p. Incorporating the dispersion due to 
orbital deflection of the 160  projectile by the 
combined Coulomb-nuclear field of the target with 
the usual dispersion due to the Fermi motion, we 
find good agreement with the P1  distributions. 

The average intensities and midtrget energies 
of the Bevalac 160 beams were 5 x 10 1 /pulse at 
92.5± 2 MeV/A and 10 8/pulse at 117.5±g MeV/A. 
Targets of thicknesses up to 235 mg/cm Al and 500 
mg/cm2  Au were bombarded, and fragments of Z = 3-9, 
A = 6-17 were detected in a multi-element silicon-
germanium telescope. Double differential cross 
sections d 2a/dcdE were measured for each isotope at 
each angle. The energy spectra were narrow, essen-
tially Gaussian, with a mean energy downshifted 
by 10 MeV/A from the beam velocity. We fit the 
energy spectra and angular distributions, assuming 
a Gaussian distribution in both Pti  and  p  in the 
projectile frame of reference: 

P()exp (- 

	I - 	1 ) 

The distributions of a as a function of 
fragment mass F are in good Ilagreement with the 
parabolic form 2 2 

= 0 F(AF)/(A1) 

expected from momentum conservation, and experi-
mentally observed at higher energies. 3 ' 5  A and 
F are the projectile and fragment atomic numbers 
respectively. At 92.5 MeV/A we find 00 = 80 MeV/c 
for the Au target, and 86 MeV/c for the Al, in good 
agreement with the value of 86 MeVc found at 2.1 
GeV/A, averaged over many targets. 

The situation with the distributions of a 	 is 
rather different. An inspection of the angular 
distributions (see Fig. 1) reveals that they are 
significantly broader than expected from the Fermi 
motion alone. The solid curves are the best fits 
in o ft from Eq. (1); the dashed curves pertain to 
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Fig. 1. Typical angular distributions for 160 + Al, 
160 + Au at 92.5 MeV/A. The solid curves are the 
best fit from Eq. (1); the dashed curves for up,= 
86 MeV/c. The dotted curves result from folding 
the deflection function with the momentum distri-
bution due to the intrinsic nucleon motion; the fine 
lines similarly, but under the abrasion-ablation 
assumption. 	 (XBL 791-301) 

00 = 86 MeV/c. Figure 2 shows the ensemble of all 
transverse momentum widths, which are nearly all 
in excess of 200 MeV/c with an overall systematic 
increase with fragment mass. This behavior is in 
sharp contrast with that at 1.05 and 2.1 GeV/A 
where 0p 11  = 0p1 to within 10%. 

The origin of these surprisingly large widths 
may be understood if one notes that the projectile 
is subject to an orbital deflection due to its 
interaction with the target nucleus before fragmen-
tation takes place. The large fragmentation cross 
section implies that a wide range of impact parame-
ter contribute to this process, and as different 
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Fig. 2. Observed 0p1  for each isotope for (a) 160 + 
&J, 117.5 MeV/A, (b) 160 + Au, 117.5 MeV/A, (c) 
IDO + Al, 92.5 MeV/A; (d) 160+ Au, 92.5 MeV/A. For 
panels (a)-(c), the fitted curves are the best two 
parameter fit (01 and 02 both unconstrained); curves 
in panel (d) are for ai = 78.9 MeV/c; values of 02 
from 0 to 300 MeV/c to show the presumed evolution 
ofap  as one goes from the extreme relativistic 
case to lower energies where the orbital disper-
sion of the projectile becomes significant. 

(XBL 791-103) 

impact parameters lead to different deflection 
angles, the orbital deflection gives an additional 
dispersion of the transverse momentum. Clearly 
the additional contribution to the width of a 
becomes more important the lower the energy a 
the projectile. Upon extending the derivations 
of Ref. 3 to include orbital deflection, we find: 

2  (F) - F(A-F) 	2 + F(F-1) 	2  
Pl 	- 	A-i 	1 	A(A-1) 	2 	(2) 

where a 	= 112 p 11 ) 	= 

is the usual term due to the intrinsic nucleon 
motion, and 

= 1/2 

The quality of the two-parameter fits 
according to Eq. (2) is evidently good. Fitting 

the experimental op1 (F) according to Eq. (2), 
we fix 01 = 80, 86 MeV/c. However when 01 is also 
allowed to be a free parameter, its value is equal 
within errors to °p1,convincing evidence that the 
functional form of Eq. (2) contains the essential 
physics. In Fig. 2 panels (a)-(c) show the best 
two parameter fit (01 not constrained); panel (d) 
shows the family of curves corresponding to one 
value of ai, and values of 02 ranging from 0 to 
300 MeV/c. 

Having thus understood the average behavior 
of the widths, we seek a more detailed description 
of the angular distributions. We consider a simple 
model in which the projectile is first deflected 
through the Coulomb-nuclear potential and subse-
quently fragments. The angular distribution of 
any fragment is obtained by folding the projectile 
angular distribution from the classical deflection 
function, 0(b), with the fragment momentum distri-
bution due to the Fermi motion. Standard nuclear 
and Coulomb potentials were used. The only other 
input to the calculation is the fraction of the 
total cross section which appears as fragmentation, 
f = 0fg/ totS This value, 0.6±0.1 for both tar-
gets, defines the range in impact parameter (b1,R) 
over which the deflection function operates in a 
sharp cutoff representation. Here R is the sum 
of target and projectile radii, 

R = ro(AV3 + //3 )  

In terms of the deflection function the variance 
02 is given by 

R 

0
2 	1 f 2 	

N(b) sin 2  0(b)db, ., _ -- 

b1  

and N(b) = 2b/(R 2  - b) is the weighting factor 
for the impact parameter. Implicit in the calcula-
tion is the assumption that the dispersion is prin-
cipally refractive, or dynamic, rather than quantal, 
in the 100 MeV/A region, this can be shown to be 
reasonably satisfied. 

The comparison of the experimental angular 
distributions with those resulting from the folding 
procedure (dotted line, Fig. 1) indicate that the 
shape of the angular distribution can be well re-
produced by choosing a potential well depth of 
65 MeV for the Al target and 85 MeV for Au, which 
are within the range of depths determined from opti-
cal model analyses. Two aspects of these calcula-
tions deserve comment. The first is that for the 
larger fragment masses, the angular distributions 
are predicted to peak at a non-zero angle. Second, 
we observe that, while our choice of potentials re-
produce the average falloff of the data with angle, 
the calculated angular distributions are slightly 
wider for the lighter fragments and narrower for 
the heavier fragments. 

To examine to what degree this behavior may be 
due to an impact parameter dependence of the final 
fragment mass, we have alternatively performed these 
calculations assuming an abrasion-ablation mechanism. 
Thus instead of the entire range of impact param- 
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eters (bi, R) contributing equally to the calcu-
lated dispersion for all F, weighted only by N(b), 
we now posit that the production of a fragment of 
mass F is associated with a mean impact parameter 
bF. The bF are calculated in the cleancut" geome-
try, and for each F the integration over impact 
parameters is weighted further by a realistic smear-
ing function, 1  of Gaussian form with full width 
2 fm and mean bE.  These calculations for the Au 
target are depicted by the fine line in Fig. 1. 
Although several difficult questions are left un-
addressed in this simple approach, it is clear that 
such an impact parameter dependence would manifest 
itself most strikingly near 00. 

In surmiary, he large aPi  observed in the 
fragmentation of 160  in the vicinity of 100 MeV/A 
are well described by incorporating the dispersion 
due to orbital deflection of the projectile prior 
to fragmentation along with Fermi motion. The 
orbital dispersion is larger at 92.5 MeV/A than 
at 117.5 MeV/A as expected, and both experiment 
and theory diminish by the same ratio. 	Th calcu- 
lations (non-relativistic) for the case of 160 + 
Au at 400 MeV/A predict a2 = 89 MeV/c, suggesting 
that by 1.05 GeV/A the orbital dispersion term will 
have vanished entirely, and isotropy recovered. 
While present data cannot distinguish between 
abrasion-ablation mechanisms and excitation fol-
lowed by decay far from the target, measurements 
into 00  will be of greatest utility for reaction 
dynamics, and such measurements may prove to be a 
useful tool in probing the nucleus-nucleus potential 
for deep incursions of the target and projectile. 
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2. Central Collisions 

PROTON AND PION SPECTRA AT LARGE ANGLES 

S. Nagamiya, L. Anderson, W. Bruckner,*  0. Chamberlain, M.-C. Lemaire,f S. Schnetzer, 
G. Shapiro, H. Steiner, and I. Tanihata 

Inclusive proton and pion spectra have been 
measured for several combinations of projectile 
and target nuclei at beam energies of 400, 800, 
and 2100 MeV/A. A magnetic spectrometer was used 
to detect fragments with momenta ranging from 400 
to 3000 MeV/c at laboratory angles from 10 0  to 145 0 . 

Figure 1 shows the energy spectra at c.m. 90q 
for collisions of 800 MeV/A Ne + NaF. The c.m. 900 
spectra were selected, since the particle emission 
at this angle is less affected by the projectile 
and target fragments, and, thus, more clearly indi-
cates the features of central collisions. The 
shape of the proton energy spectra is exponential 
at high energies but deviates substantially from 
exponential at low energies. The shape of pion 
spectra, however, is exponential at all energies. 
Furthermore, the exponential slope for pions is 
steeper than that for protons. 

Several theoretical calculations have been 
made to explain this observation. Among them, two 
extreme cases, based on the clean knock-oWt model 
(the CKO model) 1  and the thermal model, 2 , 	are 
displayed in Fig. 1. Both models explain the 
dominant features of the observed energy spectra. 

We have tested these two models at different 
beam energies. The exponential slope increases as 
the beam energy is increased. The pion yield also 
increases for higher beam energies, while the 
proton yield stays almost constant at all beam 
energies. These observations are again in reason-
able agreement with the predictions of both models. 

Figure 2 shows the angular distribution of 
protons in 800 MeV/A Ar + KC1 plotted in the c.m. 
frame. The distribution shown is for protons with 
energies of 200, 400, and 600 MeV in that frame. 
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Fig. 1. Proton and pion spectra at 8c.m. 	90 0  in 
collisions of 800 MeV/A Ne + NaF. (XBL 788-1581A) 

In this case we observe a sharp difference between 
the predictions of the two models. The data show 
in general forward and backward peaking, but the 
ratio of forward to 900 yield is not as large as 
the prediction of the CKO model.. The thermal model 
should show an isotropic distribution, because 
there the multiple collisions are dominant, and. 
all the initial memory of the beam direction is 
lost. The data certainly deviate from it, and 
strongly suggest that the inclusive data are a mix-
ture of the two components, thermal and CKO proc-
esses. The fractions due to the CKO and thermal 
processes will be discussed in the articles on 
particle correlations which follow. 
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Fig. 2. Angular distribution of protons in the 
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COMPOSITE PARTICLE EMISSION IN RELATIVISTIC HEAVY-ION COLLISIONS 

M.-C. Lemaire,*  S. Nagamiya, S. Schnetzer, H. Steiner, and I. Tanihata 

Inclusive spectra of d, t, and 3He have been 
measured over a wide range of fragment angles and 
energies. Thus far it is known that the energy 
spectra of composite particles emitted in relativ-
istic heavy-ion collisions are explained rather 
well with two simple models: the coalescence model' 
and the firestreak model. 2  In the coalescence 
model the cross section of light nuclear fragments 
of mass A depends on the A-th power of the cross 
section of nucleons at the same momentum per nu-
cleon, while in the firestreak model chemical 
equilibrium in a thermodynamic system is assumed. 
In the latter case, the simple relation predicted 
by the coalescence model does not hold when we 
measure composite particles over a wide kinematical 
region; for a deuteron momentum range of 0 < Pd < 
2 0eV/c the ratio of deuteron invariant cross sec-
tion to the square of the proton invariant cross 
section varies by a factor of 10 in the firestreak 
model. 
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Figure 1 shows a typical result. 	Black circles 
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The coalescence radius, P0, is an indication 
of how easily the composite nuclear fragments can 
be produced. Values of Po determined from the 
experimental data are almost independent of inci-
dent beam energy but depend on the fragment mass. 

Mekji an3 showed that the coalescence radius, 
Po, can be related to the reaction volume of the 
participant piece in heavy-ion collisons. Figure 2 
shows the reaction radius calculated by the use of 
Mekjian's formula. The values of R lie around 3-4 
fm, which is a reasonable dimension for a heavy-
ion collision at relativistic energy and in good 
agreement with the radius determined by a two-pion 
interferrometry experiment by Fung et al. 4  However, 
whether this R relates directly to the reaction 
size or not is a question which has to be investi-
gated in future studies. 
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TWO-PROTON ENERGY AND ANGULAR CORRELATIONS 

I. Tanihata, M.-C. L ema i re ,* S. Nagamiya, S. Schnetzer, and H. Steiner 

Two-proton correlations have been measured by 
using a magnetic spectrometer and three sets of 
counter telescopes in collisions of C + C, C + Pb, 
Ne + NaF, Ar + KC1 at E(Beam) = 800 MeV/A, and 
Ne + NaF at E(Beam) = 400 MeV/A. The three tele-
scopes, named R, U, and D, were set at angles 
(o,q) = ( 40 0 , 180 0 ), (40 0 , 90 0 ), and (400 , 270 0), 
respectively. The Z-axis is defined to be the 
beam axis. The spectrometer was located at 	= 
0 and rotated between 0 = 15 0  and 1100. With 

each telescope we detected protons with energies 
greater than 200 MeV and measured an azimuthal 
(or coplanar) correlation function C(o,p) defined 
as 

C(0,p) E 2 	 (S(o,p).R)/R 
(S(o,p).U)/U + (S(o,pD)/D 

where 0 and p are the scattering angle and momentum 
of the proton detected in the spectrometer. The 
quantity (S(0,p).R) indicates the coincidence counts 
between the spectrometer and the R-telescope, and R 
indicates the single counts of the R-telescope. 

Figure 1 shows contour plots of C(0,p) for 
collisions of C + C, Ar + KC1 and C + Pb at 800 
MeV/A, in the plane of p1*1  and p1  for protons emit-
ted in the nucleon-nucleon c.m. frame. C( ,p) for 
C + C and Ar + KC1 is greater than 1 and has a peak, 
showing the existence of p-p quasi-elastic scatter-
ing. The broadening of the peak is due to the 
Fermi motion, and the peak height is related to 
the fraction of the single clean knock-out process 
in heavy-ion collisions. 

Deviation of C(0,p) from 1 at the peak posi-
tion is roughly proportional to P 2/mi, where P is 
the fraction of the single knock-out component in 
the inclusive events and mi is the total charged-
particle multiplicity. A more detailed calculation 
of (C(o,p) -1) at the peak position is shown in 
Fig. 2. Curves are plotted for identical nucleus 
collisions at 800 MeV/A as a function of m1, and 
are labeled according to the percentage values of P. 
Cross-hatched areas indicate experimental points 
for C + C, Ne + NaF, and Ar + KC1, from which we 
find P-5O% for all the combinations of beam and 
target nuclei. This implies that, for protons 
emitted at 0c.m. 900  with energy E = 
half are from a single clean knock-out process. 
For Ne + NaF at EBeam(Lab) = 400 MeV/A our results 
again show P -50%. 

For the collisions of 800 MeV/A C + Pb, the 
ratio C is smaller than 1, and, furthermore, we 
observe a valley which extends toward 0c.m.  600. 
This phenomenon can qualitatively be understood 
in terms of nuclear shadowing. 
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tic scattering when the internal motion of protons 
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R-telescope. 	 (XBL 793-7588) 

I 	 I 	 I 

800 MeV/A 

C. 

32% 
C., 

0 

Ar 

Multiplicity (mT) 

Fig. 2. Values of (C(e,p) -1) at the peak in the 
contour map plotted as a function of the total 
charged-particle multiplicity m. Theoretical 
curves are labeled according to the percentage of 
single clean knock-out contribution to total yield. 
Cross-hatched areas indicate experimental points 
obtained in C + C, Ne + NaF and Ar + KCL at E(Beam) 
= 800 MeV/A. 	 (XBL 794-1343) 

SINGLE AND MULTIPLE COLLISION COMPONENTS STUDIED FROM INCLUSIVE AND 
HIGH-MULTIPLICITY EVENTS IN 800 MeV/A Ar ON KC1 and Pb 

S. Nagamiya, M.-C. Lemaire,*  S. Schnetzer, H. Steiner, 
and I. Tanihata 

In collisions of 800 MeV/A Ar on KC1 and Pb, 
high multiplicity events were selected using 9 sets 
of tag counters placed at 40 0  with respect to the 
beam direction. 

Figure 1 shows an example of high-multiplicity 
events (HME) compared with inclusive events for 
proton production in Ar + Pb. Invariant cross 
sections, (E/p 2 )(d2a/dpd2), of proton yields are 
plotted by contour lines in the plane of rapidity 
(y) and normalized transverse momentum (PT/mpc). 
For inclusive events a strong influence from both 
projectile and target fragments is observed in the  

small-PT region, where we expect peaks at (y , pT/mpc) 
= (y,0) and (y,0). For HME, however, we observe 
an influence from target fragments only. This fact 
indicates that the HME select events with a small 
impact parameter. According to the participant-
spectator model, three regions are produced in 
large impact parameter collisions: the projectile 
spectator, the target spectator, and the overlapped 
region (the participant). At small impact para-
meters, however, the whole Ar nucleus overlaps with 
the Pb nucleus to form the participant. No projec-
tile spectator is left over, while the target Pb 
nucleus forms partially the participant and parti- 
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ally the spectator. The complete suppression of 
projectile fragments at around y = y0  for HME fur-
ther suggests that the target Pb nucleus is not 
transparent, and that there are mul-tiple nucleon 
collisions in the overlap region between the pro 
jectile and target. 

In Fig. 2 proton yields for both inclusive 
events and HME are plotted as a function of angle 
in the c.m. frame of the participant piece for 
three sets of proton energies: 200, 400, and 600 
MeV measured in that frame. We observe now that 
the angular distribution of high-energy protons is 
more isotropic for HME than for inclusive events. 
Dashed curves in Fig. 2 show the predictions for 
the clean knock-oyt (CKO) component calculated by 
Hatch and Koonin. 1  Let us assume that the proton 
yield for HME, allME,  represents the multiple colli-
sion component and that the inclusive yield of 
protons is a simple sum of HME and the clean knock-
out component: 
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Fig. 2. Proton angular distributions for inclusive 
and high-multiplicity events plotted as a function 
of the angle in the c.m. frame of the participant 
piece in collisions of 800 MeV/A Ar on KC1 and Pb. 
Theoretical values for the CKO component are shown 
by dashed curves. Sums of CKO and HME are shown by 
solid curves, which are to be compared with the 
inclusive data. 	 (XBL 797-2131) 

where GCKO  is the calculated result for the CKO 
process, and a and b are parameters. Then we can 
calculate the inclusive yields, ci. They are shown 
by solid curves in Fig. 2, and are in good agreement 
with the data. We then learn the following: 

The CKO component is very small for high-
energy protons at 90 0 . This implies that 
large_pTevents are mainly from multiple 
nucleon collisions. 

The CKO process is dominant for produc-
tion at small angles, especially for 
hi gh-energy protons. 

At 900 the fraction of the CKO process is 
about 60% for E p = 200 MeV. In the two-
proton correlation experiment reported in 
Ref. 2 we observed that it is 50% at 0c.m. 
-90° with a proton energy of E P = Egem/A 
182 MeV. This is consistent with the 

present result. 
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KAON PRODUCTION IN RELATIVISTIC HEAVY-ION COLLISIONS 

S. Schnetzer, 0. Chamberlain, M.-C. Lemaire,*  S. Nagamiya, G. Shapiro, H. Steiner, and I. Tanihata 

For the past year we have been involved in an 
experiment to measure 400-750 MeV/c kaons produced 
in collisions of relativistic heavy ions. We use 
a spectrometer to identify particles by means of 
dE/dx, time of flight, and bending angle. In 
addition, since the kaon yield is only 1/1000 of 
the proton and pion yields, we developed a trigger 
system which would enhance the kaon events. This 
trigger consists of both hardware and software 
elements. The hardware element is comprised of an 
array of lead glass blocks located at the end of 
the spectrometer. Kaons in the momentum range of  

interest stop in these blocks. The Cerenkov light 
produced by the muon in the K -* pv decays or the 
shower light produced in the K 	TroTr 

2Y 
is then detected. To eliminate pions and fast 
protons, which would themselves produce Cerenkov 
light in the blocks, a totally internally reflect-
ing Lucite Cerenkov counter is used to veto these 
particles. 

To achieve even more enhancement for kaons we 
also set up a software trigger based on an on-line 
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Fig. 2. Bend-angle--time-of-flight scatter plot for kaon trigger. 
(XBL 798-10813) 

microprocessor. By reading two of the wire chamber 
planes in the spectrometer, the microprocessor can 
make a cut in the bend-angle--time-of-flight plane. 
Figure 1 shows a bend-angle--time-of-flight scatter 
plot for inclusive triggers, i.e., events in which 
any particle is detected in the spectrometer. The 
dashed line indicates where the cut is made. With 
this cut, the data appear as in Fig. 2. Here the 
kaon line is very pronounced. 

We are currently in the midst of taking and 
analyzing data. The collisions studied so far 
and to be studied in the immediate future involve 
Ne + NaF, Ne + Pb, d + NaF, d + Pb at EBEAM = 2.1 
GeV/A and p + NaF and p + Pb at EBEAM = 4.88 GeV. 

Footnote 

*Present address: CEN de Saclay, Gif-sur-Yvette, 
France. 
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PION PRODUCTION IN THE 40Ar + 40Ca REACTION AT 1.05 GeV/NUCLEON* 

K. L. WoIf,t H. H. Gutbrod, W. G. Meyer, A. M. Poskanzer, A. Sandoval, A. Stock, J. Gosset, 
C. H. King, G. King, Nguyen Van Sen,§ and G. D. Westfall 

In the present study of the 40Ar +40Ca reac-
tion at 1.05 GeV/nucleon, the ir emission pattern 
is peaked in the mid-rapidity region. This effect 
is not predicted by theoretical calculations and is 
unique compared to p + p and p + nucleus reactions 
and heavy ion reactions at lower bombarding ener-
gies. Because of this unusual behavior, the possi-
bility must be considered that the structure in 
the ir cross secti ons near 900 in the center of 
mass may be a signature of processes from an early 
state of the reaction which has not been fully 
averaged out. 

A beam of 40Ar ions at 1.05 GeV/nucleon from 
the LBL Bevalac was used to induce reactions in a 
200 mg/cm2 Ca target. Pions were identified and 
the energy spectra were measured over a range '9f 
15-95 MeV with a multi-element dE/dx telescope 1  
consisting of a 5 mm Si(Li) crystal, and 28 mm and 
42 mm intrinsic germanium crystals with a Si(Li) 
reject counter. A delayed coincidence technique 
was applied to identify stopped ir by observing 
the positrons from the subsequent muon decay in 
the germanium crystals of the detector, from the 
decay sequence 

25 ns 	11+ +vand + 2.2 4. e+ 

Pion energy spectra were corrected for absorption, 
multiple scattering, and for the ineffeciency of 

Fig. 1. Pion-inclusive double differential cross 
sections in the laboratory system for the 40Ar + 
40Ca. ir + X reaction at 1.05 GeV/nucleon. Sta-
tistical errors are smaller than the size of the 
points except where indicated. The histograms 
(solid lines) show the results of a nuclear cas-
cade calculation 2  and the dashed lines represent 
a nuclear firestreak calculation. 3  (XBL 791-259) 

detecting the positrons produced in the muon decay. 
The systematic uncertainty in the 11+ cross sections 
is estimated to be - 30% with a precision better 
than 10%. 

The measured ir  energy spectra are shown in 
Fig. 1 along with the results of an intranuclear 
cascade calculation,  using the code of Fraenkel 
and Yariv, and the predictions of the firestreak 
model of Gosset, Kapusta and Westfall. 3  These 
two models represent very different assumptions 
about the reaction. It can be seen in Fig. 1 that 
neither model gives a satisfactory fit to the data, 
differing by factors of -2-3 at the extreme ends 
of the measured spectra. This cannot be considered 
reasonable agreement if we are to take these models 
seriously. 

Ihe ançalous nature of the pion emission in 
the 4UAr + UC reaction is perhaps better demonstra-
ted in Fig. 2a by comparison with other experimental 
data and by transforming the data to a "rapidity 
plot" which is generally useful in obtaining quali-
tative information about emission sources of parti-
cles. The most prominent feature of Fig. 2a is the 
enhanced pion yield, at mid-rapidity, i.e., at the 
center of mass of the target-projectile system, 
and at the perpendicular momentum of 0.4 m (55 
MeV/c). The only other target-projectile cOmbina-
tion studied to date which exhibits similar struc-
ture in the pion spectra is the reaction of 800 

MeV/nucleon 20Ne + 27 Al reaction but it is not 
known whether this is a real change in the phe-
nomenon, or if the small separation between target 
and projectile rapidities masks the effect. 

A cross-section pattern like that-shown in 
Fig. 2a is quite unexpected. In a fireball model, 
pion emission is isotropic in the c.m. system of 
an equal mass collision with an exponentially 
decaying energy spectrum, 3  creating nearly semi-
cir'cular contours centered at mid-rapidity and at 
p1 = 0. For a nucleon-nucleon collision picture, 
we may use the cascade calculation of Fig. 1 for 
40Ar + 40Ca, which gives qualitatively the same 
result as for the pion-inclusive data of Cochran 
et al. for the p + p reaction at a slightly lower 
beam rapidity, plotted in Fig. 2b. The p + p data 
can be understood in terms of the decay of an 
isobar nearly at rest in the center of mass. The 
characteristic forward-backward peaking with a pion 
momentum of -P230 MeV/c, shows little similarity to 
the 40Ar + 40Ca data. In particular, the p + p re-
action has a very small pion yield at mid-rapidity 
(900  c.m.) and at p1  z 0.4 rn. Similarly, only 
small pion yields are observed in this region for 
p + nucleus reactions, which may be expected to 	- 
show effects associated with the Fermi motion, and 
with pion absorption and scattering. But reactions 
of unequal target and projectile masses do not have 
a unique center of mass of the participants, making 
interpretation difficult. It is unlikely that pion 
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the same forward momentum and temperature for the 
participants. 

The angular distribution is more difficult to 
explain and hints strongly at collective, hydrody-
namic flow effects to account for the preferential 
sideways ejection of pions observed here. Coulomb 
repulsion in the irF_n ucleu s system may be partially 
responsible for the peak but cannot account for the 
rapid fall-off at high momentum, and for the fact 
that the corresponding cross-section maximum occurs 
at a slightly higher momentum in the lighter 20Ne + 
NaF system.4 

In summary, ir+_inclusive data for the 40Ar + 
40Ca reaction at 1.05 GeV/nucleon are found to have 
some striking' features compared to other target-
projectile combinations. A rapidity plot of the 
data shows an enhanced pion yield centered at mid-
rapidity, forming a unique pattern which is insensi-
tive to multiplicity selection. Poor fits to the 
data indicate that this effect is not accounted for 
in the thermal and cascade models. 
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Footnotes and References 

Fig. 2. Constant contours Qf Lorentz invariant 
pion cross section, (lIp) da/(dcIE), in units of 
b/(sr•GeV 2/c) asa function of perpendicular pion 
momentum and rapidity, y. (a) shows the rçults 
of the present study for 1.05 GeV/nucleon '4'-'Ar + 
40Ca, and (b) was constructed from data for the 
p + p reaction 5  at 730 MeV. Bothsets of data 
have been reflected through mid-rapidity, (yp + 
yT)12, shown by the dashed vertical lines. The 
areas within the maximum contours have horizontal 
shading. The shaded edges indicate the limits of 
the experimental measurements. (XBL 791-260) 

attenuation is important for the 40Ar + 40Ca reac 
tion, due to a long mean free path expected in the 
energy range of interest here. Also, we investi-
gated the effect of gating on -high charged-particle 
multiplicities in order to select more central colli-
sions and found no effect. If attenuation effects 
were important in the participant or spectator 
regions the change in shadowing geometry accompany-
ing this impact parameter restriction should alter 
the emission pattern. 

Also, the lack of an impact parameter depend-
ence of the spectral shapes is expected in a f ire-
ball model for an equal mass target-projectile 
reaction because all, impact parameters result in  

*C ondensed from Phys. Rev. Lett. 42, 1448 (1979). 

tPresent address: Argonne National Laboratory, 
Argonne, Illinois 60439. 

Present address: DPhN/ME, CENSaclay, 91190 Gif-
sur-Yvette, France. 

Present address: ISN, 38044 Grenoble, France. 
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Fig. 1. Laboratory proton inclusive cross sections 
for the reaction of 1.04 GeV/nucleon 40Ar on a Ca 
target. In the low-energy region only the most 
forward and backward angles are shown for clarity. 
The data for all the other angles fall between 
these extremes. • 	 (XBL 797-2244) 
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SPECTRA OF p, d AND t FROM RELATIVISTIC NUCLEAR COLLISIONS* 

A. Sandoval, H. H. Gutbrod, W. G. Meyer,t  A. M. Poskanzer, R. Stock, J. Gosset, J.-C. Jourdain, C. H. King, 11  
G. King,1 Ch. Luckner,°° Nguyen Van Sen,tt G. D. Westfall, and K. L.WoIf 

Inclusive energy spectra of protons, deuterons, 
and tritons were measured with a telescope of sili-
con and germanium detectors at kinetic energies up 
to 200, 250, and 300 MeV, respectively. Fifteen 
sets of data were taken using projectiles ranging 
from protons to 40Ar on targets from 27A1 to 238U 
at bombarding energies from 240 MeV/nucleon to 2.1 
GeV/nucleon. 

For three different incident energies previ-
ously obtained data for 3He fragments have been 
corrected and are presented. An estimation of the 
sum of nucleonic charges emitted as protons plus 
composite particles is presented as a function of 
energy in the interval from 15 to 200 MeV/nucleon. 
In addition, associated charged particle multipli-
cities and azimuthal correlations were measured 
with an 80-counter array of plastic scintillators. 
A typical set of double differential cross sections 
for protons is shown in Fig. 1. These are the in-
clusive cross sections; the multiplicity selected 
results will be presented separately. Toward low 
energies the angular distributions become almost 
isotropic, crowding the data together. The sharp 
rise which can be seen at the lowest energies is 
probably due to the tail of the proton evaporation 
peak from large impact parameter collisions. 

The reaction of 40Ar with Ca is very nearly an 
equal mass collision, and we have assumed that the 
data can be reflected about the mean rapidity of 
the projectile and the target. An example of a 
contour plot for such a system is shown in Fig. 2 
for protons. The contours at high perpendicular 
piomentum center at the mid-rapidity, while the low 

I - I 	I 	
388 MeV/nucl. 40Ar + Ca—*p 	I 	- 

EE 

-4Q4 

WA 

y 
Fig. 	

4' 
2. Contours of constant invariant cross ection for 

protons from the reaction of 388 MeV/nucleon 	Ar with a Ca 
target. The rapidity of the projectile is 0.88 and the data 
on the left have been reflected about the mean rapidity of 
the target and projectile to produce the right-hand side of 
the figure. 	 (XBL 797-2243) 
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perpendicular momentum contours are beginning to 
pinch in to separate into the projectile and target 
regions of a peripheral collision. However, for 
most of the region measured the protons appear to 
originate from the mean rapidity of target and pro-
jectile, which is the center of mass of the system 
and also the center of the fireball frame for all 
impact parameters. For unequal target and projec-
tile masses the velocity of the fireball frame 
would depend upon the impact parameter. Thus the 
case of 40Ar plus Ca is particularly interesting 
because it is possible to examine it in the center-
of-mass or fireball system. Momenta spectra in the 
center of mass were obtained and are shown in 
Fig. 3. The near independence with center-of-mass 
angle indicates that there is mainly an isotropic 
source at the center of mass. The dropping down of 
the low-momentum 900 curve corresponds to the dip 
in the contour plot. However, when the projectile 
energy is raised to 1.04 GeV/nucleon the situation 
is quite different, as seen in Fig. 4. It appears 
that, over the region measured, there is approxi-
mate isotropy for high momentum protons, but at low 

ii.'.] 	

388 MeV/nucl. 40Ar + Ca-k-p  

momentum they are quite strongly forward-backward 
peaked in the center of mass, corresponding more 
closely to isotropy in the target and projectile 
frames as shown already in Fig. 1. Thus we may 
conclude that the particles we measure in this 
experiment with 400 MeV/nucleon projectiles are 
mainly participants originating in the center of 
mass, while with 1 GeV/nucleon projectiles we see 
both spectator and participant particles. 

Footnotes 

*Condensed from LBL-8771. 
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Pennsylvania 19604. 

1 Present address: DPhN/ME, CEN Saclay, 91190 Gif-
sur-Yvette, France. 
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91406 Orsay, France. 

"Present address: Bell Laboratories, Murray Hill, 
New Jersey 07974. 
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Fig. 3. Invariant cross section vs momentum in the 
center of mass for different center of mass angles. 
Since symmetry was assumed the curves also refer to 
the supplements of the indicated angles. The data 
are forQrotons from the reactions of 388 MeV/ 
nucleon °Ar on a Ca target. 	(XBL 797-2247) 

Fig. 4. Invariant cross section vs momentum in the 
center of mass for protons from the reaction of 
1.04 GeV/nucleon 40Ar on a Ca target. The curves 
also refer to the supplements of the indicated 
angles. 	 (XBL 797-2249) 
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ENERGY DISSIPATION IN RELATIVISTIC NUCLEAR COLLISIONS 

H. H. Gutbrod, W. G. Meyer, A. M. Poskanzer, A. Sandoval, R. Stock, J. Gosset, C. H. King, G. King, 
Ch. Lukner, Nguyen Van Sen, G. D. Westfall, and K. L. Wolf 

In central collisions the disintegration of a 
large target nucleus by a light projectile should 
yield information on the energy dissipation from 
the incoming projectile nucleons to the target 
nucleons. If there is no transverse momentum 
transfer from the participants to the spectator a 
hole is punched into the target nucleus and little 
or no change in the decay pattern of the target 
spectator will be found as function of the projec-
tile energy. However, a change will be seen with 
increase of the projectile size. On the other 
hand, if there is a strong and fast dissipation of-
the projectile's kinetic energy as it gets stopped 
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Fig. 1. Average associated multiplicities plotted 
vs the total kinetic energy of various projectiles 
on a uranium target. The curve is drawn through 
the points. 	 (XBL 797-2054) 

in the target nucleus, the whole target nucleus 
will share the incident kinetic energy. Thus it 
is expected that some classification of the energy 
dissipation mechanism may be obtained by studying 
the multiplicity in these reactions as a function 
of incident energy and projectile size. 

Uranium was bombarded with various projectiles 
from protons to 40Ar at energies from 250 MeV/ 
nucleon to 2.1 GeV/nucleon. The associated multi-
plicity for protons of 40 to 200 MeV at 90 0  lab 
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Fig. 2. Coincidence probability distributions 
(unnormalized for 1.05 GeV/nucleon Ar and 2.1 
GeV/nucleon 2 Ne on a uranium target. Both pro-
jectiles have 42 GeV total kinetic energy. The 
distributions are of the number of the 80 scintil-
lation paddles which fired. (XBL 797-2052) 
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was measured as described in Ref. 1. A surprising 
result is observed in Fig. 1 where this associated 
multiplicity is plotted vs the total kinetic energy 
(not the energy/nucleon) of the projectile. A 
smooth, nearly linear relationship between the mean 
associated multiplicity and the total kinetic 
energy is observed, regardless of the geometrical 
size of the projectile, or whether the incident 
energy is at the pion-threshold or way above it. 
In fact not only the means but also the observed 
multiplicity distributions are nearly the same as 
is shown for two projectiles with 42 GeV of. kinetic 
energy in Fig. 2. 

These observations support models where a 
high density is reached early in the diving stage. 
Then, in the expansion phase, the energy is spread 
over most of the nucleus. Transparency is there-
fore highly unlikely up to the incident energies 
of 2.1 GeV/nucleon. 

Reference 

1. A. Sandoval, H. H. Gutbrod, W. G. Meyer, A. M. 
Poskanzer, R. Stock, J. Gosset, J.-C. Jourdain, 
C. H. King, G. King, Ch. Lukner, Nguyen Van Sen, 
G. D. Westfall, and K. L. Wolf, this Annual Report 
and LBL-8771. 

TOTAL DISINTEGRATION IN RELATIVISTIC HEAVY-ION INTERACTIONS 

A. Sandoval,*  J. W. Harris, J. V. Geaga, H. Steizer,t A. Stock, L. S. Schroeder, and K. L. Wolf 

The interaction of the equal projectile and 
target mass system 40Ar + KC1 has been studied with 
the streamer chamber facility at the Bevalac.' The 
streamer chamber was triggered using an upstream 
to the target, (U), and downstream (D) scintillator 
cobination with which the trigger configuration 
UD was used. By varying the discriminator thres-
hold on D one could vary the trigger from "inelas-
tic" (D threshold set at 98% of the beam pulse 
height, or = 1.8 mb) down to "central" (D threshold 
= 6% of beam pulse height, a = 160 mb). 

With both central and inelastic trigger modes 
data were taken at 1.0, 1.2, 1.4, 1.62, and 1.82 
GeV/nucleon. Also, a high statistics central 
trigger run was taken at 1.8 GeV/nucleon. 

The 13.2 Kg magnetic field of the streamer 
chamber does immediate separation of the positively- 
and negatively-charged reaction products. The 7rs 
were identified among the negative charged tracks 
by their curvature and relative ionization density 
with about 1% e contamination. For the positive 
tracks no attempt hs been made to discriminate be-
tween rr+,  p, d, t, 3 He, c ..... Total and ir multi-
plicity distributions are shown in Fig. 1 for the 
inelastic trigger and in Fig. 2 for the central 
trigger. 

The normalized total multiplicity distribu-
tions from the inelastic trigger mode reflect the 
high cross section in the projectile fragmentation 
region (MT < 8), go through a gently decaying 
plateau region, and exhibit a steep fall off and 
an abrupt cut off in the central collision region. 
The total charge in the entrance channel is Zp + 
ZT = 36. One sees that even for the 1 GeV/nucl eon 
case, the central collisions produce a larger nüm-
ber of charged particles in the final state. The 
only mechanism that increases the total number of 
charges in the final state is the ir production, 
since:  

p + fl - p + p + 1T 

IQinI = 1 -i-  E IQouti = 3 

or 

p + p + p + p + 11+  + 7F_ 

ZiQini = 2 - LiQouti = 4 

while for the 	production there is no net charge 
increase. 

p + n. -- n + n  + 

lIQin I = 1 	IQoüt I = 1 

Therefore in an interaction in which N 7f were pro-
duced, there should be M positive charges created. 

In Fig. 3 the correlation between r -  multi-
plicity and total multiplicity is shown for the 
1.8 GeV/nucleon inelastic trigger distribution as 
contours of equal probability. The first thing 
to note is that down to about one-tenth of the in-
elastic cross section, there are no exotic islands 
of pion production. The ir production occurs along 
a very narrow ridge which approaches asymptotically 
the charge conservation line. 

MT = Z + ZT+ 2 M_ 

For any given point, the horizontal distance to 
the charge conservation line gives the number of 
charges that are unaccounted for, either because 
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Fig. 1. Total and ir multiplicity distributions 
for the Ar + KC1 interaction for different bombard- 	Fig. 2. Total and 7r multiplicity distributions 
ing energies obtained in the streamer chamber with 	for the central trigger in the Ar + KC1 reaction. 
an inelastic trigger. 	 (XBL 798-2441) 	 (XBL 798-2442) 
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they are bounded in composite particles (ci, Li...) 
and/or because they are very low energy target 
residues. For the highest multiplicities one sees 
that the system has reached the total disintegration 
regime. 

We have found that in the Ar + KC1 system the 
reaction proceeds practically along the same ridge 
independent of the bombarding energy. The distri-
bution just extends farther out with increasing 
bombarding energy. In particular, this means that 
for interactions in which a given number of ir are 
produced their mean total multiplicity and total 
multiplicity distribution are  the same, independent 
of the bombarding energy. This experimental feature 
puts an important constraint on the 	production 
and absorption models that describe relativistic 
heavy-i on interactions. 

Footnotes and Reference 
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PRODUCTION OF DEUTERONS AND TRITONS AT 1800  IN 
RELATIVISTIC HEAVY-ION COLLISIONS 

J. W. Harris, S. A. Chessin, J. V. Geaga, J. V. Grossiord,*  D. L. Hendrie,t 
L. S. Schroeder, R. N. Treuhaft, and K. Van Bibber 

In 1960 an appreciable yield of deuterons was 
observed in 25 GeV proton-nucleus colljsions at 
CERN. A year later Butler and Pearson 1  proposed 
a mechanism in which pairs of nucleons leaving the 
interaction region with small relative momentum 
coalesce to form deuterons. Schwartzschild and 
Zupancic 2  modified this coalescence model by assum-
ing that any number A of nucleons with relative 
momenta smaller than a certain radius parameter 
Po in momentum space coalesce to form a compoite 
particle of mass A. Recently, Gutbrod et al. 
proposed a generalized version of the coalescence 
model for relativistic heavy-ion collisions. This 
model has been relatively successful in describing 
existing composite particle spectra with some varia-
tion of the Po  parameter. 

As part of a systematic study of 180 0  particle 
(±, p, d, t) production in relativistic collisions,  

deuterons and tritons were detected in a 1800  mag-
netic spectrometer at the Bevalac. Beams of 1.05, 
2.1, 3.5, and 4.89 6eV protons, 1.05 and 2.1 GeV/ 
nucleon alphas and carbon, and 1.05 and 1.83 6eV/ 
nucleon argon were used to bombard C, Al, Cu, Sn, 
and Pb targets. Information on the production of 
light composite particles provides important tests 
for coalescence and various recently proposed models 
such as the nuclear firestreak model,4 a thermal 
model by Mekjian, 5  and the t 1 backward pick-up" model 
of Fujita. 6  

The deuteron and triton spectra obseved in the 
lab kinetic energy range 80 < T 250 MeV can be 
compared directly to predictions of the coalescence 
model. The invariant cross section for production 
of a composite of mass A with x protons and y neu-
trons in the coalescence formulation is given by 
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where (Z,ND ) and (Zt,Nt) are the (proton,neutron) 
numbers in the projectile and target, ao the total 
reaction cross section, m is the nucleon mass, and 
Po the momentum radius parameter. The invariant 
cross section on the right-hand side is the proton 
invariant cross section observed at 1800. It is 
assumed that the primary proton and neutron spectra 
are identical to the observed proton spectrum and 
that all nucleons within a radius Po  in momentum 
space coalesce to form the composite A. All of 
the 1800 composite particle spectra in the present 
study are well fit by the coalescence model except 
for the 1.05 GeV proton-induced spectra on all 
targets and the 2.1 GeV p + C spectrum. However, 
the values of Po  which best fit the deuteron and 
triton spectra decrease as a function of increasing 
mass of the system. This is evident in Fig. 1 
where the Po  values for deuterons are displayed as 
a function of target mass for various beams and 
energies. The values which fit the triton spectra 
are typically 5-10% higher than those used for the 
deuterons. A slight decrease in Po  with an in-
crease in the incident energy is also observed. 
The volume of the interacting region (fireball) at 
the freeze-out density can be obtained from the Po 
values for the various reactions' using the model of 
Mekjian. 5  The average size of the emitting source, 
assuming a spherical shape, is shown in Fig. 2 for 
the various systems and energies. These average 
radius values range from 2 to 6 fm for light to 
heavy systems. For a comparison with recent cor- 

I 	I 	I 	I 	 I 

Coalescence Pa-values 	- 

Energy (GeV/n) 
Beam 1.05 2.1 3.5 4.89 - 

	

£ 	 p 	 0 V 	V 

	

• 	 a 	£ 
C 	. 	a 	 - 

4 	 Ar • 	0 

0V 	 - 

A- 

U 	 3 
0 

a' 
0 
0- 

Iii 	IIi.I 	Ii 	1111111 	1 

	

0 	40 	80 	120 	160 	200 

AT  

I 	I 	II 	 III 

Size of source 

	

- 	 0- 

0 

	

- 	 0 

0 
a 	 • 	

A- - 

0 

	

• 	
: 	 Energy(GeV/n) 

	

• 	 Beam 1.05 	2.1 
Cc 	A 

	

- 	 c  
Ar • 	0 

re 

	

0 	40 	80 	120 	160 	200 

AT 

Fig. 2. Average size of the emitting source, R = 
(3V/4 )1/3, extracted from the Po  values in Fig. 1 
using the thermal model of Ref. 5. R is plotted 
as a function of the target mass for the various 

	

beams. 	 (XBL 7912-13358) 

relation measurements, 7  which employ the Hanbury-
Brown-Twiss technique to obtain the source size, 
it is found that 

R = 5.5 + 0.8 fm 

for the reaction of 1.83 GeV/n Ar + Pb -d(180 0 ) + 

X in the present study and that 

R = 3.9 + 0.9 fm 

for the 1.83 GeV/n Ar + Pb - ir -  it —  + X correlation 
experiment. The size difference, if significant, 
may be related to an earlier time of emission for 
pions than for deuterons as the fireball expands. 

As demonstrated, the invariant cross sections 
observed for production of composite particles is 
proportional to the proton spectrum raised to the 
power A. This dependence is also predicted by the 
model of Mekji an whi ch assumes thermal and chemi cal 
equilibrium. On the other hand, the firestreak 
model, which has been somewhat successful in 
describing relativistic heavy-ion collisions, typi-
cally over-predicts the invariant cross sections at 
1800 . The agreement with the data improves as the 
mass of the system and incident energy increases. 

A model proposed for 1800 production of deuter-
ons in proton-nucleus interactions is the "backward 
pick-up" model of Fujita. The model, an extension 
of the correlated-cluster model, assumes that an 
incident proton scatters backwards off a cluster in 
the target nucleus. On its way out of the nucleus 
the proton picks up a neutron to form a deuteron. 
Predictions of this model have a much steeper slope 
than observed in the data. 
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Fig. 1. Coalescence Po values used to fit the 
deuteron spectra as a function of target mass for 	 In conclusion, the composite particle spectra 

the incident beams and energies shown. 	 are consistently reproduced by a coalescence 
(XBL 7912-13362) 	mechanism. The firestreak model and the "backward 



120 

pick-up" model are unsuccessful in predicting the 
spectra of composite particles. The thermal model 
of Mekjian can be used to extract the size of the 
interaction region with results comparable to those 
derived from correlation data using different 
techniques. 
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ENERGY DEPENDENCE OF CHARGED PIONS PRODUCED AT 1800  IN 
0.8 to 4.89 GeV PROTON-NUCLEUS COLLISIONS* 

L. S. Schroeder, S. A. Chessin, J. V. Geaga, J. Y. Grossiord, J. W. Harris, 
D. L. Hendrie, R. N. Treuhaft, and K. Van Bibber 

The energy dependence of charged pions produced 
at 180 0  in reactions of 0.8 to 4.89 GeV protons with 
nuclei has been studied. The production of pions in 
the backward direction is kinematically constrained 
in free nucleon-nucleon collisions. Observation of 
pions beyond this kinematic limit obviously under-
scores the bound nature of interacting nucleons or 
groups of nucleons in the nucleus. Exotic produc-
tion mechanisms such as cumulative production from 
clusters have been used to describe such spectra. 
Cumulative models have successfully decribed data 
from recent proton-nucleus experiments 1  at 5.14 and 
7.52 GeV incident energies. The pion spectra at 
these energies are exponential with a slope param-
eter T0 	60 MeV, independent of bombarding energy. 

Backward pion production has also been measured 
in a recent proton-nucleus experiment at 600 MeV.2 
The results from this experiment are dicussed in 
terms of a single scattering mechanism. 	The pres- 
ent experiment bridges the energy range from a 
region seemingly well described by a single scat-
tering picture to one where production from clusters 
seems to be important. The results of this experi-
ment should provide some insight into these and 
other reaction mechanisms. 

Single-particle inclusive spectra of positive 
and negative pions with laboratory kinetic energies 
T < 100 MeV were measured in a 180 0  magnetic spec-
trometerat the Bevatron. Proton beams of 0.8, 1.05, 
2.1, 3.5, and 4.89 GeV were used to bombard C, Al, 
Cu, Sn, and Pb targets. The measured pion spectra 
are adequately represented by the form E d 3/dp3  = 
Ae-T/To where A and T0  are parameters. The incident 
energy dependence of T0, presented in Fig. la, is  

characterized by a sharp rise as the energy in-
creases up to 3 GeV where a limiting value of 
T0  60 MeV is reached. Such behavior could be 
attributed to limiting target fragmentation. 

Predictions of the effective target model,4 
which assumes that the reaction mechanism involved 
in pion production at 1800 is mainly peripheral, are 
in excellent agreement with the energy dependence 
of T0 , as depicted by the dashed line in Fig. la. 
However, the pion cross sections are consistently 
underestimated by this model. Furthermore, the 
ratio of the integrated cross sections for charged 
pions observed in this study, shown in Fig. lb, is 
not in agreement with the assumption in the effec-
tive target model that the ratio is unity. 

To understand the dependence of the pion pro-
duction mechanisms on target mass A and to gain 
insight into the question of cumulativity, the 
Lorentz invariant cross sections were fit to the 
form am y 	Ar'. When n is plotted as a function 
of the ratio K of the pion lab kinetic energy to 
the maximum pion energy kinematically allowed in 
an NM collision, i.e., n vs I IT max (NN+ NN) 
the degree of cumulativity can be found. Naturally, 
K >1 is forbidden in a single scattering process. 
The data at 0.8 and 1.05 GeV are consistent with 
a value n 	0.72 independent of K. However, at 
2.1 GeV/n increases with K up to n 	1.0 for K > 	1. 
At 4.89 8eV, n 1.0-1.2 for K> 1 suggesting a 
transition from single scattering to cumulative 
production of pions over this energy range. 

The data may also be compared to predictions 
of a hard scattering model. 5  This is somewhat 



121 

60 

50 

40 

30 

20 

10 

0 

1.0 

0.8 

0.6 

04 

0,2 

oI 

I 	I 

	

/ 	 (a) p+Cu-0'-7T (I80 0)i-x 

0 7TpSnf 
• 	-- J experiment 

• ,, 	
v Reference 6 

I 	I 	I 	I 	I 	I 	I 

+ --- -- 

(b) p+Cu-s'ir t(I800)+x 

• Present experiment 
V Reference 6 

I 	I 	I 	I 	I 

102  

I I  
IAJ 

16 2  

io-3  

to4  

•0.8 GeV 
vI.O5GeVI 
A2.I GeVJ l ' 
i4.89Gt/ 

t 

' 4 
' \ 

4 

\ 
'4\Ni6 

N42 + 

'N-65 	\N3o 

0 	I 	2 	3 	4 	5 	6 	7 	8 

Tp  (GeV) 

Fig. 1. Energy dependence of (a) T parameters for 
pions, and (b) the (ir/fI- ) ratip obtained when 0.8-
4.89 GeV protons collide with a Cu target. The 
dashed curve in both cases refers to the predictions 

	

of the "effective target" model.34 	(XBL 798-2506) 
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Fig. 2. Lorentz invariant cross section vs X' for 
ir production at 180 0  by 0.8, 1.05, 2.1 and 4.89 
GeV protons and ir production at 1800 by 3.5 GeV 
protons on a Cu target. 	 (XBL 798-2505) 

different from a single scattering model in that 
the high momentum components of the whole nucleus 
are taken into account and are the basis for pro-
duction of pions beyond the kinematic limits. The 
model predicts that the 180 0  negative pion spectra 
should depend only on a scaling parameter X' = 
pcm/(pcm) max  and have the form amy 	(1 - X')N. 
For a Cu target the value of N is predicted to be 
N = 373. In Fig. 2 it is observed that the spectra 
can be accurately described by the form (1 - X')N. 
However, N is less than 373 and is energy dependent. 
Thus, scaling does not occur. A modified version 
of the hard scattering mode1 6  in which the incident 
proton interacts with clusters in motion in the 
target nucleus gives better agreement with the 
observed pion spectra at all incident energies. 
Individual clusters of 1-4 nucleons with an expo-
nential distribution for the internal motion of 
the clusters provides best agreement with the data. 
A shortcoming of the model is that it can not pre-
dict the absolute normalization of the reactions. 

The trends observed in 180 0  pion production 
in traversing the region of 1 to 5 GeV may be in-
dicative of a transition from a dominant single-
scattering mechanism to one in which clusters of 
nucleons become increasingly important. It is 
evident that the study of pion production at 180 0  

beyond free nucleon-nucleon kinematic limits in-
volve probing the short range behavior of nucleons 
inside the nucleus whether this is manifested in 
nucleon clusters or in large Fermi momenta. 

Footnotes and References 

*Condensed from LBL-9434. 

tPresent address: Institut de Physique Nucleaire 
de Lyon, France. 

Present address: University of Maryland, College 
Park, Maryland, USA. 

A. M. Baldin, N. Giordenescu, V. N. Zubarev, 
L. K. Ivanova, N. S. Moroz, A. A. Povtoreiko, 
V. B. Radomanov, and V. S. Stanvirskii, Yad. Fiz. 
20, 1201 (1974). 

C. F. Perdrisat, S. Frankel, and W. Frati, 
Phys. Rev. C 18, 1764 (1978). 

R. D. Amado and R. M. Woloshyn, Phys. Rev. Lett. 
36, 1435 (1976). 

H. B. Mathis and Meng Ta-chung, Phys. Rev. C 
18, 952 (1978). 



122 

5. I. A. Schmidt and R. Blankenbecker, Phys. Rev. 
D, 15, 3321 (1977). 

6. R. H. Landau and M. Gyulassy, Phys. Rev. C 19, 
149 (1979); R. H. Landau and M. Gyulassy, LBL-7746 
(submitted for publication). 

SEARCH FOR QUARK EFFECTS IN THE d + 4He SYSTEM 

F. Brochard,*  V. Perez-Mendez, A. L. Sagle, R. Talaga,t E. t. B. Whipple, F. Zarbakhsh, J. B. McCelland,* 1  
J. B. Carroll,i G. J. igot and J. Oostensi 

Central collisions between nuclei are expected 
to lead to the formation of hot and highly com-
pressed nuclear matter. 1  It has been suggested 
that in such a medium the quark-containing bags 
representing individual nucleons overlap and merge, 
leading to "super-bags" containing 3N quarks (where 
N is the number of nucleons that have merged). 
Calculations based on the MIT bag model indicate 
that the excitation energy required to form such a 
system should be about 300 N MeV. 3-5  In ordinary 
circumstances, the deáay back into nucleons (and 
pions) of a system of this kind with such a high 
excitation energy would be quite rapid, the mass 
(or energy level) correspondingly wide, and, lack-
ing some distinguishing signature, the detection 
of its fleeting existence extremely difficult. 
However, speculations have been put forward, in 
the spirit of the bag model, which indicate that 
for a reasonably small number of quarks, half-way 
between closed (quark) shells, a color-spatial- 
angular momentum configuration could exist (similar 
to a shape isomer in nuclear physics) in which the 
decay of the state is inhibited by the requirement 
that the quarks must rearrange themselves into 
color singlets.6 As a result of the suppression 
of the decay rate, the width of the energy level 
becomes smaller and such a resonance would then 
be detected as a peak in the excitation curve for 
some decay channel of the system. 

We have searched for such an effect in the 
reaction d + 4He - p -i- X. The initial state was 
chosen with the aid of considerable theoretical 
guidance (prejudice) concerning the most favorable 
number of quarks and to insure adequate overlap 
of the projectile and target wavefuctions. We 
chose to detect a final state proton because it 
seemed to be among the most probable decay products 
of the state for which we were searching. To mini-
mize the non-resonant background we detected the 
proton in a region of phase space in which its 
momentum transfer (assuming it has originally been 
at rest in either the target or the projectile) was 
as large as possible consistent with the kinematics 
of the excitation energy to be observed and the 
constraints of the experimental apparatus. 

With the aid of a well-prepared Bevalac staff 
we were able to measure the cross section at 24  

incident energies in a 48-hr period, covering a 
range of excitation energies from 0.6 - 2.4 GeV in 
steps of 50 - 100 MeV, and detecting protons emit-
ted with center-of-mass energies from 50 - 400 MeV. 

No evidence for narrow, resonant-like structure 
was observed. The sensitivity of the measurement 
may be judged by observing that a J = 0 resonance 
which saturates the unitarity limit, which deca5's 
isotropically in the c.m., and which is contained 
in one cross-section bin, yields a signal comparable 
to the statistical fluctuation of the data in that 
bin. 	Note that these results, however, impose 
lower limits on the existence of higher spin states 
since the unitarity limit increases as J(J + 1). 
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THE SIZE, LIFETIME, AND LEVEL DENSITY OF INTERACTION REGION FOR COLLISIONS OF 
1.8 GeV/NUCLEON 40Ar ON A KC1 TARGET 

F. Zarbakhsh, J. B. Carroll,*  G. Igo,t  J. Oostens ,* A. L. Sagle, V. Perez-Mendez, I. Tanihata, and E. t. B. Whipple 

During the past year, we have begun taking 
data for two-particle inclusive measurements at 
small relative momenta to study the space-time 
structure and the density of states of the inter-
action region for collisions of 1.8 GeV/nucleon 
40Ar on a KC1 target. Most of our effort is con-
centrated on looking at reactions in which two 
protons are detected, although we alsoobtain data 
for 40Ar + KC1 - 	+ 	and 40Ar + KC1 -. p + 
events. The space-time structure is studied by 
employing the short range nature of the p - p force 
(when two protons are detected) and quantal inter-
ference effects. By measuring the width of the 
i(1232), we hope to place an experimental limit on 
the level density of the nuclear medium into which 
the iT p system is trying to decay. 

Two-particle and single-particle inclusive 
measurements will be used to extract the correla-
tion function R which is defined by the relation 

1 	d2a 	- (1+R) 
CT dd2 	- 	a dp1 

where d2a/dp1dp2, da/dp1 and a are the differential 
two-particle, differential single-particle, and 
total single-particle inclusive cross sections. 
A sampLe calculation of what R is expected to look 
like is found in Fig. 1 of Ref. 1. At small relative 
momenta, the structure exhibited in R is due to 
three effects: (1) the Coulomb force, (2) quantum 
statistical interference, and 3) the final state 
s-wave interaction. S. Koonin' has shown that this 
structure in R allows the determination of the size 
r0 , the lifetime T0, and the velocity V0 of the 
source which emits the two detected protons. The 
second effect has been observed for bosons as a 
positive correlation. 2  For detected fermions, this 

effect should produce a negative correlation having 
the same sign as the Coulomb interaction. Effects 
(1) and (2) cause the negative dip in R at the very 
smallest relative momenta. The large positive peak 
is due to the final state s-wave interaction. 
Because this interaction vanishes at distances 	1 
Fermi, it is quite sensitive to the size of the 
proton source. The sensitivity of R to the life-
time of the source is not as good as the sensiti-
vity to the size r. The measurement of the life-
time thus requires a better measurement of R than 
a measurement of just r 0 . Figure 1 shows the ex-
perimental layout. The two particles emitted from 
the collision enter our spectrometer which has been 
modified to measure multiple tracks. This modifi-
cation includes the introduction of four amplifier/ 
wire chambers (3 x-y and 1 u-v) and a 24-element 
scintillator hodoscope at the downstream end of the 
spectrometer. The chambers allow us to measure the 
relative momentum of the pair of particles with a 
resolution of-'7 MeV/c. In additionto the two 
particles in the spectrometer, the multiplicity 
of fast charged particles is measured by two dif-
ferent detectors. The first detector consists 
of 28 Lucite Cerenkov counters (B > 0.7 threshold) 
which cover nearly the full azimuth and span a 
polar angular range between 5 and 150. The second 
detector provided by I. Tanihata consists of 16 
elements which sample polar angles between 35 and 
500. Each element, consisting of absorber and 
scintillator, has an energy threshold of -200 MeV 
protons. These multiplicity detectors will help 
us to select events according to impact parameter. 

Data have been taken at two spectrometer 
settings. The first setting at 0 = 6 0  and P/Z = 
2.4 GeV/c corresponds to the projectile fragmenta-
tion peak seen in the single-particle inclusive 
spectra of our earlier work. 3  At this setting 
the production process should be dominated by peri-
pheral processes, and we expect to measure a small 
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Fig. 1. The experimental layout for the two-particle 
experiment. 	 (XBL 782-189A) 
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size for the interaction region. We will further 
insure that only peripheral collisions are accepted 
at this setting by eliminating those events which 
have a high momentum transfer or observed multi-
plicity. The second setting at e = 13.5 0  and P/Z = 
1.0 GeV/c corresponds to a longitudinal rapidity 
midway between that of the target and the projectile 
where we expect to measure a larger size because 
central collisions should constitute a larger frac-
tion of the production process. To further enrich 
our sample of central collisions, we. eliminate 
those events which have a low multiplicity. 

We also measure the mass and width of the 
(1232) resonance by detecting both the ii  and the 

proton decayproducts. At the 1 GeV/c setting our 
spectrometer can measure tx's that travel 

I

with 0.75 
of the longitudinal rapidity of the projectile. We 
detect invariant masses in the Tr+p  system from 
1.17 to 1.48 GeV/c with a resolution of about 3 
MeV. Since the width of the free (1232) is 115 
MeV, we have more than adequate resolution to de- 

termine if the width of the A produced in the 
heavy-ion collision decays with a width smaller 
than that of the free E. 
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LOW ENERGY PION PRODUCTION AT 00  WITH HEAVY IONS FROM 80 to 400 MeV/NUCLEON* 

H. Bowman, J. G. Ingersoll, J. 0. Rasmussen, J. P. Sullivan, M. Koike,t W. Benenson* G. Bertsch,t 
G. M. Crawley,1 E. Kashy,1 J. A. Nolen, Jr.,t M. Sasao, J. Peter,11 and T. E. Ward 

There has been much speculation in recent 
years on the possibilities ofyariety of quali-
tatively new nuclear phenomena' 	which may be 
observable with the pions produced in heavy-ion 
collisions. Detailed studies of pion production 
in such collisions with beam energies below 1 
GeV/nucleon are currently being carried out by 
several groups 5-8  to quantify the pion production 
reaction mechanism and possibly to discover one 
of these new phenomena. Here we present results 
from an experiment designed for pion measurements 
in a kinematic regime not previously investigated 
in heavy-ion experiments, namely, pions emitted.at 
00 with near-zero kinetic energy in the center-of-
mass and projectile frames. 

The 1800  magnetic spectrometer used in this 
work has permitted measurements of both r' and 1-

emitted with kinetic energy between 34 and 155 MeV 
in the lab system. At 400 MeV/nucleon this includes 
pions emitted with energies well below the Coulomb 
barrier in the center-of-mass and projectile frame. 
An unexpected result of these measurements is the 
very sharp and large anomaly in the ir/ir+  cross-
section ratio at the projectile's velocity (i.e., 
60 MeV pions for a 400 MeV/nucleon beam). Addi-
tional results made possible by this apparatus 
include quantitative measurements of pion produc-
tion cross sections at heavy-ion beam energies much 
lower than previously possible, far below the thres-
hold for pion production in free nucleon-nucleon 
collisions and even below the threshold for nucleon-
nucleous collisions. Spectra of 7r' and it-  have 
been recorded at 00 for Ne + NaF at five (average 
in target) beam energies from 80 to 400 MeV/nucleon. 
Some data were also taken on Cu and U targets and 
at angles out to 300. 

In conclusion, data on pion production in 
heavy-ion collisions covering a new kinematic 
region have been presented. A sharp peak in the 
relative ir to ¶ yields at the projectile velocity 
has been observed. Preliminary results of further 
experimental work show that this peak appears at 
the projectile velocity for 300 and 500 MeV/A neon 
and 557 MeV/A argon beams. Further detailed theo-
retical and experimental studies of the new peak 
may yield valuable information about the microscop-
ic structure of the heavy-ion interaction region. 
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D. ISOTOPES PROJECT, ATOMICS PHYSICS, 
AND OTHER PROJECTS 

ISOTOPES PROJECT* 

E. Browne, J. M. Dairiki, C. M. Lederer, and V. S. Shirley 

The Isotopes Project compiles and evaluates 
experimental nuclear structure data and develops 
compilation methodology. Since the comp]etion of 
the 7th edition of the Table of Isotopes 1  in 1978, 
the Project has been operating as part of the 
closely-coordinated U.S. Nuclear Data Network 
(NDN), organized in 1976. Authorship of Nuclear 
Data Sheets for the mass regions A = 146-152 and 
A = 163-194 has been assigned to the Project as 
a principal responsibility, all mass chains to be 
updated on a four-year cycle. 

The evaluation of nuclear structure data for 
all nuclei with mass number A = 163 has been 

4 
4 

'; ._(_; 

• c 	'  

completed and will soon be published in Nuclear 
Data Sheets. The evaluation of data for four 
more mass chains, A = 190-193, is well underway. 
In addition, mass chains A = 188, 189, 174, and 
169 are scheduled for completion in 1979. 

Figure 1 shows a copy of the Nuclear Wallet 
Cards, 1  produced by the Project in 1979, on behalf 
of the NDN. This 84-page "shirt-pocket" booklet 
contains tables of nuclear properties, elemental 
properties and energy conversion factors. The 
data presented in the nuclear properties table 
are adopted values from the 7th edition of the 
Table of Isotopes. 1  Data for each isotope include 
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Fig. 1. The Nuclear Wallet Cards in use. 	 (XBB 797-9920) 
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A=80 80 Ga 	(NUC1. Data 15, 28(,1975))
79  

9.90(yu) 	 32Ge 

10 	 92% o. 	29s 
/3- 	 o+ 106m 

80 Ge 	l() 16 S 	 1* 	

8%/
Sr 

2637 	33As 	- 	 . 	 [Rb 
5- 	85.90 4,42 h 	/3+ 	 QEc 1.80lsy,l 

L 	 a- 5.70 	
1* to 	

17.6 m 

4 	 / Br \ 	
20 

1 r 	 C 
I . 	 /3+26% 

a. 	 2006 U 	 0* 

- 	 80 	° 18703 20 	 80., ECe 	 36,r 

80,- 

t1,2 1.66 2 5 

?: 8,8n 
A: -59.53(syst) 

Prod: fission 

80,-. 
32 

t112: 29 s 

5: -69.43 31 

	

Prod: fission 	
a 

y: Energy Intensity 

	

(key) 	(%) 

	

110.4 4 	6.0 3 
265.6 4 25 
782.3 4? nO.8 

	

937.2 4 	4.0 4 

	

1014.0 4 	2.5 5 

	

1116.0 4 	2.6 4 

	

1256.1 4 	3.1 4 

	

1564.3 4 	4.5 4 
a) Quoted uncertainties 
refex to relative intensi 
ties; 40% additional un-
certainty applicable to 
absolute intensities. 

Average energies: 
<E 	>: 280 116 

(a) 

As 33 

t112: 16 s 

5: -72.06 30 
Prod: °° Se(n,p), fission 

8: Energy 	Intensity 
(key) (%) 

1970 300 0.1 
2090 300 0.2 
2680 300 1.0 
2860 300 0.2 
2930 300 0.3 

.3180 300' 1.2 
3390 300 .7.1 
3740300 1.3 
3830 300 4.2 

- 
. 4220 300 0.5 

.4250300 '0.9 
5030300 27 
5700 300 56 

y: Energy Intensitya 

(keV) 
32.1.2 	5? 5.5 1 
666.22 42 
782.4 5 0.80 17 
908.7 5? 0.71 	13 
811.3 5 0.46 17 
861.6 4 0.76 8 

1064.7 5 0.13 4 
1207.2 2 '4.7 	4 
1294.1 4 1.0 	1 
1415.9 5 0.08 4 
1422.7 5? 0.04 4b 
1448.8 5 1.0 	1 
1633.3 5? 1.2 2b 
1645.4 2 8.0 4 
1847.8 5 0.9 2 
1960.1 5 0.38 
1968.8 5? 0.13 8 
2156.9 5 0.08 4 
2357.8 5 0.9 2b 
2461.3 5? 0.2 	1 
2514.0 5 0.17 8 
2598.1 5? 0.13 8 
2774.2 10 0.3 1 
2836.2 10 0.25 8 
2940.3 10 0.08 4 
3024 2 0.08 4 
3060.8 20 0.04 4 

80 As (Continued) 

Quoted uncertainties 
refer to relative in-
tensities. 

If isotopic assign-
ment is correct; y ray 
could alternatively be 
assigned to 82As. 

Average energies: 
643 

<E _>: 2308 
e 

Fig. 2a,b,c. Sample layout for mass chain A = 80, illustrating the proposed format 
for the Radioactivity Handbook. The Handbook will be ordered by mass number (A) and 
subordered by atomic number (Z). Each mass chain will consist of a mass-chain decay 
scheme, tabulated data (with uncertainties) for each isotope, and a decay scheme for 
each parer)t isotope. 

(a) XBL 798-10773; (b) XBL 798-10774; (c) XBL 798-10775A 
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8O r 

LI/s: 17.6 m 
P 91.7%, e 5.7 3%, 

2.6 2% 
5: -75.8910 36 

Prod: 79 Br(n,y), daughter 
8 omBr , 79 Br(d,p) 

: Energy Intensity 

	

(key) 	(%) 

	

686 11 	0.192 

	

750 11 	0.313 

	

1390 11 	6.2 6 

	

2006 11 	84.9 7 

Energy Intensity 

	

(key) 	(%) 
848.3 20 2.6 2 

y: 	Energy Intensitya  Decay 

	

(keV) 	(%) 	mode 

	

616.2 5 	6.7 

	

639.4 2 	0.24 2 

	

666.2 2 	1.1 2 	e~ P 
677.0 10? 0.008 2 
687.4 10? 0.012 3 	- 

	

703.8 2 	0.19 3 	P + 

782.4 5? K0.013 

	

811.3 5 	0.033 7 c+ 

	

1256.1 4 	0.0677 	P 

	

1338.5 8 	0.020 7 	P 
1448.8 5? KO.016 

a) Quoted uncertainties 
refer to relative intensi-
ties; 9% additional un-
certainty applicable to 
absolute intensities. 

Other radiations: 
Radiation Energy Intensity 

(key) 	(%) 
Se Auger-L 	1.32 	7.0 7 
Se Auger-K 	9.67 	2.2 2 

Se LX 	1.38 	0.1 
Se K X 	11.18140 2 0.9 1 
Se K 2 X 	11.22240 2 1.8 3 

Se K0X 	12.5 	0.4 1 
+ P 

5.2 4 

Average energies: 
<E 	>: 8025 

<Ee _>: 718 7 

<Ee+>: 368 28 

17.6 m 

35 r 
R 9177.  

80m r 35 

t 1,,2 : 4.42 1 h 	 - 

?:IT 
5: -75.8051 36 

Prod: 79 Br(n,y) 
y: Energy Intensity 

(key) 	(%) 
37.0522 39.1 8 
48.85 3 	0.324 6 

Other radiations: 
RadiatiOn Energy Intensity 

(key) 	(%) 
Br Auger-L 1.4 	176 35 
Br Auger-K 10.2 	48 5 

K-37 	23.578 	54.0 15 
L-37 	35.270 	6.1 2 
K-49 	35.38 	72.6 26 
M-37 	36.795 	0.95 3 
L-49 	47.07 	22.4 8 
M-49 	48.59 	3.8 2 

Br LX 	1.48 	1.6 4 
Br K X 11.87760 2 23.0 20 
Br Ke2X  11.92420 2 45 4 

CLI 
Br KX 	13.3 	11.0 14 

Average energies: 
<E 	>: 24 1 
Y+x 

<E >: 62 1 
e 

/ 
i'. 

5- 	' 	'4' 65,90 4.42 h 
'6 

2- 	4" 	37.052 

I. 	4 	0 	17.6 m 
80 
3 Br 5 

80v 
36, 

2.27 (atmospheric 
sources; varia- 
tions reported for 
meteoritic sources.) 

5: -77.897 11 
q: 11.5 6 b (to 81 Kr) 

4.6 7 b (to slmK r) 

I, 34 s 

8ORb  
37 

/3 * 

Kr 36 

8ORb  
37 

t1/2: 34 4 S 

: 
5: -72.190 23 

Prod: daughter 80 Sr, 71 Ga( 12 C,3n) 
Energy Intensity 

(key) 	(%) 
3366 20 	1.9 3 
3430 20 	1.9 3 
4070 20 	22 3 
4686 20 	74 3 

y: Energy Intensitya 

(key) 	(%) 
616.2 5 	25 
639.4 2 	1.5 2 
703.8 2 	1.9 2 

1256.1 4 	0.42 6 
a) Quoted uncertainties 
refer to relative intensi-
ties; 12% additional un-
certainty applicable to 
absolute intensities. 

Other radiations: 
Radiation Energy Intensity 

+ 	 (key) 	(%) 
200 

Average energies: 
<E 	>: 1204 188 

.Y+x 
<E 

6
+>:  2072 14 

8ORb  
37 

80 
38.r 

Li/z: 106.3 15m 
?: c92%, 	8% 
5: -70.39(syst) 

Prod: 14N on Ga 	 - 

65 Cu( 2 ONe
,
5n) 80 Y(C+P+ ) 

(Continued) 



Sr. (Continued) 38 

+ 	a Energy Intensity 

	

(keV) 	(%) 
189 	0.04 
225 	0.02 
542 	0.18 
603 	0.26 
778 	7.2 

a) Based on systematic 
decay energy. 

y: Energy In tens i tya 

	

(keV) 	(%) 

	

175.0 5 	10.4 10 

	

235.9 8 	4.3 4 

	

316.0 15 	1.1 1 

	

378.85 	4.34 

	

414.1 5 	3.3 3 

	

553.4 5 	7.0 7 

	

589.0 5 	40 
a) Quoted uncertainties 
refer to relative intensi-
ties; 20% additional un-
certainty applicable to 
absolute intensities. 

Other radiations: 
Radiation Energy 	Intensity 

(keV) 	(%) 

	

Rb Auger-L 	1.68 	100 3 
Rb Auger-K 11.4 	27 1 

Rb LX 	1.69 	1.0 3 
Rb K X 	13.33580 2 	15.7 6 
Rb Ka2X 	13.39530 2 	30.4 10 a1 
Rb KX 	15 	

16 
Average energies: 

<E 	>: 425 94 Y+x 
(c) 	<E>: 198 

spin and parity assignment, mass excess, half-life 
and/or natural abundance (level widths are given 
for particle-unstable nuclides), and decay mode(s). 

Included in the elemental properties table are 
atomic weight, density, melting point, boiling 
point, and principal oxidation states. 

Primary distribution of the Wallet Cards 
locally and to the nuclear divisions of the APS 
and ACS (about 4500 copies) was supported by LBL; 
the National Nuclear Data Center (BNL) serves as 
the distribution center for additional copies. 

A "Table of Nuclides" (an expanded version 
of the Nuclear Wallet Cards) is being prepared for 
G. Friedlander and E. Maclas, for inclusion in 
the 2nd edition of the textbook Nuclear and 
Radiochemistry. 

A Radioactivity Handbook for applied users 
is one of the planned publications of the U.S. 
Nuclear Data Network. On behalf of the NDN, the 
Isotopes Project will produce this Handbook with 
specifications agreeable to members of the inter-
national network of nuclear structure and decay 
data centers. The Handbook will be produced at 
four-year intervals beginning in 1982. It will 
contain recommended decay data, taken from the 
current version of the Evaluated Nuclear Structure 
Data File (ENSDF). Each mass chain will be refer-
enced to the most recent evaluation in the Nuclear 
Data Sheets, as the source for further details and 
references to the original papers. 

A description and sample format (Fig. 2) for 
the Radioactivity Handbook have been prepared by 
the Isotopes Project, guided by input from U.S. 
network members. This sample material, intended 
as a broad outline for-the cOntents and format, 
has been distributed to all NDN members for comment. 
Comments from Annual Report readers would also be 
appreci ated. 

Footnote and References 

*Former l y  Table of Isotopes Project. 

C. M. Lederer and V. S. Shirley, eds.; 
E. Browne, J. M. Dairiki, and R. E. Doebler, prin-
cipal authors; A. A. Shihab-Eldin, L. J. Jardine, 
J. K. Tuli, and A. B. Buyrn, authors; Table of 
Isotopes, Seventh Edition, John Wiley and Sons, 
Inc., New York (1978). 

V. S. Shirley and C. M. Lederer, eds.; 
E. Browne, J. M. Dairiki, R. E. Doebler, 
A. A. Shihab-Eldin, L. J. Jardine, J. K. lull, 
A. B. Buyrn, J. M. H. Chong, and D. P. Kreitz, 
Nuclear Wallet Cards, produced by the Isotopes 
Project on behalf of the U.S. Nuclear Data 
Network (1979). 
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- HIGH ORDER CORRECTIONS TO CERENKOV RADIATION* 

M. H. Sàlamon,t S. P. Ahlen,'t and G. Tarlét 

The classical formula for Cerenkov radiation" 2  
has been well established for singly-charged parti-
cles 3  and predicts a Z 2 e 2  charge dependence for 
particles with Z > 1. However, higher order quantum 
electrodynamical calculations 4  suggest the existence 

of Z4e4  contributing terms as well. The presence of 
such additional terms, if confirmed, could lead to 
serious misidentifications in cosmic-ray experiments 
measuring high Z elemental abundances whici incor-
porate Cerenkov radiators as part of a charge 
identification scheme. 5  

Motivated by these considerations, we exposed 
a variety of Cerenkov radiators to Ne, Ar, and Fe 
beams at the Bevalac. The 600 MeV/amu beam ener-
gies were rapidly varied at the radiator face by 
means of an extremely high-precision, discretely 
variable lead (Pb) absorber. The light emitted by 
the radiator entered a light diffusion box and was 
collected by a single photomultiplier tube (PMT). 
A solid state detector discriminated against those 
ions that had undergone charge-changing nuclear 
interactions in the absorber. PMT drifts were 
compensated by frequent calibration with a constant 
light source, an ' 41Am doped NaI(Tl) scintillator 6  
(temperature variations were controlled to limit 
Nal response variations to<0.4% over all three 
runs). PMT linearity was confirmed using full-
width half-maximum measurements of spectra of a 
light-emitting diode excited by a precision pulser. 

Background contributions to the resulting raw 
Cerenkov response curves were subtracted (these 
included air scintillation, radiator scintillation, 
and others) as well as the Cerenkov component due 
to above-threshold secondary electrons (delta rays) 
excited by the relativistic ion. The residual, 
11 pure' Cerenkov data had relative errors of<1%. 
Regression analysis applied to these data gave 
values for radiator efficiency AZ, where Az is 
an absolute efficiency predicted by the classical 
formula to be Z 2 . Deviations of XZ/Z 2  from a 
constant then imply the presence of higher order 
Z contributions to Cerenkov emission. 

The regression analysis values of XZ/Z 2  for 
one type of radiator (the commercial waveshifted 
Pilot 425) 7  were (in arbitrary units) for Fe, 
4.34 ± 0.03; for Ar,4.38 ± 0.03; for Ne, 4.32 ± 
0.04. For a nonwave-shifted type (plain acrylic 
plastic), the values were for Fe, 5.99 ± 0.04; for 
Ne, 5.96 •± 0.04, These values were completely 
(lo) consistent with a pure Z 2  radiation dependence. 

A maximum value for the Z4  coefficient, k, where 

A7czZ 2 (1 + kZ'), was.determined by rejecting the 
j4 contribution hypothesis at the 5% si9nificance 
level. This produced kmax = 4.00 x 10, which 
gives a .2.7% contribution to the Cerenkov signal 
for Z = 26, and a 34% contribution for Z = 92. 

In conclusion, the data are consistent with 
a pure Z 2  dependence, although significant higher 
order contributions to Cerenkov emissions at very 
high Z cannot be ruled out. 
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RANGE AND STOPPING-POWER TABLES FOR 0.2 to 12.5 MeV/NUCLEON HEAVY IONS 

G. U. Rattazzi,, R. P. Schmitt, G. J. Wozniak, and L. G. Moretto 

With the advent of accelerators capable of 
producing beams of particles from throughout the 
periodic table, there is a growing need for accur-
ate range-energy data. In addition, there is also 
a strong need for empirical or semi-empirical 
formulae which reproduce the experimental data 
over broad ranges of energy and of atomic numbers 
of both the incident heavy ion and stopping 
iedium. Such relationships would be very useful  

for correcting the energies of heavy fragments 
produced in deep-inelastic collisions for energy 
losses in the target and in the entrance windows 
of heavy-ion gas telescopes. Furthermore, such 
a formula would be useful in identifying the atomic 
numbers of the heavy fragments from their energy 
loss in AE counters. We have attempted to construct 
such a formula using recent experimental data.'2 
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Recent stopping pgwer 	asurents fQr  0.2- 
3.5 MeV/nucleon 1 F, 	'Al 	and 	Cl in 
Ti, Fe, Ni, Cu, Ag and Au; and 4OAr, 84Kr, 13 6Xe, 
and 23 U impinging on C, Al, Ag, Au and Bi have 
shown significant discrepancies when compared 
with the calculated values of Northcliffe and 
Schilling, 3  particularly for light stopping 
media, heavy projectiles, and low energies. 
The discrepancy reaches 30% for Kr ions degraded 
by Al and C, the calculated stopping power 
being too low. Hubert et al.' were able to 
reproduce the experimental data in the energy 
range 2.5-12 MeV/nucleon for projectiles up 
to "-'3Rh. However, their empirical formula 
giv 	a discrepancy of up to 100% for U impinging 
on 1 C at energies of the order of 1 MeV/A. 
Since the energy corrections are most important 
for heavy projectiles impinging on very light 
materials (polypropylene), we decided to search 
for a more general formula. Different semi -
empirical expressions have been proposed'' 6  
for the dependence of the effective charge on 
velocity. Most of them are of the following type: 

ii Zl = zi [1 - D exp (-V/V0  Z1B)] 	(1) 

with V0 = e2/h = 2.188 x 108 cm/s, where 0 and B 
are adjustable parameters. By fitting the experi-
mental data, we obtained the following parameters: 

Ii = 1.0 - A(Z) exp (-0.857 Vr) 	 (2) 

with 

A (Zi) = 1.124 - 0.237 exp (-0.024 Z1) 	(3) 

and 

Vr = V/ (V0Z1 0.645)  

As a starting point we determined a set of effec-
tive charge parameters for protons, alphas and 
heavy ions at the same velocities. We also 
assumed that: (a) the variation of Yl with 
respect to stopping medium and velocity are 
independent; (b) the variation ofi vs the 

ced velocity is well reprodu 	by Eq. (2); (c) 
the effective charge for ce's with an energy 
>3 MeV and protons with energy >200 keV lays 
between 0.99 and 1.00; and (d) as shown by 
Ward et al. that 7  

(d/E/dx) 	= 4 12/Yp2 (dE/dx) p. 

Assumption (a) enables us to write the effective 
charge parameterization as the product of two 
factors: 

11,2 = F (Z1, Z2) x Y  

By using the assumptions given by Hubert et al., 
we obtained a fit to the experimental F values 
with the function: 

F(Z1, Z2) = Al + A2 Z1 Z2 + A3 Z1/Z2 + A4 z12Z2 

= A5 Z1 2/Z2 

where 

Al = 0.981 

A2 = -0.239 x 10 4  

A3 = 0.795 x 10-2 

A4 = 0.788 x 10-7  

A5 = 0.103 x 10-3  

The stopping power S 2  of a given medium 2 and 
for a given ion 1 was'calculated from that of 
medium 2 for a particles (same E/A value) 
denoted by Sa2  using the following equation: 

S,2= Sc,2 (11,2 Zl) 2/(1cx Z) 2  

where Ya  was calculated by using assumption (d). 
The terms S 2  an S 2  were derived from a recent 
literature sarch fo all available experimental 
values of stopping powers of 4Heand 'H ions in 
materials. By comparing our tables with the 
experimental data available we were able to 
reproduce the experimental data within the 
experimental errors for heavy ions like Xe and 
U on light targets like C and Al. In almost 
all cases the calculated values agree with 
the experimental data within 10%. 
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COUPLED CLUSTER FORMALISM APPLIED TO ELECTRON CORRELATIONS 
AT METALLIC AND LOW DENSITIES 

R. F. Bishop*  and K. H. Lührmann 

The coupled cluster formalism 1  which expresses 
the many-body problem in terms of a coupled system 
of nonlinear equations for particle-hole excitation 
amplitudes S, has been applied to the electron gas. 
The basic simplicity of the Coulomb interaction is 
one of the reasons for studying this system, in hope 
that other systems with more complicated long-range 
components will share some of its properties. At 
the end of this article it is, e.g., mentioned that 
indeed the techniques developed here for electrons 
immediately can be applied to quark matter. In a 
previous study2  the authors had shown how to obtain 
the well known RPA results in the coupled cluster 
formalism. Further in Ref. 2 we wrote down the 
SUB2 equations, which must be considered for inter-
mediate and low densities. 

A straightforward numerical solution of the 
StJB2 equations (which are obtained from the exact 
coupled system of equations by neglecting S3,S4,...) 
would certainly be at the limit of present day 
computers. We therefore made the following further 
approximation for the amplitude Sk12 (q) 

(which depends on the "inital" momenta ki,  k2 
inside the Fermi sphere and on the momentum 
transfer q, such that the "final" momenta are 
k+q, k-q): 	 -- 

S2k1k2(q) + S2(q) I H*O(k,q) IH-O (k2,-) 

1, if 1k I < kE and 1k + q I > kF 

0, otherwise 	 . 	(1) 

Neglecting the explicit dependence on the "inital" 
momenta, we keep the following important exact 
property of S2: "final states" are not allowed to 
lie inside the Fermi sphere (Pauli principle). In 
the case of the RPA + RPAEX approximation (compare 

Ref. 2), we are able to check the accuracy of (1) 
by comparing with exact solutions. In the range 
of metallic densities the error in the energy was 
never larger than 1.4%. There seems to be- no 
reason why this result, which is much better than 
one normally would expect, should not hold for all 
other terms we have included. 

In Table 1 we shOw correlation energies for 
different terms of the total SUB2 equations in-
cluded. The numbers for the inclusion of exchange 
effects in addition to the RPA RPA+EXCH) differ 
slightly from those of Freeman, but only because 
we include additional terms. In the next column 
we show the results for taking also particle-
particle ladders. (LAD) into account. Comparing 
with Lowy and Brown, 4  who also include the corres- 
ponding effects in a rather different formalism, we 
find differences that again can be traced back 
mainly to different treatments of exchange. In 
the fourth column of Table 1 ourfinal results are 
shown. There is good agreement with Monte Carlo 
calculations of Ceperley. 5 ' 6  

In the low density regime (r 5 ) one would 
normally not expect to obtain reasonable results 
in our translational invarient description, because 
it is well known that the electrons should crystal-
lize at sufficiently low densities (Wigner lattice). 
The binding energy is then given by 

E =•• 	B 
iT 	rs 	

r53"2 

A = - 1.792, B =2.65. . 	 (2) 

It however turns out that the low density behavior 
of (2) is reproduced, if we include the HP term 
(compare Ref. 2), whichintroduces.a kind of 

Table 1. Correlation energies for metallic densities (all.entries negative). - 

rs 	- RPA 	RPA+RPAEX - 	RPA+RPAEX+LAD 	SUB2 RPA+RPAEX 	MONTE CARLO 

- 	- 	 +LAD+HP+PHA 

1 	0.158 0.123 0.113 - 	0.123 	- 0.122 

2 	0.124 0.0930 - 	 0.0810 0.0917 0.0874 

3 	0.106 0.0779. 0.0646 0.0751 0.0722 

4 	0.0936 0.0682 0.0543 0.0644 0.0624 

5 	0.0849 0.0612 0.0471 0.0568 0.0550 
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average field into oUrequations. In case of-the. 
RPA + HP approximation we obtain A = -1.6, B = 1.0. 
A detailed analysis of this result shows, that it 
can indeed be regarded as a strong indication for 
having obtained a translational invariant descrip-
tion of a solid. 

The results presented above led to the follow-
ing projects: 

(1) Calculation of one- and two-body density 
matrices for metallic densities. For the one-body 
density matrix we are in good agreement with Monte 
Carlo calculations. 6  For the two-body density matrix 
that is not the case so far. 

• 	(2)j The results in the low-density limit led 
to an attempt of a direct calculation of simple 
metals based on a Hamiltonian, which potential 
energy parts is the sum of electron-electron, 
ion-ion and electron-ion two-body interactions. 
The computer program for this has now been written 
and tested. Slight modifications allow the applica-
tion to the problemof electron-hole droplets. - 
Further we learned recently, 7  that with different 
modifications the program can be applied to calcu-
lated properties of quark matter. Preliminary 
calculations look promising. 
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COSMIC RAY COMPOSITION STUDIES ABOARD ISEE-3 

F. S. Bieser,*  H. J. Crawford, D. E. Greiner, H. H. Heckman, P. J. Lindstrom, and M. E. Wiedenbeck 

During the past year the Heckman/Greiner 
group's cosmic ray experiment 1  was launched aboard 
the ISEE-3 spacecraft to study the isotopic compo-
sition of the galactic cosmic rays in the charge 
range 1 i< Z < 28 and covering energy intervals 
lying between 30 and 500 MéVfamu (depending on 
charge). This instrument, relying on the LE-E 
particle identification technique commonly used 
in nuclear physics, incorporates large Si(Li) 
detectors developed at LBL. 2  The excellent thick-
ness uniformity and negligible dead layers of 
these detectors make possible mass resolutions 
better than 0.25 amu (rms) for iron nuclei of 
known incidence angle. Drift chambers are used 
to measure the incidence angles of individual 
particles in the isotropic cosmic-ray flux. 

Since the launch, data have been collected at 
a rate of approximately 7000 heavy (Z > 2), stop-
ping events per week. Analysis of these data i-s 
proceeding with initial emphasis on the elements 
carbon throygh neon. By using the large samples 
of 12 C and IbO (the most abundant heavy species 
in the cosmic rays), the instrument calibration 
has been improved to the point where we are able 
to individually résdlve all isotopes of these 
elements except the rare species"O and 2 Ne. 
We have found that the 22 Ne/ 20Ne ratio is substan-
tially larger than that observed in the solar 
system material--evidence that the pool of material 
from which the cosmic rays are accelerated is 	- 
compositionaly different from the interstellar 
material which condensed to form the solar system. 

Preliminary reports of thiswork, as well as work 
on the isotopic composition of cosmicray carbon,-
nitrogen, and oxygen, have been presented at the 
April meeting of the American Physical Society 3  
andat the 16th Interhationál COsmic Ray Conference 
held in Kyoto, Japan, in August 1979 4' 
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CONSTRAINTS ON GALACTIC CHEMICAL EVOLUTION FROM ELEMENTAL ABUNDANCES 

G. J. Mathews 

In this work the constraints on galactic 
evolution from elemental abundances are reviewed 
in the light of recent work on the time dependence 
of the 9Be abundance. It is found that a sur-
prisingly narrow range of models is consistent 
with available constraints and these observations. 

Some of the most stringent constraints on 
galactic chemical evolution can be derived from 
two groups of elements: C, N, and 0 (Z-elements), 
and Li, Be, and B. The Z abundances are of course 
useful because they are products of various stages 
of the thermonuclear burning in stellar interiors 
and hence are monitors of stellar activity. Li, 
Be, and B, on the other hand, are largely bypassed 
during thermonuclear burning, and are generally 
thought to arise (with the exception of 'Li) from 
the breakup of heavier Z nuclei by the interaction 
of cosmic radiation with the interstellar medium. 
Hence, these nuclei depend not only on stellar 
activity but also on the history of the interstel-
lar medium and cosmic-ray activity. The models 
considered here are those with no radjal mixing 
in which the rate of star formation, N(Mv), can 
be separated into a time dependent and a luminosity 
(or mass) dependent part, i.e., 

	

1(tMv ) = f(t)4'(M v ) 	. 	 (1) 

Where f(t) is an overall rate of star formation and 
P(Mv) (called the initial mass or luminosity 
function) describes the distribution of all stars 
ever formed with main sequence luminosity Mv. 

The final assumption which defines the model 
is that the rate function, f(t), depends on some 
power of the average mass of interstellar gas, 
MG(t), 

	

f(t) ctMG(t)n . 	 (2) 

Within the rnge of available input parameters 
and constraints 2  three cases are considered: (1) 
a fairly slow rate of stellar activity 6=1) and no 
infall of extra galactic matter; (2) a "best quess" 
with n = 1.5 and an infall rate of 20% of the mass 
in the solar neighborhood per 10 1Oyr; (3) a fairly 
rapid rate of stellar activity (n = 2) banced by 
a fairly hefty rate of infall (40% per lOiuyr). 

If the growth of Z is strictly monotonic then 
a plot of the fraction of G-K white dwarfs with a 
metallicity below Z is equivalent to a plot of the 
integral of the rate function, f(t) (normalized to 
unity) vs Z(t)/Z(1). This is plotted in Fig. 1 
for the three cases specified above. A smooth 
average of the data is indicated by the heavy line.  

stellar activity such as case (1). Nevertheless 
two possible scenarios remain. One is that indeed 
the low rate of star formation is correct but that 
normal galactic evolution was somehow preceded by 
an inital prompt enrichment of metals, perhaps 
due to some pregalactic phase. Another scenario 
is that higher stellar activity along with infall 
of extragalactic matter is appropriate, cases (2) 
and (3). The discrepancy at higher fractions for 
cases (2) and (3) is not significant and would line 
up with the data if truly plotted as the number of 
stars rather than the integral of f(t), also if a 
distribution in Z were folded in. 2  

A morestringent constraint has recently be-
come available from the abundance of Be. Unlike 
Li, Be should survive on the surface of stars less 
massive than about 3M . Sincethese stars can have 
ages (which can be determined) of the order of the 
age of the galaxy, a plot of the Be abundance as a 
function of stellar age provides a unique picture 
of galactic history. 

If Be is produced by the interaction of cosmic 
radiation with the interstellar medium then the 
rate of change of the Be abundance can be written, 

(t)=(1) 	LL 

	

(1) 	Z(1) 

- x (t) Z (1(Mv ))E(t,MV) + R(t) 

(2) 

Where (1) is the presept production rate of Be 
by cosmic-ray activity, E(t,Mv) is the rate of 
ejection of material from stars and (M v) is the 
fraction of Be not destroyed. 

I 

Data 

a 

S.- 

4Lo 0.4 

0.2 

O 	
0:2 	0:4 0:60:81.0 

Z(t)/Z(I) 

A well known peculiar aspect of the data is 	Fig. 1. The fraction of G-K white dwarfs with a 
the scarcity of metal-poor stars. 2  This would seem 	metallicity less than Z. See text for an explana- 
to rule out models with a relatively slow rate of 	tion of the various lines. 	(XBL 797-2123) 
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Hence, the cosmic-ray time dependence (t)/(1) can 
be taken from the rate of stellar deaths of stars 
more massive than about 3M® . 

Final Be abundances calculated for the various 
cases are suemarized in Fig. 2. The surprising 
result is how difficult it seems to be to reproduce 
the observed Be abundance which apparently has not 
varied by more than a factor of two in the past 
1010 yr. 	Even the best guess parameters seem to 
over-predict Be nucleosynthesis, and the only 
scenario which seems to emerge is that of an 
extremely violent inital epoch of star formation 
followed by a rather calm history in which the 
rate of nucleosynthesis is cancelled by the rate 
of infall of extragalactic matter. 

3 

 

 

0.5 	1.0 
t (I0 1 y) References 

Fig. 2. Calculated Be abundances as a function of 
galactic age. The upper and lower curves corres-
pond to extreme limits on incomplete and complete 
Be destruction in stars. The data are indicated by 
the cross-hatched area. 	 (XBL 797-2124) 
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A. NON-RELATIVISTIC 

DROPLET MODEL THEORY OF THE NEUTRON SKIN* 

W. D. Myers and W. J. Swiatecki 

The Droplet Model theory of the neutron skin 	amount and leads to the following structure for 

is reviewed and compared with recent experimental 	the Droplet Model prediction for the magnitude 

evidence and with results of Hartree-Fock calcula- 	of the neutron skin thickness of a large spherical 

tions, as reported in Ref. 1. 	 nucleus with a relative neutron excess I: 

Speculations on a possible neutron enrichment 
of the nuclear surface (or, equivalently, on a 
larger radius for the neutron distribution than 
for the proton distribution) go back many years. 
Various more or less reasonable arguments for 
such an effect had been advanced, but a reliable 
estimate for its magnitude was, for a long time, 
not available. Such an estimate required, first, 
the isolation of the dominant physical elements 
governing the formation of a neutron skin and, 
second, the incorporation of those elements in 
a self-consistent, quantitative theory. 

According to the Droplet Model of average 
nuclear properties (see Refs. 2-4), the physical 
elements governing the formation of a neutron 
skin are very simple. Thus, the well-known pre- 
ference of bulk nuclear matter for symmetry, i.e., 
for equality of the neutron and proton densities, 
will, in the case of a nucleus with a neutron 
excess (N > Z), provide a driving force trying 
to push the excess neutrons out of the bulk region 
and into the surface. (The electrostatic energy 
associated with the protons will reduce this 
tendency by trying to increase the radius of the 
proton distribution.) The resulting driving force 
is resisted by the nuclear surface energy which, 
in its turn, is also happiest when conditions 
in the surface are symmetric, i.e., when there 
is no neutron skin. These opposing tendencies 
result in a compromise in which, for most nuclei, 
the ratio of the neutron-to-proton densities in 
the bulk is somewhat less than the ratio of N 
to L, and the effective neutron surface is somewhat 
outside the effective proton surface, thus leading 
to a neutron skin with some effective thickness, 
t, say. 

The strength of the bulk driving force is 
characterized by the nuclear symmetry-energy 
coefficient J, and so for a nucleus with a relative 
neutron excess I [equal to (N-Z)JA] the driving 
force will be proportional to JI. The resistance 
of the surface energy against the formation of 
a neutron skin is characterized, in the Droplet 
Model,by an effective surface stiffness coeffi-
cient Q. It follows that for a nucleus with a 
skin thickness t the force resisting skin growth 
will be proportional to Qt. 

The inclusion of the e1ectrotaiç energy of 
the protons (equal to about c1 Z/AUli) reduces 
the driving force ii by a readily calculable 

JI  - -' - C ZA 113  
t 	- r 	 1/3 	

(1) 

This equation correctly predicts that as Q 
tends to zero and all the excess neutrons are 
pushed into the surface, t tends to tmax (for 
an uncharged nucleus). Without the second term 
in the denominator of Eq. (1) the value of t 
diverges as Q goes to zero. 

The evidence for a neutron skin that is becoming 
available is usually presented not directly as 
an estimate of t but as an estimate of the dif-
ference between the RMS radii of the neutron and 
proton density distributions (see Ref. 1). 
Denoting this difference by LRMS one may derive 
the following expression relating this quantity 
to the neutron skin thickness t: 

b2 -b2 	2 \ 
ARMS = 4_/5 (t + _Z R 	70 7

(2) 

This e,pLession consists of a (usually dominant) 
term /315 t and two jusually smaller) contribu-
tions. The factor /3/5 simply reflects the 
circumstance that the RMS radius of a sharp - 
sphere is related to the radius R by RMS = /3/5 R. 
The middle term takes account of the diffuseness 
of the neutron and proton distributions. If the 
neutron and proton surface widths are assumed 
equal the diffuseness correction in Eq. (2) drops 
out. The last term is a correction for the 
redistribution of the proton and neutron densities 
caused by the electrostatic repulsion. 

We shall take the following values for the 
nuclear parameters (see Ref. 4, p.5): 

r = 1.18 fm(so that, with 
e2  = 1.4400 MeV fm, we 
have c, = 0.7322 MeV) 

') =36,8MeV 	 (3) 

q 	l7MeV 

- b1  0 
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Table 1. Differences between neutron and proton RMS radii and the thickness t -ofthe 
neutron skin (in fm).a 

Different experl- 	
Droplet Model 	Droplet Model with Q = 24 MeV 

= mental estimates 	Hartree-Fock 	
with Q 17 MeV  

Nucleus 	of ARMS 	 ARMS 	 ARMS 	t 	ARMS 	 t - 	 ARMSHF 

160 -0.002, -0 -(0.02-0.03) -0.0088 -0.0069 -0.0081 -0.0060 0.32 

40Ca -0.04,-0.04,-0.03, -(0.04-0.05) -0.0205 -0.0153 -0.0188 -0.0131 '-0.42 
-0. 03,-0. 07 

48 
0.19, 	0.16, 	0.17, 0.18-0.23 0.1911 0.2579 0.1612 0.2193 0.79 
0 21 	0 19 - 	- 	- 	-  
0.1P±0.03 - 

90Zr 0.13, 	0.09 0.07-0.12 0.1197 0.1768 0.0971 0.1477 1.02 

116 
Sn 0.13 	- 	- -- 	0.12 0.1579 0.2318 0.1272 0.1922 1.06 	- 

124 
Sn 0.22 0.21 0.2440 0.3429 0.1982 0.2838 0.94 

208Pb 0.21,0.21,0.08, 0.20-0.23 0.2717 0.3966 0.2150 0.3234 - 1.00 
- 0.21,0.18 - 	- 

aunless otherwise noted all data are from Ref. 1. 	 - 

	

From Ref. 6, 	 - 

	

The Droplet Model prediction for the difference 	Table 1 also shows the Droplet Model preditions 
between the RMS radii of the neutron and proton 	for ARMS and t when Q is increased to 24 MeV. - 
distributions follows as - 	- 	 - 	(A value of 21.5 for Q was proposed in Ref. 5, - 	- 	 - 	

- 	which is - based on a careful study of the valley. 
of f3-stability.) The last column gives the ratios 

ARMS 	0,7746 t - (0.000433 fm) Z , 	(4) 	of these ARMS values to typical Hartree-Fock 

	

- 	 - 	 predictions (taken to be numbers in the middle 

	

- 	- 	
of the range of the reported HF values.) For 

with 	 the heavier nuclei the correspondence is close. - 

t 	3.8315 	
- l"3 	fm . 	(5)- - - 	

- 	1+4.8706 A / 	 - 

	

Table 1 is.. based on'the recent compilation. 	- 
given in Ref. I. There are altogether onl5'séven 
nuclei (all magic) for which experimental estimates 
of ARMS are reported and the uncertainties in 	- 
themeasurements and -interpretations are con- 
siderable. 	 - 

The-Drop -let--Model predictions with Q = 17 MeV 
shown in able 1 give small negative values for 
ARMS in 1  0 and 4UCa, and positive values for 
th other nuclei (up toamaximum of 0.27 fm for 
20°Pb). The order'of magnitude is that of the 
reported experimental estimates, but if the 
experimental numbers are taken at face value, 
the theoretical predictions appear to be somewhat 
high. The same is true of the relation between 
the Droplet Model predictions [withthe parameter 
set given by Eq. (3)] and the Hartree-Fock cal-
culati ons. 	 - 
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DYNAMICAL, MONTE CARLO CALCULATIONS OF NUCLEON TRANSPORT 
DURING HEAVY-ION COLLISIONS 

G. D. Mathews, J. Randrup, and L. G. Moretto 

In order to understand the transport processes 
which may occUr during the coiliionof two-heAVY  
nuclei, it is important to properly coUpl'e"the' 
equations describing mass transport with the rest 
of the equations of motion for the system. 
Although the mean trajectory approach 1  provides 
useful insight into some aspects of the colliibñs' 
process, one would like a morecomplete picture' 
of how the energy and mass exchange depend upon 
the detailed history of an event. In a previous 
annual report2  a discussion was made of a statisti-
cal Monte Carlo method for coupling the equations 
of motion to the one-body dissipation associated 
with discrete nucleon exchange. Since that, time 
the code has been improved in numericaT accuracy 
and expanded to include separate proton and 
neutron degrees of 'freedom. The fluctuations due 
to Fermi motion of the nucleons, and several forms 
for the transition probabilities,have also been 
introduced. A detailed discussion'of the present 
model and its implications will appear in a forth-
coming paper. We review here some of the features 
which have emerged from recent calculations. 

One, interesting feature is the motion of the 
system toward N/Z' equilibrium. In Fig. 1 we show' 
the average N/Z ratio calculated as a function 
of time for the 280-MeV 40Ar + 58Ni reaction.  

Experimentally3  i.t is known that the (N/Z) equili-
bration occurs i.n about 10-22  sec. It is 
interesting .that'the simple statistical calculation 
reproduces this time scale without the need for 
introducing the charge to mass ratio as an 
elementary deg,ree of freedom.' 

In Fig. 2 we show the calculated and experimen-
ta1 4  variance of the cIrge diribution vs energy 
loss for the 1130-MeV 	6Xe.+ 09Bi  reaction. 
Here we see that the experimental ,trend is repro-
duced although this simple two-spheres model for 
the nuclear shapes is unable to reproduce the 
large dispersions or energy losses observed in 
the data. 

This conclusion is also apparent in Fig. 3, 
which shows the total angle-integrated charge 
distribution from the 400-MeV 56Fe + 197Au 
reaction.b Here one can see that most of the cross 
section is reproduced, and in particular, the 
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Fig. 2. Calculated and experimental total kinetic 
Fig. 1. The average (N/Z) ratioas 	functipn of, 	energy 'loss. vs the width of the charge distribution 
time for fragments' from 'the 280-MeV '°Ar + 5°Ni ' 	forthe 1130-MeV 1.3 6Xe + 209Bi reaction. 
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Fig. 3.. Calculated and xpériqiptal charge distri-
bution for the 400-MeV 5°Fe + '' Au reaction. 

(XBL 799-2437) 

skewing of the yield to lighter Z's. [This we 
can trace to the (N/Z) equilibration process.] 
The yield of Z's above the projectile which 
presumably is due to long-lived events is not 
reproduced in this model. 

Efforts are currently underway to incorporate 
the neck degree of freedom into the equations of 
motion. This should produce the necessary long-
lived events. Also a systematic investigation 
of the predictions of various forms for the 
transition probabilities is in progress. 
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DAMPING OF THE WAVE PACKET MOTION IN A GENERAL 
TIME-DEPENDENT QUADRATIC FIELD* 

B. Remaud and E. S. Hernandez 1  

The problem of quantizing the damped motion 
of a particle in a quadratic field has received 
considerable attention. A good survey can be 
found in Ref. 1. In this work, we have unified 
previous partial approaches to the subject, in 
order to provide a framework for the study of a 
general time-dependent, quantal oscillator in pres-
ence of a dissipation mechanism. General alterna-
tives are built by means of a proper generalization 
of (a) Kanai's method of quantization, (b) descrip-
tion of the damping via a nonlinear frictional 
Hamiltonian (Hasse), and (c) the same as (b) but 
via Kostin's Hamiltonian. A careful analysis 
allows us to choose the last one as the satis-
factory representation of the quantal problem for 
the case in which the wavefunction is a Gaussian 
wave packet. This restriction is not a very 
dramatic one, since a number of applications can 
be derived on that assumption. 

Our main interest in this report is the study 
of the time evolution of the fluctuations (second 
moments of the Gaussian wave packet) 

x = (( - 	x> ) 2 > 	 (l.a) 

)2>, 	 (l.b) 

(.))}) . 	(l.c) 

More specifically, the coordinate fluctuation x 
is related to the width in the distribution of 
a collective variable, here represented by x. 
Typical realizations for x occur in heavy-ion 
reactions; for example, the description of the 
charge equilibration may be pictured as the 
relaxation of a collective coordinate.placed in 
a quadratic potential. As this equilibration is 
impossible when the ions are far apart (before 
and after the reaction), this suggests that the 
collective variable corresponds to an oscillator 
whose variable mass is infinite at t = 0, reaches 
a finite value during the interaction time, and 
becomes infinite again when the fragments split 
apart. We are going to take a simplified represen-
tation of the above-mentioned situation, namely, 
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Fig. 1. Time evolution of the total energy for 
the oscillator whose mass evolution is described 
in the text. The full, dashed and dashed-dotted 
lines correspond to damping parameters -' 1.99, 
0.25 and 0, respectively. The initial values of 
x and x are 0.1 h and 112 h, respectively, 
(m0  = c 0  = 1). 	 (XBL 798-2637) 

an oscillator with constant stiffness c= 1, a 
constant damping y and a mass given by the law 

ex (T 1 /t-l) 2 	, 0 < tT 1 , 

1 	 , T.tT1 +T 	(2) 

2 

exp( 	

13 

T1+T2+13-t l) ' T
1 +T2 tT1 +T 2+T3 . 

In Fig. 1 we display the time-variation of the 
energy for various damping parameters and typical 
values of the intervals Tl ,  12, 13. The equation 
governing this evolution is 

= -(y4/m) (+p 2 )/m+1,2y/4xm . 	(3) 

For this particular mass law E = 0 for t = 0. 
This feature is clearly represented in Fig. 1. 
Due to the action of the damping on 	and p2 , 
dramatic effects are included in the dissipation 
rate even when th/m is large: the height of the 
plateau is strongly dependent on the value of y, 
and the larger this value, the shorterthe elapsed 
time before reaching this plateau. 

Notice that the final energy is purely potential 
and depends on the final values of fluctuations 
and displacements. In Fig. 1 we see that when 
y= 0, there is a large residual displacement that 
is determined by the history of the system 
(initial displacement, length of the plateau, 
etc.). A sensible amount of damping on a suf-
ficiently long plateau causes x to vanish; 
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Fig. 2. Time evolution of the fluctuation x 
corresponding to the situation of-Fig. 1. 

(XBL 798-2638) 

accordingly, the final energy is given by the 
fluctuations only. These are displayed in Fig. 2. 
We have assumed a small initial width that intends 
to represent a well-localized wave packet. This 
actual value is critical to determine the amplitude 
of the oscillations in the fluctuation. The wide 
oscillations of the undamped case are smoothed 
away by finite y values and disappear completely 
when y  is close to the critical damping. 

For sufficiently, but not too large values of 
damping, the system loses memory of its past 
history in a couple of periods. In that case, 
the whole problem reduces to the study of the 
evolution of an initial ground state, when a per-
turbation in the form of an increasing mass is 
superimposed. 

For smaller amounts of damping, the final 
resultsare much more sensitive to the particular 
selections of the time intervals and initial con-
ditions. 

As a conclusion, we would like to remark that 
since there is no unique quantal description of 
friction, any particular application of dissipation 
models should be preceded by a critical examination 
as we have intended here, for the case of a 
Gaussian wave packet in the most general harmonic 
field. 
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PRESENT STATUS OF THE DIFFUSION MODEL FOR THE EVOLUTION OF HEAVY-ION 
SYSTEMS ALONG THE MASS-ASYMMETRY COORDINATE 

G. S. Mathews and L. G. Moretto 

In an effort to more quantitatively understand 
our data from numerous heavy-ion collisions, a 
number of refinements have been introduced into 
the original diffusion model as proposed by Moretto 
and Sventek, and others. 1 ' 2  Here we briefly 
review some of the more significant changes and 
discuss the influence which some of these changes 
have had on the fits to experimental data. 

The starting point is the master equation, 
which allows one to follow the evolution of the 
population, 0 , of a given asymmetry, z, as a 
function of time: 

= 	rA(t)- A(t)] . 	(1) 
z i 

The macroscopic transition probabilities, Azzi, 
we wr.ite according to the Fermi golden rule as 

= X ZZI p;(E_V) 

where Pz' is the level density of the final con-
figuration z' . The microscopic transition proba-
bility from zto z', 	we now write as 

nap
z 
 (E-V 

z
) 

A 	
- 

	

zz' - 	 + pu(E_\i) 

where n o  is the appropriate one-way flux of 
nucleons and a is the area of the window between 
the fragments. These quantities are taken from 
the one-body proximity formulation. 3  

Experimental data on several systems have 
demonstrated that in addition to the relatively 
slow evolution of the systéni along the mass-
asymmetry coordinate, a rather rapid equilibration 
in the (N/Z) ratio of the system occurs. We 
assume that this degree of freedom is completely 
independent of themass equilibration so that 
we can begin with an effective populatioq of 
asymmetries at t=O given by the solution to the 
Fokker-Planck equation for a harmonic potential 
along the Z coordinate at fixed mass asymmetry, 
i.e., 

	

1 	[Z-Z exp(_t/TNZ)]2 
exp- 	

° 	
. (4) 

°NZ 
NZ 

For the width, °N 	we include both quantal and 
statistical contributions. 4  

The model requires several quantities which 
depend on the details of the dynamics of the  

system at different impact parameters. Besides 
the mean lifetime, these quantities include the 

window area between the fragments, the rotation 
angle of the system, and the scission radius. 
We estimate these quantities by solving the 
classical equations of motion for the entrance-
channel asymmetry. We include the shape evolution 
of the system along with one-body dissipative 
forces in a schematic way. 

To describe the shape evolution of thg system, 
we make use of recent ideas of Swiatecki whereby 
the neck between the two ions is treated as a 
cylinder. While integrating the equations of 
motion we also compute the average quantities 
needed for the diffusion calculation 

x 
=1T 

 x(t) a(t)dt/ 
1T 	

, 	( 5) 

where x may be the overlap of the fragments, the 
excitation energy, or the neck area, etc. 
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Fig. 1. Calculated collision lifetimes as a 

gnctiop Qf incident angular momentum for the Fe + I 9 IAu reaction. The two curves at each 
energy correspond to calculations with and without 
neck formation included as a dynamical degree 
of freedom. 	 (XBL 798-2341) 
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Fig. 2. Calculated and experimental charge dis-
tribution for the 400-MeV bSFe + 197Au reaction. 
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The lifetime of the collision, T(Z), we define 
as the time interval during which the window area 
is nonzero. Trajectories for events corresponding 
to large mass transfer are computed by solving 
the angular equation of motion for every asymmetry 
assuming thatthe average overlap isconstant 
and that the moment of inertia varies linearly 
in time from the entrance-channel valueto the 
final value. Also we take into account as in 
Ref. 6 the asymmetry in the transfer rate. 

The rate of change in the angular momentum 
of the light fragment we wrteas 

= nLHdl 2 
	

nHLdl 2( 002) + d 1 0) . 	(6) 

We use the ansatz of Ref. 6 to estimate the 
transfer rate from the light to the heavy fragment, 
LN°• The solution of the angular equation of 

motion then provides an estimate of the intrinsic 
angular momentum (or y-ray multiplicity) as a 
function of fragmentZ for each impact parameter, 
and also the rotation angle as a function of 
fragment Z. 

Figure 1 shows calculated lifetimes s a func-
tion of incident 9-wave for the 6Fe + 97Au 
reaction at two energies. The important influence 
of neck formation on the system is dramatically 
illustrated by the increased lifetime for low 
R.-waves. The importance of this effect is clear 
in the charge distributions (Fig. 2) which require 
long lifetime events to reproduce the flat distri-
bution above the projectile (Z=26). Also note 
the skewing of the peak near Z=26 toward light  

401MeV 56e  + 197Au 

Z=24 	
Z'22 	

'20 

 30 

Data 

Neck T.\1T 
0 	100 	0 	100 	0 	100 

6 IabeQ) 

Fig. 3. Some representativecalculated and 
experimental angurdisjbution of products 
from the 400-MeV °Fe +. ''Au reaction. 

(XBL 798-2339) 

atomic numbers. This is a direct consequence 
of the inclusion of the (N/Z) equilibration process. 

Finally, in Fig. 3 are shown calculated product 
angular distributions which reproduce the side 
peak in the data as well as the backward angle 
cross sections. The fact that the persistence 
of the side peak is somewhat overestimated, 
however, indicates that some adjustment of the 
lifetime distribution may still be necessary. 

In conclusion, we have seen that several refine-
ments in the diffusion model arenecessary to 
reproduce the data. Although problems still remain 
we feel that the present approach represents a 
substantial improvement in the calculation. 
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DEPENDENCE OF THE CHARGE DISTRIBUTION AT FIXED MASS UPON THE 
VARIOUS ISOVECTOR MODES IN HEAVY-ION REACTIONS 

C. Albiston, G. Mantzouranis and L. G. Moretto 

The charge distribution at fixed fragment mass 
in fission and heavy-ion reactions has been inter-
preted in terms of a virtual excitation of the 
giant dipole mode (El) and/or in terms of a strong 
coupling of this mode with a heat bath of statisti-
cal doorway states. 1  While the statistical 
picture arising from strong coupling predicts 
that the widths should increase with the tempera- 
ture of the system, the zero point mechanism leads 
to energy-independent widths. There is possibly 
contradictory experimental evidence in favor of 
both theoretical possibilities. 

However, up to now only the El mode has been 
considered while the contributions to the charge 
asymmetry arising from the involvement of the 
higher isovector multipoles (E2,E3,...) have been 
disregarded. We decided to investigate these 
contributions in terms of a very simple model. 
We considered a cylinder with radius r and half 
axis a to be divided exactly in half in order to 
simulate a symmetric binary decay. We studied 
the left-right charge fluctuations. The charge 
fluctuations due to the Steinwedel-Jensen mode 
in such a system can be written as 

(n) = - 	sin knx 	 (1) 

with k n =7/2a (2n+l), p the equilibrium density 
of the proton fluid, and a the collective ampli-
tude of the nth mode. 

The potential energy which is associated with 
these density fluctuations, Eq. (1), i.e., the 
restoring force, is given by 

XA 2 
E 0t = 	a fsin 2  kx d 3  x , 	 (2) 

where X is the liquid drop coefficient for he 
symmetry energy. We thus obtain Epot = X a A/8. 

We now want to express the restoring force as a 
function of the total charge excess (left/right) 
which is defined by 

	

foZn = 	ap irr2 sink x dx 

(3) 

	

- 	.aZ 	1 
air 	2n+l 

The potential energy may be written as Epot = 
1/2 CZ 2  with. C = (2n+1) 2  7r 2xA/Z 2 . This is the 
potential coefficient for the various modes. 
We see, in addition, that we have to deal 
with a harmonic oscillation in the coordinate Zn. 
The (classical) frequencies are given by rAinknv 
with v.the velocity in the nuclear fluid, which 
can be shown to be independent of n (dispersion-
less nuceár matter). The partial widths.of the 
m9des a 	= hw/C are thus given by ci 	= 

1/(2fl),V41th °El the width of the El mode. We 

.see.that they décréase With the complexity 
of the mode. Assuming that the amplitudes an 
have random phases we can show that the total 
wjdth asociated with the zero-point motion reads 

= Z a. It diverges logarithmically. 

However, in actual experiments the finite.excita-
tion energy 'provides a natural cutoff for the 
populated modes. Work in this direction is 
in progress. We also want to investigate the 
contribution of the isovector modes in the case 
of asymmetric mass fragmentation. 

Reference 

1. L. G, Moretto, J. Sventek, and G. Mantzouranis, 
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EQUILIBRIUM STATISTICAL TREATMENT OF ANGULAR MOMENTA ASSOCIATED WITH 
COLLECTIVE MODES IN FISSION AND HEAVY-ION REACTIONS*. 

L. G. Moretto and R. P. Schmitt 

The importance of angular momentum in recent 	bilities and angular distributions. 5 ' 6 ' All of 

studies is illustrated by the work on gamma-ray 	these topics have as a major theme the angular 

multipicities,i' 2  gamma-ray angular distribu- 	momentum and its partitioning among several, 

tions, and alpha4  and sequential fission proba- 	though not necessarily yet identified, degrees 
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of freedom. Transport equations have been applied 
with moderate success to the angular momentum 
transfer observed in these reactions. A good 
deal can be learned by considering a very simple 
model, striving to obtain transparent analytical 
results and by considering the long time limit 
of statistical equilibrium, to which all the 
transport equations must tend. 

Variations in the total exit channel angular 
momentum along the mass asymmetry coordinate have 
been observed in nonequilibrium heavy-ion 
reactions.2 In these processes the angular 
momentum fractionation appears to arise mainly 
from the decreasing rate of spread of the popula-
tion along the mass asymmetry coordinate with 
increasing angular momentum due to the dependence 
of the interaction time upon angular momentum. 

Angular momentum fractionation is expected 
even when statistical equilibrium is attained 
along the mass asymmetry mode, either directly 
as the end product of diffusion, or through popula-
tion from compound nucleus. Let us consider the 
ridge line as a function of mass asymmetry and 
angular momenta. For two touching liquid drop 
spheres, of mass numbers Al,  A2, and for small 
values of y = 1/2 (A1-A2)/(A1+A2), the energy is 

E = (0.45354 + 1.29584 y2)ER 

+ (0.89244 + 0.46664 y2 )E 

+ (1.25992 - 0.55996 

= ER + Ec + yE5 

where ER, EC, ES are the rotational, Coulomb, 
and surface energies of the equivalent sphere. 

Now let us assume that a compound nucleus has 
been formed and that neutron decay and fission 
are the only competing processes. In the constant 
temperature limit, dropping 9,-independent factors 
and assuming rT 	rN we get for the distribution 
in 2. and y: 

P(2.,y) 	r (,y) 	2. eEC+SE5T  d2.dy 

where Rc-1, C= -1, S=y-1, and 2. is the angular 
momentum. Integrating over angular momentum we 
obtain 

I exp 6 
Emx 

P(y) 	 1 ex - 	

C 	S 
{ 	

CE+SE1 	R 	' 

R 	
TJ 

mx 
where ER 	is the maximum rotational energy of 
the equivalent sphere, and 61= -R. The first 
moment of the angular momentum is 

Fi-T F
mx  - 	 [1  ( )] exp E R 

2.(y) 	mx 	 mxRE 
exp -p-- - 1 

mx 
where ER 	is the maximum rotational energy of 
the equivalent sphere, F(x) is the Dawson's 
integral and 6= -R. The second moment of the 
angular momentum is: 

mx 

-2 	2 	
- mx) e p T - 

fiX 	

eT - 1 

At the expense of an analytic answer, a more 
accurate picture can be obtained by including 
the angular momentum dependence of T and by 
replacing rn  with rT = r + rf. The results are 
shown in Figs. la,b. 

- The interpretation of Fig. lb, which depicts 
2. and YZ as a function of y is fairly straight-
forward. For moderate values of y, both / 9 D 

are constant and close to unity. This 
is due to the fact that the high 2.-waves dominate 
the yield for this range of asymmetries, so that 
averaging over £ields a value of , 9,2 which is 

essentially 9'D' 6. 
However, the mass distributions for high 2.-waves 
are relatively narrow, and as one moves out to 
greater asymmetries their contribution to the 
total yield for a given asymmetry becomes less 
important, resulting in a lower average 9,. 

Another case which may be relevant in heavy-
ion reactions arises when the system equilibrates 
along the ridge line and decays without passing 
through the compound nucleus stage. In other 
words, there is no competition from neutron 
emission or from other particle decay modes. 

Calculations without neutron competition are 
shown in Fig. 2a,b. The most significant effect 
of the assumption of equilibration along the ridge 
line can be seen in Fig. 2b. In contrast to the 

eceding case (neutron competition), 9. and 

9,2 peak at symmetry and fall off substantially 
with increasing y. 

Let us assume that we can approximate the exit 
channel configuration by two touching,. equal, 
rigid spheres with all the associated rotational 
degrees of freedom. 

First, let us consider the equilibrium between 
intrinsic rotation of the fragment and their 
orbital rotation. In this case the fragment 
angular momentum at zero angular momentum arises 
from the excitation of a collective mode 
(wriggling) in which the two fragments spin in 
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Fig. 1 . (a) Mass distributions for the indicated 	Fig. 2.. (a) Same as Fig. 2a but in the absence 
reaction obtained by integrating overall 2.-waves . 	of neutron conipetition. Note that only the total 
leading to fission (squares) and. for selected 	 mass distribution (squares) is different from 
individual 2.-waves (solid curves). The 2.-values 	Fig. 2a. (b) Same as Fig. 2b but without neutron 
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(crosses) and mean squared (squares) angular 
momentum divided by the corresponding quantities 
obtained -by averaging over the 2.-distribution 	. 
which leads to fission vs asymmetry.  

[(a) XBL 794-9196; (-b) XBL 7944198.]  
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the same direction while the system as a whole 
rotates in the opposite direction in order to 
maintain 1=0. 

The wriggling mode is actually doubly degener-
ate. Let us now couple this doubly degenerate 
mode to the spin arising from rigid rotation. 
If the aligned component of the angular momentum 
arising from rigid rotation is 1R and that due 
to wriggling is R, the total angular momentum for 
each fragment is 

Wriggling modes 

y2x + I/2x 

2 = 
2+R2+2IRRcosO 
	 * I- 

K!) 
	

(I+x2  /2) 
and the total energy is 

351 + l4R2  

where 9'is the moment of inertia of one of the 
two equal spheres. The angular momentum of 
either fragment is 

y.2/./ (I+x 2 ) 

2x 

0I 
0 
	

0.5 	1.0 	1,5 	2.0 	2.5 	3,0 	3.5 

5 = \1 i + R2 +2IRR cosO , 	 /(?T)1/2 
 

so the average sum of the moduli of the fragment 
spins is 

2II =  
2 ) r 	+ R2 + 2IRR cosO R exp(-E/T)dRdO 

A rather accurate approximation to 2 Il is given 
in dimensionless form by: 

Fig. 3. Total spin of the fragments arising from 
wriggling as a function of the spin arising from 
rigid rotation alone plotted in dimensionless 
form. The upper solid curve shows the result 
for both of the wriggling modes while the lower 
solid curve corresponds to the excitation of a 
single wriggling mode (see text). The limiting 
behavior for both small and large x is indicated 
in both cases. 	 (XBL 793-822) 

21I 	= 2x + 1  -- (x + .) exp(-x 2 ) 

+,/(l +-) erfc(x) 	
402412+4R2412_2R22R22CJ*T 

It is interesting to note that the wriggling 
where 	 mode generates a random angular momentum in a 

plane perpendicular to the line of centers of 
x = IR/V ' T 	 the fragments. 

and 

= ur2 1(pr2  + 2g). 

This function, which is plotted in Fig. 3, has 
the following limiting values: 

2Il 	,/f (1 +.) 
	

, 	small 1R 

2II = 2x + - 	, 	large TR 
/ 

Also in the limit of large 1R' 
 one obtains 

Above we have assumed that the two touching 
fragments are aligned with their common axis per- 
pendicular to the total angular momentum. Because 
of the thermal fluctuations, this condition can 
be relaxed. Assuming now that the two fragments 
are rigidly attached one to the other, the energy 
is given by 

E 	
I2K2 + 

	= 	
+ 2ff 

where 	= 2 + pr2 ; CJ = 27; and eff 
cJl - 	K is the projection of the angular 
momentum I along the line of center3. One can 
easily obtain 
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14  
= J ff T=-- -T 

The averaged square spin is 

2_ 	4 2 	4 	_45 	4 2 
4s -K +-I --K -K +.4--I

49  

The average spin, on the other hand, is 

2JI 	I 

2 	
l + 

45 
7 	8 i2 

_ 2 i+ 9  gT 
7 	21 

where we have dropped terms of order higher than 

K2 /1 2 . 

Due to the excitation of this mode the reaction 
plane is not perpendicular to the total angular 
momentum of the system I, but is "tilted" by an 
angle et given by 

sinet = 

The angle more relevent to sequential fission 
angular distributions is the angle between the 
total spin of one fragment and the normal to the 
line of centers (in the same plane as I), which 
is given by 

sinO = jK2/4 s 2  

Since I is considerably larger than , this angle 
can be considerably larger than et., The combined 
effect of wriggling and tilting will produce spin 
components along all the coordinate axes. If 
the separation axis is the z-axis, tilting will 
lead to an rins z-component of 

\1K2/4 = 0.84 

for each fragment. On the other hand, the average 
x- and y-components will be 

\/R2/2 = 0.60 NIT  

sphere model . Assume that each fragment has an 
aligned angular momentum component 'R  arising from 
rigid rotation and a random component R due to 
these modes:. The overall rotational energy 
arising from the fragment spins is 

E=(I+R2 ) 

The average total angular momentum of the frag-
ments, in dimensionless form, is 

LiL = ( 2x + -I-) erf(x) + 	exp(-x2) 

where x = IR/It. This function is plotted 
in Fig. 4. For small x one obtains 

(l+—) 
t 	}/.- 

In the limit of I = 0, one obtains 

2I! 	:_ vcjt = 2R 
VTF 

8 

Bending and twisting modes 

I 

2x + I/x 
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hence, tilting and wriggling together generate Fig. 4. Total fragment spin as a function of 
an angular momentum which is almost random, the spin arising from rigid rotation for the 

twisting and bending modes. Dimensionless forms 
The twisting and bending modes are three degrees are utilized. The limiting behavior for large 

of freedom which are degenerate in our two-equal- and small x are indicated. (XBL 793-823) 



151 

in agreement with the results of the last section. 
For large x, 

.?iiL 	2x + 1 

or 

2II = 21 	
g T 

R 

2 R2  
= 	+3 -ç 

=I (1 + 2 	i2) 
r\ 

Similarly the average square angular momentum 

to order R2/IR yields 

4 2 = 4(2 + R2 ) 

4 2 
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ONE-BODY DISSIPATION AND NUCLEAR DYNAMICS* 

J. Randrupt and W. J. Swiatecki 

The principal new result of this work is the 
derivation of the functional form of the expres-
sion for the rate of energy dissipation for a 
finite idealized nucleus with a diffuse surface 
when the dissipation is due to the one-body, mean-
field mechanism of Ref. 1. The rate of dissipa-
tion Q may be divided into a local and a nonlocal 
part, and the former is given by the following 
expansion in powers of the small dimensionless 
ratio of the surface diffuseness b (- 1 fin) to 
the size R of the system:  

In the above, k,.. .k 	are constants independent 
of size or shape of the system, h is the normal 
velocity of a point on the surface of the deforniing 
nucleus, grad ñ is the two-dimensional gradient 
of this velocity, considered as a function of 
position on the surface, and K, r are the total 
and Gaussian curvatures at the point in question. 
This expansion for the dynamical dissipation 
function is analogous to the leptodermous expansion 
that has been used since the thirties to treat 
the macroscopic nuclear potential energy viz., 

= Relative Order 

k 1 	(Volume Integral) R 3  A V = Relative Order 

+ k2 	
2 
 do R2  A2 " 3 	1 c 1 	rrR 3  R 3  A 

+ k3 	
,2 

 Kdo R 1  A 1 " 3 	b/R + C 2 • 	do R 2  A2 " 3  b/R 

LOCAL 

+ k4 	rdo+k 	n 2 K 2do+ R°  A° 	(b/R) 2  LOCAL 	+ c3  - 	Kdo R 1  A 1 " 3  (b/R) 2  

+ kj 	(grad ii)2do + c4 	rdo+c 	K 2 dcY R°  A°  (b/R) 3  

+ corrections that 
vanish as R+co 

+ corrections that 
vanish as R+co 
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Here, Cj, c, C3 are the volume, surface and curva-
ture energies, with the following values obtained 
from fits to experimental data: 

c 1  = 2.32 MeV fm 3  

c 2  = 1.2 MeV fm 2  

C 3  0 

and higher unknown 

In the case of the dissipation expansion we 
have found it possible to make estimates from 
first principles of the coefficients kl, k2, k3 
with the following results (r0  is the radius 
constant 	1.15 fm): 

k 1 	0  

	

k3 	(28/27)1/2 bk 2 	l.Ox 1022 MeV sec fm 3  

k4  and higher unknown. 

Th potential energy V and the dissipation 

	

function 	are key functions required in a 
macroscopic theory of the dynamical time evolution 
of a nuclear shape. We are now studying the many 
consequences for the theory of fission and nucleus- 
nucleus collisions which follow from the new 
dynamics that incorporates the one-body dissipation 
function 

0. 
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A THEORETICAL INVESTIGATION OF SHELL EFFECTS IN DEEP INELASTIC COLUSIONS* 

L. G. Sobotka, G. J. Mathews, and L. G. Moretto 

The importance of shell effects in the product 
mass distribution from two interacting, relatively 
low-energy, nuclei is well known in fission. 
These shell effects are also known to persist 
up to fairly high (40 MeV) excitation energies 
for the fissioning system. In this work we have 
taken steps toward the incorporation of this 
feature into another system of two interacting 
nuclei, namely, the intermediate complex formed 
in deep inelastic heavy-ion collisions. We con-
sider the influence of shell structure on the 
transition probabilities for mass diffusion which 
depend upon the level densities of the system.' 

Shell effects manifest themselves in the 
diffusion process in three ways. The most 
important effect is from the potential energy 
of the system as a function of asymmetry. Shell 
effects are also manifested in the statistical 
level density of the ion-ion complex and the 
moments of inertia for the colliding nuclei. 
These effects are discussed considering a 
simplified picture of the ion-ion complex as twc 
overlapping spheres. 

The entire formulation of the stochastic trans-
port process is summarized in the master 
equation 1  

6(t) = 	 , 	(1) 
z '=z±l  

where 	(t) is the relative population of the 
asymmetry z at time t, and Azz' is the macroscopic 
transition probability for the system to change 
asymmetry from z to z' 

The influence of shell effects is manifested 
in the transition probabilities. If the statisti-
cal approach is valid, one can apply the Fermi 
golden rule to write 

= Xi Pz  '(E - V) , 	 (2) 

where X7 is a microscopic transition probability 
and the level density, pi(E-Vu), simply counts 
the statistical weight for the system to find 
itself in the final asymmetry, z'. The most 
important effect of shell structure is immediately 
obvious at this point. At a fixed total energy 
for the system, E, hills and valleys in the 
potential energy as a function of asymmetry will 
cause drastic changes in the level density from 
one z to the next, hence driving the system toward 
higher populations in the vicinity of valleys. 

Of course a solution to Eq. (1) will require 
the specification of the microscopic transition 
probabilities, z'.  These we take as 
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which obeys microscopic reversibility and there-
fore guarantees that the system will obtain the 
correct equilibrium limit. The factors in the 
numerator are an average transition flux, K, and 
a form factor, f. These quantities we take from 
the one-body proximity formalism. 

For the potential energy calculation we have 
employed the well known Strutinsky procedure. 2  
A feature which tends to oppose the effect of 
the potential energy corrections to the potential 
energy surface is the influence of the single 
particle structure on the level density for a 
given nucleus. This we calculate for each frag-
ment according to the statistical procedure out-
lined by Moretto. 3  We use the same shell model 
and pairing parameters as in the potential energy 
calculation. The total level density at a given 
asymmetry is then simply given by 

E_Vz 

I  
= p 1 (E)p2 (E) xfe ° dE 

	

= 	a p.(E)p 2 (E) , 	 (4) 
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Fig. 1. Total level density vs assymmetry at 

several temperatures for the 	Kr + 197 	system. 

(XBL 794-1330) 

Fig. 2. Experimental (._._.) and calculated, 
with (—) and without (---) shell effects, total 
angle-integrated charge distribution for the 

620-MeV 86Kr + 197Au reaction. 	(XBL 794-1333) 
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Fig. 3. Total effective potential energy with 
(—) and without ( --- ) shell effects as a function 

of asymmetry for the Kr + 197 	system at 

2.= 220 li = 9. 	. ( a) The Strutinsky corrections. 
(b) The rotaonal energies. (c) We have 
assumed (N/Z) equilibrium, thermalequilibrium, 
and rigid rotation. 	 (XBL 794-1332) 
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where the integral has been evaluate using the 
saddle point technique, and E and E2 are deter-
mined by the condition of complete thernialization 
between the fragments. We neglect the slowly 
varying dependence of a on E. 

In Fig. 1 we plot the total level densityvs 
asymmetry for spherical fragments at several 

constant temperatures, for 	Kr + 197 	Here 

we see, as intuitively expected, that the effect 
of shell closure is to significantly decrease 
the level density at a constant temperature. This 
effect, however, is more than compensated for 
in the calculations at fixed total energy by the 
increase in level density with the increase in 
the excitation energy (or temperature) which 
accompanis a valley in the potential energy 
surface. 

Another influence of shell structure on the 
transport process stems from the relation between 
the single-particle structure and the moments 
of inertia of the colliding nuclei. These moments 
of inertia are also derived naturally from 
statistical theory. 3  The moments of inertia enter 
the transport process through the dependence of 
the effective potential energy surface on the 
rotational energy. 

The final effective potential energy surface 
assuming rigid rotation for 620-MeV 8bKr + 
at 	= 220 h is shown in Fig. 2. Here it is 
clear that both the Strutinsky renoniialization 
and the rotational inertias produce significant 
deviations from the smooth potential. This 
demonstrates the importance of including both 
of these effects in the transport calculation. 

In Fig. 3 we show the final calculated charge 
distribution. The importance of all three shell 
effects is clear. Of course, this structure will 
probably be smoothed out to some extent by frag-
ment deformation and (N/Z) dispersion. Currently 
calculations are underway to include these effects 
and also a search for clear experimentally 
observable signatures of shell effects. 
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ON BARRIER PENETRATION IN COMPLETE-FUSION SYSTEMS* 

G. J. Mathews and L. G. Moretto 

Numerous classical theoretic'al models' have 
been proposed to account for the systematics of 
experimental complete-fusion cross sections. 
These models usually involve classical trajectory 
calculations on the two-nucleus potential. 
Generally it is considered that when these tra- 
jectories become trapped, they have no probability 
of penetrating back over the barrier and instead 
rapidly relax into the compound nucleus equili-
brium configuration. We wish to emphasize a 
warning that neither is the width for the system 
to cross back over the barrier vanishingly small 
nor is the width for the system to relax into 
the compound-nucleus overwhelming. The formation 
of the compound nucleus involves a complicated 
shape evolution of the system. This shape evolu-
tion may be hindered if the viscosity of the 
system is large (as the current popu'ar view of 
one-body dissipation seems to imply, or may not 
happen because of potential energy considerations. 
Another important consideration is that even 
though the classical trajectory may be trapped, 
the dissipated energy remains within the system. 
This means that sufficient energy is available 
for the system to overcome the barrier and re-
emit fragments. 

The width for the thermal barrier penetration 
of a trapped partial wave can be written in 
complete analogy with the fission width as 

E-B 

rout =[ 

	

1 	

)dxdp] 	

p8(E-c)dc. 

2ir. 	p2 	1 	2 	0 
-- ff( - - - 	ax 

(1) 

The level density, P, is calculated at the minimum 
of the potential pocket. The phase space 
associated with collective vibrational motion 
of the system against the barrier is considered 
explicitly in the integration over dxdp. PB is 
the level density at the top of the barrier. The 
integration over 6 accounts for the phase space 
associated with the decay coordinate. The fairly 
minor correction due to quantum barrier penetra-
tion has been neglected. 

Expanding the level densities so that 

	

P(E-c) = P(E) exp(-e/T) , 	 (2) 
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then Eq. (1) simplifies to 

TB (EB) 

out = .! 	i 	(E) 	
hwexp(-B/T), 	(3) 

where hw is the vibrational phonon energy and 
I is the statistical temperature. 

From Eq. (3) we see that when the barrier 
vanishes the width is just hw and corresponds 
to the lifetime of the system to oscillate in 
and out against the potential. Furthermore, this 
width remains large up to barrier heights on the 
order of the statistical temperature. Therefore 
certainly in the neighborhood of the highest 
trapped 9-wave this decay width should be 
important, and depending upon the timescale for 
the evolution of the system toward compound 
nucleus, may continue to be important for lower 
9-waves. A possible illustration of this effect 
may already exist in the data. 

It has been realized3 ' 4  that for some systems 
the observed fusion-fission yield is too high 
to be accounted for in terms of ordinary compound-
nucleus fission in competition with neutron 
emission. For example, it was noted in Ref. 3 
that in order to reproduce the observed cross 
section for the symmetric fission-)ke component 
in the mass distribution from the 4uAr + Ag 
reaction it was surprisingly necessary to decrease 
the liquid-drop fission barrier by 40%. We would 
argue that the reason for requiring such a 
reduction is not due to a failure of the liquid-
drop model but rather that the system may be 
decaying from a configuration other than the 
compound nucleus. The yield will still appear 
as a symmetric fission-like distribution if the 
lifetime for this decay is longer than the time 
scale for mass equilibration of the system. 
Nevertheless the lifetime for decay may still 
be short compared to the neutron emission lifetime 
if the barrier is low enough. 

In Fig. 1 we compare experimental results 5 ' 6  
with a diffusion calculation7  of the 170-MeV 

40Ar + 108Ag reaction which allows trapped 
trajectories to decay with an equilibrated mass 
distribution. The fit to the data is quite 
satisfactory and easily reproduces both the deep 
inelastic peak near the projectile and the fission-
like peak nearsymmetry. It is interesting to 
also note in passing that the evaporation residue 
cross section, GER,  is generated naturally in 
this calculation by treating the compound nucleus 
as one of the ayailable equilibrated asymmetries. 
We obtain cy R calc = 426 mb which is in good agree-
ment with the experimental value OEReXP = 
435 ± 70 mb (Ref. 6). 

N 
b 

Fig. 1. Experimental and cculatd charge dis-
tributions for the 170-MeV ' Ar + ' 80Ag reaction. 

(XBL 7612-11122A) 

So in conclusion we have introduced here 
arguments that the width for thermal barrier 
penetration from a configuration represented by 
two ions trapped in a potential pocket may be 
important. Furthermore we have seen that intro-
ducing such a hypothesis can lead to a natural 
explanation for the enhanced fusion-fission yield 
observed in some systems. 
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A STUDY OF MASS AND ENERGY TRANSFER IN THE 56Fe + 197Au SYSTEM 

G. J. Wozniak, R. P. Schmitt, R. Regimbart, and L. G. Moretto 

Studies of charge and angular distributions 
of deep inelastic products from Kr-induced reac- 
tions have been very useful in obtaining informa-
tion on the mass and energy transfer process. 12  
Similar studies have been carried out for the 

56Fe + 197Au system at bombarding energies of 
401 and 460 MeV. 

To give an overview of how at a particular 
angle the reaction cross section is distributed 
in energy and along the mass asymmetry coordinate, 
a two-dimensional contour diagram of the lab 
energy vs the Z of the detected fragment is shown 
in Fig. 1. Produçs det

''
ed at 40 0  from the 

reaction 470 MeV °Fe + 	Au give the pattern 
shown in Fig. 1 which is somewhat reminiscent 
of an airplane. The two wings which lie between 
100 and 300 MeV and stretch from Z = 10 to 40 
contain the fully damped component. The partially 
damped or quasielastic (QE) component shows up 
as a narrower nose extending above 300 MeV and 
pointed at Z = 26. Thus the energy spectra for 
elements out in the wings will contain only fully 
damped events whereas atomic numbers near the 
projectile have very broad energy distributions, 
which exhibit a continuous energy damping from 
near beam energies down to the Coulomb barrier. 
One should. note that the very low-energy ridge 
for Z-values between 30 and 40 results actually 
from much heavier fragments which have just barely 
punched through the AE detector and were mis-
identified. These events are removed in later 
stages of the data analysis. 

500 

470 MeV 56Fe +fl  Ag 

83  (Iab)20 

400 

300 

> 
C, 

200 

00 

20 	 30 	 40 

z 3  

Fig. 1. Laboratory energy vs the atomic number 
of products detected at 40 0  lab from the 470-MeV 
56Fe + 197Au reaction. Contour intensities are 
indicated. (XBL 795-1529) 

An interesting feature apparent in Fig. 1 is 
the consistency of the mean energy of the deep 
inelastic ridge for Z-values greater than 26 and 
the steady decrease for lower Z values. This 
decrease reflects the smaller Coulomb energies 
associated with larger mass asymmetries. A second 
interesting feature is the distinct asymmetry 
of the DI ridge about Z = 26. The higher cross 
section above Z = 26 reflects the fact that the 
driving potential for diffusive mass transfer 
in the interacting system favors the transfer 
of nucleons from the projectile to the target. 
A third very intriguing feature is the pronounced 
asymmetry of the QE ridge. Contrary to the trend 
in the DI products there is a clear preference 
for the transfer of charge from the projectile 
to the target. This asymmetry persists over a 
large range of energy damping until a Q-value 
of -150 MeV where the QE ridge merges with the 
DI ridge. We attribute this asymmetry to the 
rapid N/Z equilibration of the system. 

Figure 1 illustrates the coupling of the energy 
dissipation process with the relaxation along 
the mass asymmetry degree of freedom. To investi-
gate in more detail the dependence of the measured 
Z-distributions on the degree of energy damping, 
angle-integrated charge distributions have been 
constructed for various energy windows (see 
Fig. 2). As described in Ref. 1, these distribu-
tions have been constructed by making cuts 
in the c.m. energy spectra parallel to the mean 
relaxed energy (approximately parallel to the 
Coulomb energy) as defined by the data. The 
lowest energies in Fig. 2 correspond to the lowest 
bin numbers. The relaxed peak is centered in 
bin 7. 

The charge distributions exhibit a dramatic 
dependence on energy damping for both bombarding 
energies. In Fig. 2 one sees that when the energy 
damping is small (bins 15 and 14) the distribu-
tion is very narrow and peaked about the pro-
jectile. As the degree of energy damping further 
increases (bins 13-9), the distribution broadens 
and drifts to lower Z-values. For fully damped 
events this peak disappears and one sees a rapid 
transition to a very broad distribution whose 
mean values are substantially above the projectile 
Z-value. 

In Kr-induced reactions the Z-distribution 
was also observed to broaden with increased energy 
damping and to drift to larger Z-values for the 
largest energy dissipations. The pronounced 
skewing of the Z-distribution to lower Z-values 
as a function of energy damping, which is observed 
here for the Fe + Au system, is in striking con-
trast to the Kr results which have been obtained 
at similar energies above the barrier and for 
similar total charge. For the Fe- and Kr- induced 
reactions, particles are injected to the right 
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Fig. 2. Ang1e-integrate charge distributions 
from the 401-MeV 56Fe + i 97Au reaction for various 
kinetic energy windows, (See text). (XBL 795-1527) 

of the Businaro-Gallone mountain, and the driving 
potential favors diffusion toward symmetry. As 
pointed out abpve this effect may arise due to 
the fact that 6Fe j relatively neutron poor 
compared to 86Kr, 	Ta or 197AU. Thus the 
neutron-to-proton ratios of the interacting 
fragments can be equilibrated more quickly by 
transfering protons from the Fe projectile to 
the Au target rather than neutrons from the Au 
to the Fe. From the slow steady drift of the 
peak to lower Z-values with increasing energy 
damping, it seems that in this reaction the time-
scale for the equilibration of the neutron-to-
proton ratios is similar to that for the energy 
damping mechanism. 

Center-of-mass angular distributions for atomic 
numbers between 13 and 39 are presented in Fig. 3. 
Because of background from slit scattering, data 
for the projectile (Z = 26) have been omitted. 
Distributions for the same net charge transfer 
to and from the projectile (i.e., AZ = ±1) are  

401 MeV 56}e +197Au 
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Fig. 3. Experimental c.rn. angular distributions 
for elements detected from the 401 -MeV 56Fe + 1 97Au 
reaction. The curves through the data points are 
only to guide the eye and have no theoretical 

	

significance. 	 (XBL 795-1530) 

shown in adjacent columns. The charge transferred 
increases from 1 to 13 as one goes down a column. 
For transfers both to and from the projectile, 
one observes the evolution from side peaking to 
forward peaking with increasing charge transfer. 
One should also note that the position of the 
side peak shifts to smaller angles with increasing 
mass transfer. (A 1/sinG angular distribution 
is shown at the bottom of the 2nd column for 
comparison.) More striking is the marked asymmetry 
in this evolution for charge transfer to and from 
the projectile. For Z-values larger than Fe 
(charge transfers to the projectile (AZ > 0), 
the stdepeakin.g. is very .ea.k.)  and quck1y dis-
appears for large charge transfers. Below the 
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projectile (i.Z < 1) the side peaking is much more 
intense and persists for much larger charge 
transfers. 

The evolution with increasing charge transfer 
from side peaking to forward peaked distributions 
can be easily explained in terms of a diffusion 
controlled time delay. On the average, small 
charge transfers require less time than larger 
ones in a diffusion process. Since small charge 
transfers populate elements near the projectile, 
the effective lifetime is short, resulting in 
side-peaked angular distributions. For larger 
charge transfers, the longer effective lifetimes 
allow for more rotation of the intermediate 
complex before it decays, producing forward-
peaking angular distributions. 

The large asymmetry in the speed of the evolu-
tion for mass transfer to and from the projectile  

can also be explained if one assumes that the 
interaction time increases with the degree of 
energy damping up to the point of complete 
damping. In Fig. 2 one sees that Z-values below 
the projectile are populated more intensely for 
smaller energy damping. Since this yield is the 
result of short interaction times, the inter-
mediate complex can only rotate a few degrees 
before decaying. Thus more intense side-peaked 
angular distributions result for charge transfers 
from the projectile to the target. 
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THREE LECTURES ON MACROSCOPIC ASPECTS OF NUCLEAR DYNAMICS* 

W. J. Swiatecki 

These lectures concentrated on macroscopic 
aspects of nuclear dynamics--the aspects that 
come into prominence when the number of nucleons 
A is large, A >> 1. 

The first lecture dealt with statics, i.e., 
methods of treating the Potential Energy Function 
of nuclear systems. From the potential energy 
the conservative forces that drive the time 
evolution of a nuclear configuration can be 
deduced. 

The second lecture dealt with dynamical aspects, 
especially with the nuclear Dissipation Function, 
which describes how dissipative frictional forces 
oppose the conservative driving forces. 

The third lecture outlined the kind of dynamics 
that results from the balance of these forces 
and described a number of applications to nuclear 
fission and heavy-ion collisions of this "New 
Dynamics." 

In addition to applications of the "New 
Dynamics" to fission and nucleus-nucleus collisions 
that have already appeared in the published litera-
ture (see Refs. 1,2), lecture III described an. 
attempt to develop an analytic model that would 
provide a semi-quantitative survey of fission 
and nucleus-nucleus collisions. The nuclear shape 
is parametrized as a dumbbell with a cylindrical 
neck, and algebraic approximations to the inertial, 
conservative, and dissipative forces driving the 
shape evolution are written down. This leads 
to relatively simple equations of motion, which 
can in turn be solved analytically by judicious 
linearizations. For example, in cases when the 
asymmetry degree of freedom may be regarded as 

inhibited, the separation and neck-growth degrees 
of freedom evolve approximately according to the 
following coupled equations: 

;i + 	= 	- V 

2 	
1 	

2 	
(1) 

4v(a+V )\ = °l-° + 2(1-a1 )\'-3V 

Here a is the separation S fromFig. 1 in units 
of twice the "reduced radius" R a R1R2/(R1+R2); 

is the neck radius n in the same unit; 'l  is 
a multiple of the fissility parameter x; 01  is 
a diffuseness parameter and p an inertia parameter 

	

- 4 	 z 

Fig. 1. The half-density contour of the nuclear 
configuration is parametrized as a dumbbell con-
sisting of two spheres with radii R1, R2 and a 
cylindrical neck of radius n. The distance between 
the surfaces of the spheres is s and between their 
centers is z (equal o R1+R2+s). The length of 

	

the neck is 9, 	s+n'/2R. 	 (XBL 796-1820) 
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Fig. 2. The potential-energy landscape in the 
space of the neck and separation degrees of freedom 
for a system with mass number A = 160 and Z 
65.778. Two trajectories are shown, corresp9nding 
to the dynamical time evolution of the system. 
One is a part of the critical collision trajectory 
that would end up at the saddle point, the other 
is a fission trajectory. The dots are spaced 
attime intervals of 0.1 of the natural time unit 
of the model. 	 (XBL 796-1821) 
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Fig. 4. This is similar to Fig. 3 but for a 
superheavy system with A = 300. The dashed lines 
are equipotentials spaced at intervals of 0.02 
times the natural energy unit. The solid lines 
are trajectories that peeled off the geometrical 
boundary at the indicated values of v. The dots 
indicate intervals of 0.1 of the natural time 
unit. All the trajectories shown lead to re-
disintegration. 	 (XBL 796-1827) 
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Fig. 3. Dynamical trajectories of colliding 
nuclei in the configuration space of separation, 
a, and neck radius, v. The approach of the 
nuclei proceeds from right to left along the 
a-axis. This is followed by a geometrical neck 
growth along the geometrical boundary until a 
peeling-off point. After that the trajectories 
divide into two classes, depending on the value 
of v at the moment of peeling off (shown as labels 
on the curves). For v < 0.1363 the trajectories 
lead to re-disintegration. For v > 0.1363 capture 
occurs inside the saddle point. The dots along 
the trajectories correspond to time intervals of 
one tenth of the natural time unit ut appropriate 
for the system in question. 	 (XBL 796-1825) 
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Fig. 5. The characteristic frequencies (expressed 
as energies by multiplication with Ii) for small 
motion near the saddle point. The plots are 
against the mass number A. The curve labeled 
w refers to the frequency of the stable mode, 
K to its damping width, and m to the unstable 
fission mode. 	 (XBL 796-1826) 
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(defined by the mass number of the system and 
universal nuclear constants). A dot denotes 
differentiation with respect to a natural time 
unit of the problem. 

Examples of solutions of Eq. (1) are shown 
in Figs. 2-4. A qualitative prediction that 
follows from such studies is the existence, under 
certain conditions, of quasi-fission reactions 
as a separate phenomenon, distinguishable from 
the tail of deep-inelastic events. The distinction 
is in terms of capture or non-capture of dynamical 
trajectories inside a "conditional saddle", as 
illustrated in Figs. 2 and 3. 

Figure 5 shows the properties of linearized 
solutions of Eq. (1) in the vicinity of the saddle 
point, as a function of the mass number. Of 
particular interest is the stable mode labeled 
w, which, for the lighter systems, corresponds 
to a back and forth (quadrupole) oscillation of 
the bulbs of the dumbbell. The restoring force 
in this mode is a combination of the nuclear 

proximity force and the Coulomb repulsion, the 
inertia is the reduced mass of the two pieces, 
and the damping is provided by the one-body 
window formula. The width of the predicted 
resonance is of the order of a couple of MeV. 

These are the beginnings of more extensive 
semi-quantitative, analytical explorations of 
the new dynamics that are currently under way. 

Footnote and References 
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THEORY OF TRANSFER-INDUCED TRANSPORT IN NUCLEAR COLLISIONS* 

J. Randrupt 

An essential feature of damped nuclear colli-
sions is the preservation of the binary character 
of the system, as evidenced by the fact that the 
final fragments maintain some resemblance with 
the initial nuclei. Due to this simplicity, one 
may discuss the collision dynamics in terms of 
the degrees of freedom associated with a dinuclear 
complex. The dynamical properties of the 
dinuclear complex are strongly affected by the 
fact that multiple nucleon transfers occur between 
the two parts of the system. Via this agency 
the binary partners exchange mass, charge, linear 
and angular momentum, and energy. We have derived 
a transport theory for this process within the 
general framework of the nuclear mean-field 
approximation. 

The intrinsic temperatures produced in ordinary 
damped nuclear collisions are typically of the 
order of a few MeV. This is relatively little 
in comparison with the intrinsic energies which 
are characterized by a Fermi kinetic energy of 
TF 	37 MeV. At such moderately low excitations 
the nuclear many-body system is still very 
degenerate and the Pauli blocking remains effective 
in inhibiting the direct two-body collisions 
between the constituents. Therefore, the mean-
field approximation is expected to be valid and 
the nuclear system may be pictured as a time- 
dependent common one-body field in which the 
individual nucleons move almost independently. 
Because of this feature it is instructive to study 
the transport between two Fermi-Dirac gases 
interacting by way of particle transfer. 

When the communication between A and B has 
been established the transfer of nucleons is  

possible. In line with the mean-field independent-
particle description we shall assume that the 
nucleons are transferred individually rather than 
as correlated clusters, (although we do not wish 
to preclude that such transfers might also occur 
and even play an important role). The driving 
force for the nucleon transfer arises partly from 
the difference in the Fermi levels, F = CB-CA, 
and partly ro the relative velocity of the two 
gases, U = UA-UB. The transfer of a nucleon 
creates a one-particle one-hole type excitation 
of the intrinsic nuclear system. It can be shown 
that te~energy of~this exitn aniountsto 
w = F-U•p. Here, p = l/2(pa+pb) where Pa  Is the 
momentum of the nucleon relative to A and Pb  is 
its momentum relative to B. It is an important 
assumption that once a nucleon has been transferred 
it is quickly accepted as an equal member of the 
recipient nucleus and no memory of its heritage 
remains. By this assumption the multiple transfers 
can be considered as Markovian and the process 
can be treated by standard transport theory. 

For the general discussion of the transport 
problem it is convenient to reduce the general 
master equation to its Fokker-Planck approximation. 
The characteristic quantities are then the trans-
port coefficients, which govern the rate of change 
of the mean values of the macroscopic variables 
and their covariances. They can be determined 
by following the short-term evolution of a system 
which has been prepared with specified sharp 
values of the macroscopic variables. 

Until now, most of the experimental studies 
of damped nuclear collisions have been carried 
out at relatively low energies, with the nuclei 



161 

iieeting each other with kinetic energies of a 
few MeV per nucleon. Since this energy is small 
in comparison with the intrinsic kinetic energies 
of the nucleons the collective motion is relative-
ly slow and the nuclei acquire only modest excita-
tion. Under these circumstances only the nucleons 
near the Fermi surface take part in the exchange 
and the entire treatment simplifies considerably. 
In the following we shall specialize to this limit 
and thus assume U << V F and F, T, w << 

Then the occupation factors can be written 
in the approximate form 

A ()  1B() 	
1(w) 6(6-EF) 

fA(;) ?B() 	i(-w) 

From the knowledge of the basic transfer rates 
it is straightforward to derive the appropriate 
expressions for the transport coefficients for 
a given set of macroscopic variables {C} (assumed 
to be additive such as, e.g., the particle number 
A and the momentum ). The drift coefficient 
vector V represents the net rate of change of 
the variables, hence 

Vc 	N'(EF) ([) - 	(-w)] C())F 

= N'(EF) ( wC() ) F 

The corresponding diffusion coefficient tensor 
represents the rate of increase in the covariances, - 
hence 

where 

1(w) = w(l - eT)-1 
	

Dcc = N'(CF) ( 	{2(w) + 2(-w)} C1() C2(p))F 

Due to the appearance of the 6-function the energy 
integration is trivial and only the directional 
integration remains. It is useful to introduce 
the flux-weighted directional average of a 
function g(c) by 1  

•- f dcl jcosoj g(Q)IF  

where the polar axis is perpendicular to the 
interaction surface between A and B. 

With these simplifications the transfer rates 
reduce to 

N' (EF) 	l(±w)> F 

where the subscript F has been attached to the 
flux average to indicate that only the particles 
in the Fermi surface should be considered. The 
overall transfer rate is governed by the quantity 
N'(CF) which is the differential one-body current 
of nucleons transferred at the Fermi surface: 2  

= N'(cF) ( 	coth()C 1 () C2(p)>F 

The fluctuation-dissipation theorem imposes a 
specific relation between the drift and diffusion 
coefficients, which may be called a generalized 
Einstein relation." We wish to emphasize that 
this quantum-statistical effect is automatically 
accounted for in the theory. 

Although the approach treats only uncorrelated 
microscopic modes of excitation, it is not meant 
to preclude the possible coexistence of additional 
mechanisms such as the interplay with collective 
dinucl ear modes and the special dynamics of the 
interaction zone. The high specificity of the 
results holds promise that a careful confrontation 
with experiment might indicate conclusively to 
what extent the predicted structure is borne out 
by the dynamics of real nuclei. At the same time 
the relative importance of other agencies might 
be established; should they prove important, an 
appropriate extension of the theory is called for. 

Footnotes and References 

N'(EF) = - j4-- N(c), 	N(CF) = .- po 

Here, 1/4 p 	is the one-way flux in standard 
nuclear matter. The expression for N(EF)  holds 
for a flat, fully open contact surface; in general 
the current N(c1 ) depends sensitively on the 
geometry of the interaction zone and may be 
difficult to calculate. For a certain family of 
dinuclear configurations simple estimates can 
be obtained by use of the proximity method. 2  

* 
Condensed from Nucl. Phys. A 327, 490 (1979). 

tNORDITA Blegdamsvej 17, DK-2100 Copenhagen, 
Denmark. 

J. Randrup and W. J. Swiatecki, Ann. Phys., 
in press. 

J. Ranclrup, Nucl. Phys. A 307, 319 (1978). 

H. Hofmann and P. J. Siemens, Nucl. Phys. 
A 275, 464 (1977). 



162 

EFFECT OF TUNNELING ON THE ONE-BODY PROXIMITY FRICTION* 

Che-Ming Ko 

The one-body proximity friction of Randrup 1  
offers a simple model of kinetic energy damping 
in heavy-ion deep inelastic collisions. The 
essential ingredients of the one-body proximity 
friction are the proximity flux function, ip(s), 
and its first incomplete moment, '1(s), as func-
tions of the surface separation between two ions. 
In Ref. 1, the function p(s) is detenninedby 
the local normal flux above the potential barrier, 
calculated in the classical Thomas-Fermi approxi-
mation. 

In a recent study of mass diffusion in deep 
inelastic heavy-ion collisions, Ko et al. 2  have 
determined the same proximity flux function in 
an exact quantum mechanical way. Unfortunately, 
due to the difference of the single-particle 
potentials used in Refs. 1 and 2, it is not 
possible to compare the two results and to check 
the accuracy of the classical Thomas-Fermi approxi-
mation. We shall therefore make this comparison 
in a simple model. 

We choose the following combined potential 
felt by the nucleons, when the two ions are 
separated by the distance s measured between the 
half-potential points 

V0  
V(x,$) = V0 - 

	

	jx+R1+0.5s1-R1] 
l+exP[ 

V 0  - 	I lx_R2_0.5s1_R21
l+exp 	a 	J 

for s > 0, where the depth V 0  and the thickness 
a are taken to be 50 MeV and 0.6 fm, respectively. 
The value of the radii R1 and R2 is not essential, 
as we have in mind two semi-infinite nuclear 
matters colliding with each other. For s < 0, 
we assume that there is no potential barrier or 
well between the two nuclei. 

Using the Fermi-gas model for the two ions, 
the transmission probability P(kx,$) for a nucleon 
in first well with momentum hkx in the x-direction 
tunneling through the barrier to the second well 
can be obtained using the following three methods: 

Numerically solving the one-dimensional 
Schrödinger equation. 

WKB method, i.e., 

p(k,$) = exp [_2f 	 (2) 
x 1  

with 

h 2 k 2  
V(x 1 ,$) = V(x2 ,$) = 	2m 

Classical method, i.e., 

2 

P(kxS) = 1.0, 	if 	V(0,$) 2m 

h2k 2 
x 

= 0.0, 	if 	V(0,$) > 	2m 

The first method is exact while the third method 
is the one used by Randrup in Ref. 1. 

The total flux through the barrier is obtained 
by multiplying P(k x ,$) with the velocity of the 
nucleon hk/m and summing over all the nucleons 
in the first well. Then the proximity flux 
function ip(s) is expressed in terms of the total 
flu divided by the bulk flux in nuclear matter, 

iIkF /87r2m, i.e., 

kF 

ip(s)
= 	 f dkF P(k , $) kx (kF2 _kx2 ) 

s (fm) 

Fig. 1. First incomplete moment T(s) of p  as 
a function of the surface operation s. Solid 
curve is exact, long-dashed curve is the WKB 
approximation, and short-dashed curve is the 
classical approximation. (XBL 798-2480) 

(3) 

E 
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where m is the nucleon mas and the Fermi momentum 
kF is taken to be 1.36 fm'. 

The quantity which goes into the one-body 
proximity friction is the first incomplete moment 
of the proximity flux function, i.e.,  

determined by the classical approximation, leading 
to values which are smaller than the exact ones. 
A simple way of improving the results of Ref. 1 
is to use the WKB approximation which is shown 
to be an excellent approximation to the exact 
calculations. 

Y(s) 
 ISM 

du p(u) . 	 (5) 

In Fig. 1, we show the results of the three cal-
culations. We see that the WKB method (long-
dashed curve) is an excellent approximation to 
the exact calculation (solid curve) for all values 
of s. The classical method (short-dashed curve) 
shows appreciable discrepancy from the exact 
results. 

We conclude that the first incomplete moment 
of the proximity flux function is not very well 
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ROLE OF DEFORMATION IN DEEP INELASTIC HEAVY-ION COLLISIONS* 

Che-Ming Ko 

A main feature of deep inelastic heavy-ion 
collisions is the existence of a peak in the cross 
section at low relative kinetic energy of the 
two outgoing nuclei, usually at energy below the 
Coulomb energy of two touching spherical nuclei. 
Deubler and Dietrich, 1  among others, have sug-
gested that such phenomena are due to deformations 
of the ions in the exit channel. 

In order to describe deep inelastic heavy-ion 
collisions, Agassi et al. 2  have derived a trans-
port equation for the phase space probability 
density function F(R, ) of the relative motion. 
If F(R, P) is approximated by a Gaussian distribu- 
tion, then one obtains a set of linear differential 
equations for the mean values and variances. The 
equations for mean values are identical to the 
Newtonian equations of motion for the relative 
motion with frictional forces. The tangential 
friction has the same magnitude as the radial 
friction. The equations for variances describe 
the spreading of classical trajectories as a result 
of the dissipation of the relative kinetic energy. 
Both friction and diffusion coefficients are 
determined by the statistical input quantities 
which are further estimated microscopically. 3  
The theory has also been generalized to include 
nucleon transfers. However, the theory of Ref. 2, 
which neglected deformations, did not lead to 
a peak in the cross section at low relative kinetic 
energy of the two outgoing nuclei. 

For small amplitude collective excitations, 
such as shape osclllations  and giant resonances, 
it has been 	that one can consistently 
include them in the statistical description of  

deep inelastic collisions. According to Ref. 
4, deformations can be described by a forced 
damped harmonic motion. This equation of motion 
is coupled to the relative motion through the 
ion-ion potential which depends on both the rela-
tive distance and deformations. 

IC 
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Fig. 1. Energy-loss spectrum integrated over 
final angles 0lab  from 25 to 750 
	Solid curve 

is from the experiment, long-dashed curve is from 
present calculation, and short-dashed curve is 
the calculation of Ref. 2 without  deformation 
degree of freedom. 	 (XBL 798-2481) 
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We have applied the model to study the reaction 

136Xe on 209Bi at Elab = 1136 MeV. 5  The same 

statistical input quantities as in Ref. 1 are 
used. We use the proximity nuclear potential 
and the point charge Coulomb potential, both 
generalized to include deformations of the nuclei. 
Only quadrupole deformations are considered. The 
frequency of the harmonic motion of the deforma-
tion degree of freedom is determined by the stiff-
ness and inertia parameters given in the liquid-
drop model. Very little is known about the 
damping factor. We use a value which is half the 
phonon energy as a rough estimate. 

The calculations show that much improved results 
are obtained from this approach over those of 
Ref. 2. In particular, the previously mentioned 
low energy peak in the cross section is reproduced. 
This is shown in Fig. 1, for the differential 
cross section as a function of the energy loss. 
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B. RELATIVISTIC 

PION MULTIPLICITY DISTRIBUTIONS IN CENTRAL NUCLEAR COLLISIONS* 

M. Gyulassy and S. K. Kauffmann 

In a continuing study of negative pion multipli-
city distributions we have now analyzed pre-
liminary data selected on cntral collisions.' 
Based on the thermal model, we have calculated: 
(1) the excitation function (ni) as a function 
of beam energy, and (2) the 	multiplicity dis- 
tribution for central triggered data. These cal-
culations were reported in Ref. (3) as part of 
the current search for evidence of collective 
phenomena in relativistic nuclear collisions. 

El 
• Ar+ KCI: Sandoval et al. 

6 
	Thermal model 

:ii 
0.5 	 1.0 	1.5 	2.0 

E(GeV/nucl) 

• Ar+KCI(1.8GeVnucL): 
Sandoval 
etal. 

- 	
—Thermal model: Gyulassy - 

• 	 & Kauffmann 

-1 	3.Ofm 

) 2 4 6 8 10 12 
n 

Fig. 1. Preliminary data by Sandoval et a1.- 1  
on (a) average negative pion multiplicity. (m n-) 
vs beam energy and (b) P.(nr-)  multiplicity •distri-
bution in central trigge.r mode for Ar+KC1. Thermal 
mode1 2  results are also indicated. (XBL 7911-13318) 

The excitation function, Fig. la, is of parti-
cular interest since one of the signatures of 
abnormal nuclear states is expected to bç a dis-
continuity of n v -> vs E at some energy. 
However, as seen in Fig. la the preliminary data 
are consistent with linear increase of ( n .) vs E. 
The possiblestrUcture between 1.4 and l. GeV/ 
nucleon cannot be taken at present as evidence 
for such a discontinuity because systematic error 
in the data have not been analyzed. Included 
in Fig. la are also he predictions triangles 
of the thermal model where the parameters (Pcrit' 
bmax) have been adjusted at the 1.8 GeV/nucleon 
point. We see that the xn_> vs E curve follows 
closely the simple phase space estimate from the 
thermal model. In the future, we should neverthe-
less keep a close eye on the 1.5 GeV/nucleon 
region to see if the anomaly is real. 

Next, we investigate whether there is any 
evidence for non-Poisson behavior of the multipli-
city distribution P(n-) in central events. As 
discussed in Ref. 1, non-Poisson behavior could 
result only from unexpected multi-ir production 
and absorption mechanisms. Using the same param-
eters fitted to nY, the predicted P(n. ff_) is 
shown in Fig. lb along with the preliminary data. 
We see again a rather good agreement between this 
modeland the data. There is thus no evidence 
at present for non-Poisson behavior. 

Future studies on these lines will address 
more detailed problems such as the correlations 
between n- and the total charge multiplicity ch 
Such measurements are currently being made and 
will be able todetermine if there is Poisson 
behavior of P(n-) as a function of impact param-
eter.. 	• 	: 	• 
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PION INTERFEROMETRY OF NUCLEAR COLLISIONS: THEORY* 

M. Gyulassy, S. K. Kauffmann, and Lance W. Wilson 

Pion interferometry involves the study of the 
correlations between two identical pions (e.g., 
7-7r) produced in hadronic processes. An obvious 
measure of such correlations can be obtained by 
c9mparing the duble pion inclusive cross section, 
d°o(rrir)/d 3kldk2, to the Rroduct  f single pion 
inclusive cross sections, do(Tr)/dSk. The pre-
cise definition of the correlation function 
R(k1,k2) for negative pions that we consider in 
this article is 

2 	
d6a(iiirj/d3k1d3k2 

R(k1,k2) = (n(n-l)) 

(1) 

where 	is the total negative pion production 
cross section, and (n-) and (n_(n_ -1)) are 
the average first and second binomial moments 
of the ¶- multiplicity distribution. 

The term "pion interferometry" is used to 
emphasize the analogy that the study of pion cor-
relations via Eq. (1) has to the well-known techni-
que of second order intensity interferometry' 
developed by Hanbury-Brown and Twiss to measure 
stellar radii. In quantum scattering theory the 
application of intensity interferometry to deduce 
structural properties of the target was formalized 
by Goldberger et al. 2  Later, the idea of using 
intensity interferometry with pions to deduce 
the space-time structure of high energy hadronic 
processes was developed by Kopylov and 
Podgoretsky. 3  

Experimentally, pion interferometry was first 
used by Goldhaber, Goldhaber, Lee, and Pais (GGLP) 4  
to determine the dimensions of the pion production 
region in pp annihilation. They suggested that 
intensity interferometry is a consequence of the 
Bose-Einstein symmetrization required for two 
identical pions. In fact, the enhancement of 
R(k1,k2) in Eq. (1) above unity for small relative 
momenta has sometimes been referred to as the 
GGLP effect. Pion interferometry has also been 
applied to other processes such as 7Tp, pp, Kp 
collisions to determine the space-time dimensions 
of the pion source. 

The most exciting recent theoretical develop-
ment has been the observation 5  that not only can 
the study of pion correlations reveal the space-
time structure of the pion production region but 
also R(k1,k2) can provide information on the 
degree of coherence of the produced pion field. 
Thus R(k1,k2) could ideally provide both geometri-
cal and dynamical information on pion production 
in a given reaction. 

It is therefore natural that these ideas on 
pion interferometry have also found their way  

into the field of relativistic (-'1 GeV/nucleon) 
nuclear collisions. Since many of the models for 
nuclear collisions involve classical geometrical 
concepts (e.g., classical trajectories, impact 
parameters), the determination of the space-time 
structure of the pion source region could in prin-
ciple provide valuable constraints on these models. 
For example, the dimensions and lifetime of the 
pion production region as calculated with either 
intranuclear cascade or hydrodynamic models could 
then be compared to data. However, in addition 
to such geometrical information, the pion correla-
tion function R(k1,k2) could ideally shed light 
on possible exotic processes that may also be 
involved in nuclear collisions. 

We note that the first da4 on pion interfero 
metry in nuclear collisions ('WAr + Pb304 - 
X at 1.8 GeV/nucleon) are now available 6  and 
clearly demonstrate the feasibility of such 
studies. Furthermore, future experiments using 
the bevalac at the LBL are expected to increase 
significantly the amount of data on the two pion 
correlations. 

The purpose of this work is therefore to analyze 
in detail the topic of pion interferometry in 
the context of nuclear collisions. In this article 
we concentrate on the interplay between the pion 
production and final state dynamics and Bose-
Einstein symnietrization in determining the form 
of R(k1,k2). In particular, we focus on the dif-
ference between chaotic and coherent pion fields 
and how the degree of coherence affects R(k1,k2). 
In a subsequent paper, 7  we will apply the formalism 
developed to obtain numerical estimates of the 
effects of final state interactions on pion cor-
relations in nuclear collisions and to discuss 
specific experimental problems. 

We now summarize the results obtained. The 
various competing sources of pion correlations 
in hadronic processes are discussed, with special 
attention given to nuclear collisions. The role 
of Bose-Einstein synimetrization on the ideal cor-
relation function (the GGLP effect) is then 
reviewed. The usual heuristic derivations of 
the form of the correlation function are presented 
and criticized because they neglect effects of 
multiparticle dynamics on R. To enable us to 
incorporate such effects we develop adensity 
matrix formalism for calculating R(ki,k2). The 
density matrix is parametrized via anensemble 
of coherent pion states, J>, produced by an 
ensemble of classical (c-number) source currents 
3(x). We show how such an ensemble of currents 
arises from a space-time picture of pion production 
involving isolated inelastic scattering centers. 
We analyze in detail the single and double inclu-
sive distribution and show that multipion produc-
tionamplitudes lead to interference terms in 
R(k1,k2) that are, in general, much more complex 
than those obtained from Bose-Einstein symmetriza-
tion alone. We find that the necessary conditions 



167 

for R(ik1,k2) to reduce to the ideal Bose-Einstein 
form are that the number of independent source 
currents is very large and that th total interac-
tion time be large compared to mi'. Those con-
ditions are shown to lead to the production of 
chaotic pion fields. Then the effects of possible 
collective pion production mechanisms are cal-
culated. We derive the form of R(kj,12) for the 
case of partially coherent fields that can arise 
when a group of nucleons radiate pions collective-
ly. The expression derived shows exactly how 
R(k1,k2) can determine the degree of coherence 
of the pion field as well as the geometrical 
structure of the source of the chaotic component. 
The intercept R(k,k) = 2 - D 2 (k) determines, in 
the absence of final state interactions, the degree 
of coherence D(k), i.e., fraction of pions with 
momentum k in the coherent state component. 
Finally, we calculate how final state interactions 
distort the form of.R(kl,k2). An exactly solvable 
field theoretic model is presented showing how 
arbitrary one-body optical potentials V(x) distort 
R(k1,k2). An approximate treatment of two-body 
final state interactions, U(x-y), is presented 
in terms of Bethe-Salpeter amplitudes. The effect 
of U(x-y) is shown to lead to a Gamow penetration 
factor that modulates the form of R(kl,k2). Our 
most general result for R incorporates distortions 
to all orders in V and first order in U, and is 
applicable to partially coherent fields. 

The complexityoffinal state interaction dis-
tortions displayed demonstrates that naive analysis 
of correlation data even for chaotic fields may 
lead to inaccurate geometrical and dynamical 
information. For example, two-body irir-  final 
state interactions can simulate a finite degree 
of coherence and one body optical potentials can 
lead to 100% distortions of the apparent geometry 
of the chaotic source. A systematic numerical 
study to be reported in Ref. 7 of the expression 
obtained has shown that final state distortions 
are sensitive to the magnitude of the mean momentum 

k = ( kj + k2)/2 of the observed pion pair as well 
as to the orientation of q = kl - k2 with respect 
to k. The most ideal configuration to study 
experimentally is k.q = 0, i.e., equal energy 
pions, because this configuration is found to 
be the least sensitive to uncertainties in the 
one-body optical potential. Furthermore, optical 
potential distortions can be minimized by con-
centrating on high momentum Jkl > m pion pairs. 
By measuring R(k1,k21  as a function of q for fixed 
large k such that qk = 0, it should be possible 
to unfold final state distortion from correlation 
data. 
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CHARGE-CONSTRAINED COHERENT PION STATES PRODUCED IN NUCLEAR MATTER* 

S. K. Kauffmann and M. Gyulassy 

In a recent article, Bloss et al. have used 
a simplified model Hamiltonian and Keldysh field 
theoretic methods to approximately calculate the 
power radiated as Cherenkov charged pions whose 
emission is triggered when a fast nucleon traverses 
nuclear matter. The model used by these authors 
conserves charge by flipping the isospin state 
of the fast nucleon alone for each charged pion 
emitted. Since it is the nuclear matter excited 
by the fast nucleon which should be largely 
responsible for emitting the Cherenkov charged 
pions, we investigate an alternate model that 
allows all the disturbed nuclear matter to change 
its charge state when a charged pion is emitted--
as an idealization, the emitting matter is assumed 
to have an infinite number of charge states, in 

contrast to the two of the fast nucleon. This 
modified model is shown to be exactly solvable 
in terms of charge-constrained coherent pion 
states; the power radiated as charged pions is 
found to be approximately twice that calculated 
by Bloss et al. from their model. 

The model Hamiltonian of Bloss et al. is 

H = H0 +H'(t) 
	

(1) 

where 

H0  = Z (w a+aq+ + wa_aq ..) 
	

(2) 
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and 
	

(Z±)t = 	 (7b) 

	

H'(t) =(2w) -112  [i g (t)aq + 	+ j(t)a+a] 

9 (3) 

112 	 * + 	(2w) 	[ig (t)aq ci + i g (t)aq i 

9 

represents the coupling of the charged pions to 
the complex c-number source current j(t) produced 

by the fast nucleon traversing the nuclear medium. 
In the Cherenkov spirit, Bloss et al. take this 
current to be of the form 

i g (t) = 1 0 (q) exp(iq.vt) 	 (4) 

with v the fast nucleon velocity. The a + (_) are, 

of course, the standard positive(negative) pion 
creation operators, and y+  changes the fast 
nucleon from a neutron to a proton, while cr does 
the opposite ((j and f have the usual 2x 2 Pauli 
matrix representation). The charge operator for 
the combined fast nucleon, charged pion system 

Q E ca +(a +a + - a.a_) 	(5) 

commutes with H. In this model then, the charged 
pions are viewed as being emitted and absorbed 
solely by the fast nucleon--the nuclear medium 
doesn't participate in the charged pion emission--
for charge conservation applies to the fast 
nucleon plus charged pion system by itself. 

We,on the other hand, view the emission of 
the Cherenkov charged pions as a cooperative 
phenomenon of the nuclear matter and, as an ideali-
zation,assign the integer charge quantum number 
z to the emitting nuclear matter (including, of 
course, the fastnuc1eon itself), with no restric-
tion on the integeralues allowed z. On the 
space spanned by the orthonormal nuclear charge 
basis {1z} ,  we may readily define the net nuclear 
charge operator Z and the nuclear charge raising 
and lowering operators Z  and Z-  via the formulas 

• 	 •• 	 (1.• 	 - 

Zjz.> 	zIz), 

ZIz> = Iz + 1) 	 (6b) 

ZJz> = Iz -1>. 	 (6c) 

Uing the orthonormàlity of the nuclear charge 
basis, z' z) = 6, 	plus the unrestricted 
integer domain of tñe z-values, it is straight-: 
forward to show from Eq. (6) that 

- 

(7a) 

	

[Z,Z] = ±z , 	 ( 7c) 

which are the familiar properties one expects 
of such operators. In addition, there also follows 
a less familiar but very pleasant property of 
the nuclear charge ladders 

	

Z+Z= ZZ = I . 	 (8) 

In particular, we see that Z  and Z commute. 

Now, to take approximate account of the charged 
pion emission from nuclear matter disturbed by 
the fast nucleon, we modify the Hamiltonian of 
Bloss et al. by replacing the & operators by Z. 
The resulting Hamiltonian continues to commute 
with the total charge operator, which now is 

Q = Z +(ati.a +  - aq .aqJ . 	(9) 

If we start with,a state of undisturbed nuclear 
matter at time to , a state having no char9ed pions 
and nuclear charge z, which we denote by O,z>, 
then the state Ui(t,to)I0,z> into which it evolves 
at time t is an eigenstate of the charge con-
serving pion annihilation operators 

(a9±Z)U 1 (t,t0 )I0,z) = 

(

(2w h/ 2fdt1 j(t, 

to  

(10) 
+j w + t1 \ 

- ) U(t,t)O,z>. 

The concept of such a charge-constrained 
coherent state of both positive and negative pions 
was recently introduced in Ref. 2, where it is 
applied to pion interferometry in nuclear col-
lisions. For this state, we can make a straight-
forward calculation of the power radiated as 
charged pions, 

lim 	
dH0> 

(t-t0)4w 	dt 	
=irJ(q) cS((u -qv) 

+  

(ll) 
+irJ 20 (q) ó(w-q.v) 

Thi-s-4eisarne as the lowest order (linear re-
spo6se)rsu1t for our Hamiltonian, and in the 
case h-w ,;approximately twice the charged 

pion Oierôbtaiflèdby Bloss et al. from their 
Hâitoniãn,-Eq (14) .; The disparity may be 
roughly understood by noting that, at any given 
Itänt,thefast hUcléonis forbidden to radiate 

a pionofeh 	rong"Eháre-[ih- the proton 
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(neutron) state it may only radiate a positive 
(negative) pion], while there is no such restric-
tion for charged pion emission from the fast 
nucleon plus the nuclear matter it disturbs. 
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VOLUME EMISSION OF PIONS IN RELATIVISTIC HEAVY-ION COLLISIONS* 

S. I. A. Garpman,t D. Sperber,t  N. K. Glendenning, and V. Karant 

Recently the Rasmussen and Nakai groups in 
Berkeley 1  have measured low energy pion inclusive 
spectra for the reaction Ne + NaF 	ir plus any- 
thing at an incoming energy of 800 MeV/nucleon. 
They have observed that very low energy pions (c.m. 
energje 30-50 MeV) are emitted isotropically in 
the c.m. frame. In this article we would like 
to discuss a possible mechanism for pion emission: 
that of the decay of the A(1232) resonances in 
flight over the entire region of the hot zone and 
with subsequent emission (or eventual absorption) 
of pions. We argue that the reabsorption mechanism 
is such that low energy pions are likely to escape 
even though they are created far inside the hot 
zone. 

To be explicit, let(A) denote the momentum 
distribution of the A(1232) resonances inside the 
matter. It is well known that the partial decay 
mode of the resonance is A + N + ii, almost complete 
(99.4%). It is now an easy taskto fj.nd the 
momentum distribution of the pions g(p.) created 
by the A two-body decay: 

2 
mA 

2-T/x(mA2,mN 2,ml 2 )E IF 

(1) 

3. 

1 PA f E N 	
(PA_P,_pN)- x f d 3P,f over all possible lengths L) 

Here, we use units h = c = kBoltzmann 	1 and 
x(mA2 , m2, m.ff2 ) = [mA2-(mit+mN)] [mA 2- (mN -mIF) 2 ] 
is the usual relativistic factor involving the 
rest masses of the delta (A), the nucleon (N), 
and the pion (11), respectively. Here 
4 	 3+4+ 

= S(EA_EIF_EN)S 	 and E ,  EN ,  

E64are total relativistic energies. Assuming 
f(PA) to be normalized so that ff(pA)d3pA = 1, 
weget 

m 2  
= 	: -]p--fPf(PA )c1PA 	(2) 

lilt  

where the integration limits are JE 11Y' ± p IF VTj  

and / is given by v5 = mA+ mff2 - mN. 

Equation 2 allows us to calculate th momentum 
distribution of pions if a model for (pA)  is 
provided with the assumption of no reabsorption 
during the pion's course outwards. We will now 
try to incorporate reabsorption within the quasi-
deutéron modeL For the Ir+ absorption cross 
section we choose the model used by Metropolis 2  

A(mIF2 + Bp 2 ) 
,  

Oab(P r ) 	p m 	
(3) 

 

where A = 0.230 [Fm 2 ] and B = 7.14 [dimensionless]. 

We will now define a momentum and path dependent 
transparency factor by 

(p,L)  

Here L is the length of a straight line from the 
point the it was created to the surface of the hot 
zone, and X is the pion mean, free path. Assuming 
a spherical shape (for simplicity only) we can 
calculate an average transparency factor (averaged 

= 	
{[u2 + 2u + .]e_2U + u - - }, 	(5) 

U 

where 
u = R/A = RpcF 	. 	 (6) 

Here, R is the radius of the hot zone (assumed 
to be the radius of the ions for central col-
lisions of equal mass ions), p is the density of 
the quasi-deuteron in the hot gone, (which we 
estimate to be 3/4 x 0.17 [Fm] corresponding 
to overlap density3  and where assuming every 
nucleon-nucleon pair is a quasi-deuteron, the 
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Fig. 1. Calculated pion inclusive spectra for 
800 MeV/nucleon Ne on NaF. The figure shows con-
tours in the rapidity transverse momentum plane. 
For the A momentum distribution a Maxwellian form 
was chosen with a statistical temperature of 
122 MeV (solid line) and a delta distribution with 
p0  = 279 MeV (dotted line). The calculations are 
performed in the c.m. frame of the ions. To trans 
form to the lab frame, just shift the contours 
to the right on the rapidity axis by an amount 
c.m.. To get actual double differential cross 
section, multiply with the scale factors (either 
N = 0.227 or M = 0.509) and by the cross section 
for the formation of the A resonances. The 
ridges are located at the contours marked 1 • N 
and 1 • M. 	 (XBL 795-9543) 

factor 3/4 accounts for he need of at least one 
neutron to absorb a 	We have so far 
neglected Coulomb effects, which can be included 
in a more rigorous treatment. 

In Fig. 1 we show contours for the inXariant 
double differential cross section Ed 2a/pdpdc2 for 

the pions calculated per unit cross section of 
the A formation. The contours are given in c.m. 
frame of the ions. Of particular interest is the 
rasher low energy ridge due to the distribution 
g(p.ff ) and the subsequent absorption profile. The 
ridge is roughly consistent With recent experi-
mental findings (Rasmussen et al.). However, it 
should be emphasized that hydrodynamical flow 
models can also account for such a ridge 4  (peak). 

In conclusion, we have shown that if a high 
energy central collision populates the A(1232) 
resonances sufficiently it is likely that some 
of the pions created by the decay of the A (and 
especially the very low-energy pions) can escape 
to the exterior even though they have been created 
far inside the projectile-target residue. 
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PION ABSORPTION IN HIGHLY EXCITED NUCLEAR MATTER* 

Che-Ming Ko 

The production of pions in high-energy heavy-
ion collisions is a subject being extensively 
studied both experimentally and theoretically. 
The energy spectrum of\the produced pions in the 
inclusive cross section implies that these pions 
are produced from a source with a very high 
temperature which is 50 MeV or more. 

In the scattering of pions from ordinary nuclei, 
it has been known that pions are strongly absorbed 
in nuclear medium. Sparrow et al.' have determined 
phenomenologically the mean free path of pion 
absorption in nuclear matter to be -2 fm around  

the (3,3)resonane. This value has been recently 
confirmed by Ginocchio2  from detailed cascade 
calculations using the isobar model. Are pions 
still strongly absorbed in a highly excited and 
dense nuclear matter produced in high-energy 
heavy-ion collisions? 

From previous studies on pion absorptiôns in 
normal nuclei, it is well established that the 
most important absorption mechanism involves a 
pair of nucleons. This picture of pion absorption 
via pion and rho-meson rescattering between two 
nucleons has been applied to study the imaginary 
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part of the pion-nucleus optical-potential . 

Using a Fermi-gas model for the nucleus, good 
agreements to the empirical optical-potential 
parameters have been obtained. We apply the same 
absorption mechanism to describe pion absorptions 
in highly excited and dense nuclear matter which 
is modeled by a finite temperature Fermi-gas. 

We have found that for a given pion kinetic 
energy, the mean free path Xabs for pion absorp-
tion depends weakly on the temperature of the 
nuclear matter. Around the (3,3) resonance, the 
value of Xabs ranges from -1 fm at T=O MeV to 
0.75 fm at T=60 MeV, if the normal nuclear matter 

density is used. The dependence of Aabs on the 
density of the nuclear matter is strong. We have 
found that the following relation is approximately 
fulfilled 

Xb' 	(p0Ip) 2 	 (1) 

where p0  and 	are, respectively, the normal 
nucleon matter aensity and the pion absorption 
mean free path in such a medium. 

Our results are relevant to high-energy heavy-
ion collisions. As pions are probably produced 
in a hot and dense nuclear matter in these  

reactions, then our calculations indicate that 
the mean free path for pion absorption is very 
short. Although the pions produced on the surface 
of this source can leave and be detected by the 
counter, those produced in the interior of the 
source will probably be absorbed by nucleons. 
These nucleons will then dissipate their energy 
through collisions with other nucleons or through 
production of new pions. In this fashion pion 
absorptions are probably one of the important 
mechanism via which the source achieves thermal 
equilibrium. Such an equilibrated source has 
been assumed in all thermal models for high-energy 
heavy-ion collisions. 
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1800 PRODUCTION OF p, d, AND t, AND p-p CORRELATION IN p-NUCLEUS COLLISIONS* 

Che-Ming Ko and Meng Ta_chungt 

Baryon-production at 01ab = 1800 has attracted 
much attention in the past few years. The vast 
interest is caused by the belief that by studying 
such reactions one can obtain information on the 
cumulative effect or information on the high-
momentum component of the nuclear wavefunctions 
and/or knowledge about the most violent collisions. 

The striking features of backward baryon-
production in proton-nucleus collisions can be 
summarized as follows: 

Energetic protons have been observed 1  at 

0lab = 180° in p-nucleus collisions at 0.6 and 
0.8 0eV using a number of nuclear targets. The 
inclusive cross section (in lab) per nucleon 
A'(dcy/dp 3 ), A is the target mas number, can 
be fitted well by Bp exp[-cp Pp/(2Mp)]. Here 
Pp is the magnitude of the momentum of the 
observed proton, Mp is its mass, Bp and cp are 
momentum-independent parameters. 

Copious deuterons and tritons have also 
been observed in the same experiment. 1  The cross 
section A- l(da/d3p)X can be fitted by B 
exp[-ct P 2 /(2M)] where X = d and t indicates 
deutrons and tritons, respectively. 

Angular distributions for p and d in p-i-Pb 
at 7.7 0eV have been measured. 2  It is seen that 
there is practically no angular dependence for 
140° ~ elab < 180°. This behavior seems to 
persist down to lower incident energies. 

Backward proton emission (50 to 145 MeV) 
has been measured 3  in coincidence with, forward 
outgoing protons (255 to 350 MeV) in p-nucleus 
interactions at 640 MeV. A pronounced correlation 
is observed when the two outgoing protons.are, 
in the neighborhoodof Olab = 122 0  and 12°, 
respectively. Keeping the backward proton at 
122 0 , a rather broad distribution in angle is 
seen for the forward proton. 

We attempt to understand these facts in terms 
of the two-component picture for high-energy 
hadron-nucleus collisions. 4  We demonstrate that 
180 0  production of p, d, and t are due to fragmen-
tation of the excited effective target (ET) and 
that no large-momentum-transfer is involved in 
such reactions. The mass of the excited El is 
proportional to ', the number of nucleons along 
the path of the incident proton. In the rest 
frame of'the excited El, the'inclusive cross 
section for a baryon of mass AM (M is the nucleon 
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iiass) can be obtained by the method suggested 
by Goldhaber. 5  As the velocity of the excited' 
El is very small, we can neglect thedifference 
between the rest frame of El and the laboratory 
frame. Then the inclusive cross section per 
nucleon is given by 

1  (daW dp 3 )X 	
XA , X 

	

= a(')D I 	 p,d,t 	(1) 

where a is the mean geometrical cross section, 
v is the average number of nucleons in the ET, 
DA(p) is the normalized momentum distribution, 

	

Ia \3/2 	 2 

	

0 (r' =(---I 	x 
A"' 	\2iMA/ 	' aA 2MA 

with 	
2 	 (2) 

-1 - 	-A 
aA 

and 'A  is determined by the internal degrees of 
freedom of the fragment which consists of A 
nucleon. 

We found that with 00  '160 MeV/c and 	5, 
the data of Ref. 1 can be well explained. The 
angular independence of the cross section for 
1400 Olab < 180 0  is a trivial result of the 
model that the excited ET moves slowly and frag- 

ments isotropically. The pp correlation data 
of Ref. 3is also a natural consequence of our 
model; as the number of nucleons in ET is small, 
back-to-back correlations are simple consequences 
of momentum conservation. The broad distribution 
in angle for the forward proton, when keeping 
the backward proton fixed in angle, is due to 
the distribution of the perpendicular momentum 
of the El and the possible existence of undetected 
particles which also take part in the momentum 
balance. 
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PRODUCTION OF THE PIONIC ATOM IN HEAVY-ION COLLISIONS 

Che-Ming Ko and P. J. Siemens 

Pionproductionin heavy-ion collisions are 
usually treated in terms of nucleon-nucleon col-
lisions. This is certainly the dominant mechanism 
for impact parameters up to the sum of the two 
nuclear radii. Beyond this impact parameter, we 
expect that the electromagnetic interaction will 
play animportant role in pionproduction. This 
is also true when the incident energy per nucleon 
is below thethreshold of pion production in 
nucleon-nucleon collisions. Among the electro-
magnetic processes, we consider the production 
of pions directly in the atomic orbits of the 
ions. In particular, we study pions produced 
from the target into the atomic orbits of the 
projecti 1 ë. 

To estimate the production cross-section of 
the projectile pionic atom, we consider the' 
amplitude due to a single neutron in the target. 
Assuming that the neutron acts as a classical 
static point source of pions, and using the 
classical approximation for the relative motion 
of the two ions, the amplitude for a given impact 
parameter b, of producing a pion in the orbit 
with quantum numbers NLM is 

tNLM (b) 	i 	fdt eiQt 
0NLM ((t)) (1) 

In the above, f is the pion-nucleon coupling 
constant and is equal to unity; 1i is the pion 
inverse Compton wavelength and is equal to 
0.7 fm 1 ; k and w are, respectively, the wave-
number and energy of the pion in units of fm -1 . 
The quantity Q stands for the Q-value of the 
reaction and is essentially equal to p. The 
wavefunction NLM denotes thepionic orbital 
wavefunction,:its argument R(t) is the relative 
coordinate as a function of time. 

In the limit that bQ/v >> 1 with v the velocity 
of the pion in units of c, a condition which is 
certainly satisfied in heavy-ion peripheral col-
lisions, the cross section of producing a pion 
in the atomic orbit of the projectile with 
quantum numbers (NLM) is given by 
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2 k2 
G0(NLM) 	

5ML 
p 	 (2) 

2L+5 

* 	(N+L)! 	1 
(L+l)!L!(N-L-l)! N2L+4  (QvLa p ) 

where Z is the charge of the projectile while a 0  
is the Bohr radius and has the value -2OO fm. 
In deriving Eq. (2), the z-axis is chosen to be 
perpendicular to the reaction plane andthe rela-
tive motion is taken to be a straight trajectory. 
It can be easily checked that for a given N, the 
smaller the L is the larger ao  is, and that 

1/N 3 . In terms of the target neutron 
number NT,  the total production cross section 
is then given by NT °o for independent production 
and for k > kp, where kF is the Fermi momentum. 
This is because for every occupied neutron state, 
there will be an unoccupied proton final state 
available. On the other hand, if.all the transi-  
tionstrength is concentrated in a single collec-
tive state with a form factor proportional to 

e 1 t, then the maximal cross section NT2 °0 will 
be realized. 

If the pions are produced in an L=O orbit, 
they will be rapidly captured by the nucleus, 
since the L=O pionic wavefunction is large inside 
the nucleus. Experimentally, such events will 
be difficult to distinguish from other less 
peripheral processes. Thus we have to concentrate 
on the atomic states with L=l. 

We have estimated the time for a pion to 
cascade from a higher orbit to lower ones, thus 
being absorbed by the projectile, and the time 
for the pion being stripped off by the target 
material. We found that the latter time is much 
longer than the former for not too large N and 

L when the production cross section is appreciable. 
However, the pionic atom can be ionized by the 
Coulomb field of the target via a second order pro-
cess. Then we expect an enhancement of 	spectrum 
around the velocity of the projectile. 

Another possible experimental observable is to 
detect the correlation of the projectile residue 
withthe pionic x-rays. As an example, we consider 
the collision between two 40Ca nuclei at laboratory 
incident energy of 500 MeV/nucleon. The produc-
tion cross section of the pionic atom with N=2 
and L=1 has the magnitude 

0.006 pb < o < 0.12 pb . 	 (3) 

The subsequent electromagnetic transition from 
2p state to ls state has a definitefrequency 
1 MeV and angular distribution -sin B in the 
rest frame of the projectile. Here, B is the 
angle with respect to the beam direction. 

This process offers interesting possibilities 
of studying both the isovector dipole mode and 
the pion condensate mode of the target nucleus. 
To excite these modes, the momentum transfer to 
the target through the pion production needs to 
be -l/R (R is the target radius) and -2 p for 
the dipole and condensate modes, respectively. 
This can be achieved by changing the incident 
kinetic energy of the projectile. For example, 
1.2 GeV/Nucleon would be appropriate for exciting 
the pion condensate mode. 
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INFRARED PROPERTIES OF QUARK GAS* 

J. I. Kapusta 

Since the observation by Collins and Perry 1  
that the effective coupling constant in QCD is 
small at high density and temperature, much work 
has been done on the thermodynamic properties 
of a gas of quarks and gluons. 2  For the most 
part this work has concentrated on the calculation 
of the thermodynamic potential in perturbation 
theory. Recently, it has been shown 3  that the 
perturbative vacuum about which the above calcula-
tions were carried out is stable against fluctua-
tions of the color magnetic field. 

A lingering question remains about the true 
infrared finiteness of the theory. The standard 
procedure is to: (i) calculate the thermodynamic 
potential with a fixed coupling constant, (ii) 

ubtract off theinfinite vacuum contribution, 
and (iii.) replace the fixed coupling constant 
by the renormalization group running coupling. 
If the renormalization group was first applied 
to the many-body Green's functionsand then inte-
gration over momenta was carried out to obtain 
the thermodynamic potential, wouldn't the pole 
in the running coupling constant, g2 	l/ln(-P2/1V2), 
cause the integrals to be ill-defined? 

In this work we attempt to answer this and 
other questions. To do so we first construct 
the renormalization group beta function in one 
loop approximation in the many-body medium. Then 
we solve for the running coupling constant. An 
approximate analytic sol ution is 
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Fig. 1. Plot of the renormalization group running 
coupling constant for the special case of two 
massless quarks with equal chemical potential 
p. For p 	GeV the system will not be in the 
quark phase. 	 (XBL 794-1051) 
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is the scale violating payameter, b and c are 
positive constants, and pC  is the mean-squared 
chemical potential of the quarks. This effective 
coupling constant exhibits asymptotic freedom 
just as in the vacuum. It also exhibits color 
charge screening in the infrared region, as shown 
in Fig. 1. Hence, there are no infrared singulari-
ties in a quark gas. 

As an application of the above we construct 
the renormalization group improved color density, 
fluctuation function and show that it is finite 
for all wavenumbers. We also estimate the impor-
tance of instantons in the quark gas, and show 
that their importance is negligible except at 
low density where quarks are expected to cluster 
into hadrons. 
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M 

16ir 	 -- (11N-2N)lti [ 	+ c exp(-)] 

where the gauge group is SU(N c ). There are Nf 
massless quarks, M is the subtraction point, A 

MECHANISMS FOR DEUTERON PRODUCTION IN RELATIVISTIC NUCLEAR COLLISIONS* 

J. I. Kapusta 

One of the more interesting aspects of relati-
vistic heavy-ion collisions is the huge number 
of reaction products which are observed. The 
list of particles starts with photons, pions, 
kaons and nucleons, ranges through the light 
composite nuclei and up to fragments as heavy 
as the projectile and target themselves. Surely 
this variety of particles is a consequence of 
the variety of types of events which occur. The 
purpose of this article is to investigate some 
possible mechanisms for producing deuterons. As 
opposed to alpha particles, for instance, it is 
unlikely that knockout of preformed deuterons 
or deuteron evaporation from a heavy target 
residue will significantly contribute to the 
observed production cross section. Thus, the 
dynamics which are unique to relativistic heavy-
ion collisions will be focused on. 

The coalescence model 1  is a purely statistical 
model which merely figures the probability for 
finding a proton and neutron within a sphere of 
radius P 0  in momentum space. There is no explicit 
mechanism for turning them into a deuteron. 

The static thermal model 2  assumes that thermal 
equilibrium, both kinetic and chemical, is 
achieved during the collision. Fits to the data 
allow one to infer effective temperatures and 
volumes for the emitting fireball. 

The sudden approximation model 3  assumes that 
during the expansion of the fireball there is 
a fast transition from a strongly interacting 
phase to a weakly interacting one. The probability 
for deuteron formation involves the overlap of 
wavefunctions before and after the transition, 
and also the density at the transition. 

The time dependent perturbation model assumes 
that there is a finite time during which nucleons 
emerging from the fireball are allowed to interact 
to form deuterons. The process is definitely 
not of an equilibrium character since the number 
of deuterons increases with increasing interaction 
time. 

A solution of the rate equation in a hydro-
dynamically expanding fireball suggests that 
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Fig. 1. The fraction xd of nucleons which are 
bound in a deuteron as a function of time/density. 
The solid line is a solution of the rate equation 
in a hydrodynamically expanding fireball. 

(XBL 796-1752) 

chemical equilibrium can be reached in the more 
central collisions of heavy nuclei. See Fig. 1 

This conclusion depends to some extent on the 
approximate validity of kinetic equilibrium. 

The effect of impact parameter averaging is 
to modify the usual power law relationship between 
the deuteron and proton cross sections by means 
of a two particle correlation function. For the 
coalescence model the correlation function C as 
usually defined is the relevant one. For the 
other models the proper correlation function C' 
involves the measurement of the associated multi-
plicity of high energy particles. Comparisons 
of the various models with the data including 
correlations should provide important self-
consistency tests. 
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EVIDENCE FOR A SOFT NUCLEAR-MATTER EQUATION OF STATE* 

P. J. Siemens and J. I. Kapusta 

One of the principle motivations for accelera-
ting heavy-ion beams to relativistic energies 
is the hope of producing and studying matter at 
baryon densities greater than are found in atomic 
nuclei. However, information about the properties 
of the dense matter thus created is obscured by 
the fact that our observations are limited to 
the products emitted as it disassembles. We 
present arguments that the ratio Rdp  of deuterons 
to protons is established during the early stages 
of the fireball's existence, is little changed 
by the later processes of expansion and dis-
assembly, and measures the specific entropy of 
the fireball. 

One can argue 1  that the time evolution of the 
fireball goes through three stages: formation, 
explosion, and disintegration. During the forma-
tion stage of the reaction, most of the kinetic 
energy of the nuclei's relative motion is thought 
to be converted to thermal excitation of the dense 
matter. . A 9reat deal of entropy is created in 
this stage. 	During the explosion stage of the 
collision, there is a hydrodynamic expansion of 
the matter with estimates suggesting that little 
additional entropy is created. During the dis-
integration stage collisions are so infrequent 
that a hydrodynarnic description is no longer valid 
However, Liouville's theorem guarantees that the 
particles' density in phase space remains constant 
in the absence of collisions. 

Quantitative estimates 3  suggest that there 
is ample time for deuterons to reach chemical 
equilibrium. If this is the case then it turns 
out that the number of deuterons produced depends 
onlyon the entropy of the fireball. In the low 
degeneracy limit, 

S
n 
 = 3.95 - ln Rdp 	 (1) 

where Sn  is the entropy per neutron. One can 
also give an argument to the effect that the 
transition from hydrodynamic expansion to a col-
lisionless expansion does not change the value 

of Rdp. 

As a first application of these ideas we have 
extracted Rdp from the high transverse momentum, 
90 0  c.m. spectra of Lemaire et al. 4  This data 
are associated with central collisions. As a 
check the shape of the deuteron curves are well 
reproduced by an explosion formula with the param- 
eters determined previously 1  by the pion and proton 
data. The values obtained for the entropy are 
plotted in Fig. 1. The horizontal error bars 
indicate the uncertainty in the pion contributions 
to the total energy. To judge the significance 
of the result,we show the predictions of a very 
soft equation of state given by 
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Fig. 1. Entropy per baryon as a function of energy 
per baryon for various reactions. Theoretical 
curves are for a soft nuclear-matter equation 
of state at compression ratios of one, two and 
four (Eq. (2) with K = 200 MeV). 	(XBL 797-2100) 

E(n,S) = E(n,O) + 	K( 	- 1 + in 	) 
0 	 fl 	 no 	(2) 

+ EFG(n , S) - EFG(n ,0 ) 

with n the baryon density, K the compressibility, 
and EFG(fl,S) is the energy of a free Fermi gas 
with entropy S. We see that much more entropy 
is created than we would expect, since maximum 
compressions of three to four have been predicted. 

A possible resolution of the discrepancy is 
that there are strong, attractive forces present 
in the hot, dense medium. Or it could be that 
collective excitations, such as due to pion con-
densation, are the culprits. Other possibilities 
also come to mind. Clearly it is important to 
make more detailed calculations to support the 
scenario described here. Measurements for heavier 
systems and for excitation functions are highly 
desirable. 
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MICROSCOPIC STUDY OF THE EQUILIBRATION IN HIGH-ENERGY NUCLEAR COLLJSIONS* 

J. Knout  and J. Randrup 

Nuclear collisions at incident energies in 
the relativistic regime have until now been 
studied mainly through the observation of one- 
particle inclusive spectra. From such experiments 
we have learned that the gross features of the 
data can be re1ativly well accounted for by a 
number of models based on widely different physi-
cal pictures. This fact makes it difficult to 
determine the basic character of the collision 
process. In particular, it is not clear whether 
the large apparent equilibration, as evidenced 
by the success of simple thermal models (such 
as the fireball and the firestreak models), is 
due to an actual equilibration in the majority 
of the collisions or whether it is just an 
obscuring consequence of the addition of many 
separate events, thus merely reflecting the avail-
able phase space. Therefore, one important objec- 

tive of a microscopic analysis of such reactions 
is to under stand how the colliding systems evolve 
towards equilibrium and how this process is re-
flected in the various observable quantities. 

Recently the equilibration in infinite nuclear 
matter was studied. 1  This work provides instruc-
tive general insight into the relaxation process 
but the results are not directly appilcable 
because of the neglect of the nuclear geometry. 
A possible framework for studies of equilibration 
in finite systems is offered by microscopic three-
dimensional cascade calculations. However, they 
suffer from being relatively complicated, with 
regard to the practical implementation as well 
as to the analysis of the results, and they may 
therefore not be the ideal tool for understanding 
the collision dynamics in a simple way. 
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In order to gain easy and transparent insight 
into these questions, a simpler microscopic model 
was recently - developed: The "rows-on-rows model. 2  
This model exploits the particular simplification 
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Fig. la,b. The invariant one-proton inclusive 
cross section as a function of the momentum p 
for 800 MeV/nucleon Ne on NaF and 800 MeV/nucleon 
Ar on KC1. Solid curves: numerical solution 
of the linearcascade model. Dashed curves: the 
corresponding algebraic approximation. The 
experimental data are from Ref. 3. 
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arising in the high-energy limit, namely the 
approximately straight trajectories. Because 
of this simple feature the individual nucleons 
suffer-only relatively few collisions and the 
entire collision process effectively reduces to 
a number of separate colinear cascades. This 
substantially simpler problem can be solved re-
cursively, yielding the momentum-distributions 
of the nucleons as functions of the collision 
numbers. This procedure leads to analytical 
expressions for the lowest moments of the distribu-
tions and a fairly transparent analysis of the 
collision process is then possible. In this way 
equilibration criteria were established in the 
non-relativistic regime. 2  

In-the present study we extend the above 
approach in two respects:. (1) originally the 
moment expansion was restricted to ither the 
non-relativistic limit or the ultra-relativistic 
case in the limit of small-angle scattering. The 
expansion is now generalized to encompass the 
entire energy regime. This has the particular 
advantage of permitting quantitative confrontatlon 
with the data induced by 800 MeV/nucleon beams. 
(2) An exact numerical simulation method is 
adopted alongside with the analytical moment-
expansion method. This method has the distinct 
advantage of yielding the entire distribution 
in momentum space rather than just the lowest 
moments. . By comparison of the two approaches 
it is then possible to ascertain the adequacy 
of the moment-expansion method. 

It is not possible to discuss here the details 
of the equilibration studies. Instead, we wish 
to give an impression of the overall accuracy 
of the model employed. For this we display in 
Fig. lthe invariant differential cross section 
E doy/d as a function of the observed momentum 
p. Two cases are shown: 800 MeV/nucleon Ne on 
NaF and 800 MeV/nucleon Ar on KC1 ; experimental 
data have recently been obtained for these cases. 3  
In both cases the numerical simulation method 
leads to a remarkably good reproduction of the 
data. This result lends strong support to the 
linear cascade model as a useful basis for under-
standing the observed spectra. 

The spectra obtained with the moment-expansion 
method exhibit distinct deviations from the numeri-
cal solution, and this is despite the fact that 
the two methods yield similar results as far as 
the lowest moments are concerned. This feature 
is a consequence of the limited information con-
tained in the moments, preventing a complete re-
construction of the spectra.. Relative to what 
results from the reconstruction with Gaussians, 
the simulation results and the data are somewhat 
smaller at relatively moderate c.m. momenta and 
fall off.more steeply at thewings of the spectra. 
This suggest.s that another type of function be 
employed when reconstructing the spectrum from 
the moments (a function which falls off more 
rapidly than the Gaussian). 
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QUASI-DYNAMICAL EXPANSION OF A VERY HIGH ENERGY HADRONIC FIREBALL* 

Norman K. Glendenning and Yasha Karant 

In earlier publications 1  we have discussed 
the relevanáe of the high mass hadronic spectrum 
to cosmology and particle physics, while pointing 
out that it is impractical to learn even its 
general form in the conventional way of counting 
individual particles and resonances. However, 
bulk properties of matter depend on the density 
of states available to its constituents and this 
in principle will allow a determination of the 
form of the density of hadronic states as a 
function of their mass. Of course the direct 
observation of dense matter produced in a high 
energy nuclear collision is not possible. Only 
the stable products from its disassembly can be 
observed. Previously we studied isoergic and 
isentropic expansions. Now we report results 
of a quasi-dynamical treatment of the expansion 
and the sensitivity of the spectra of emitted 
stable particles to three-assumed forms of the 
hadronic density of states. The assumed forms 
are: (1) exponentially growing spectrum (boot-
strap and maybe quark), (2) rigid quark bag, and 
(3) the presently known spectrum. 

The main physical features that govern the 
expansion of the fireball are the populations 
in the fireball, their velocity distributions, 
the mean free path, and the mean resonance 1if-
time. We shall assume that at any instant the 
particles that lie within a mean free path of 
the surface of the fireball, and are directed 
outward, will move into vacuum. Those that are 
unstable will decay within a resonance mean life 
into lighter stableand unstable particles, so 
that in the immediate vicinity of the surface 
the density remains high. Therefore we take this 
to define an instantaneous new surface and we 
assume that a new quasi-equilibrium state is 
established within three concentric zones in the 
outward moving material. Meanwhile, those of 
the original outward moving particles that are 
stable and moving faster than the unstable ones 
that established the position of the new surface 
escape to the vacuum. Their quantum numbers and 
energy are subtracted from those defining the 
state of the new quasi-equilibrated fireball. 
These steps are iterated until the density has 
dropped to the critical density or the fireball 

contains negligible energy and conserved quantum 
numbers in resonance states, whichever comes 
sooner. At that point the remaining particles 
move freely to the vacuum. The assumption of 
re-equilibration at each step in the expansion 
incorporates the effects of final state interac-
tions maximally. Therefore we will get a con-
servative estimate of the sensitivity of the 
emitted spectra to the underlying hadronic density 
of states. 

We exhibit in Fig. 1 a sample energy spectrum, 
that of the kaons produced in a central collision 
of equal mass nuclei with 10 GeV kinetic energy 
per nucleon. The particles are emitted almost 
isotropically so we show the spectra at only one 
angle. Results for a collision of two mass number 
4 and two mass number 200 nuclei are compared 
in the center of mass (colliding beams). 

All spectra possess the common feature that 
they are concave upward. This corresponds to 
the emission of particles from a cooling object, 
the high-energy tails arising predominantly from 
emission from the early high-temperature stage, 
which is the stage during which the three worlds 
are most markedly different. The spectra are, 
so to speak, a convoiut4&nof the Fermi or Bose 
distributions over the history of the fireball. 
Asymptotically their slopes would characterize 
the initial temperature of the fireball. However, 
in the real world we recognize that there will 
be contamination far out in the tail from un-
thermalized primary nucleon-nucleon collisions. 

Comparison of the spectra for the baryon number 
8 and 400 collisions reveals the interplay of 
the various factors that control the decay, of 
the fireball. These are the underlying hadron 
mass spectrum, the mean free path, mean resonance 
lifetime, and the size of the fireball - or more 
precisely, the ratio of (emitting) surface to 
volume. 

From our earlier studies we learned that the 
richer the underlying hadron spectrum is in high 
mass particles, the lower will be the particle 
density at any given energy density. This implies 
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ently depending on the assumed hadronic spectrum. 
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Fig. 1. For a symmetrical head-on collision at 
10 0eV/nucleon of two equal mass nuclei, the 
spectrum of emitted kaons at 90° in the c.m. frame 
is shown corresponding to the three underlying 
hadronic spectra. Results for heavy and light 
nuclei are shown. 	 (XBL 792-8383) 

on the one hand that the fireball consists of 
a few ponderous heavy particles, but with a longer 
mean free path because of the low particle density, 
than in the case of, say, the "known" spectrum 
where the particles are lighter and faster but 
more dense and therefore have shorter mean free 
path. 

In the higher energy part of the spectrum of 
all stable particles the exponential world is 
more sensitive to the mass of the colliding nuclei 
than the other two worlds. Energy is converted 
to massive baryons for the exponential world and 
the temperature is rather highly saturated in 
this case. This implies that the relatively larger 
ratio of volume to surface achieved for the col-
lision of larger nuclei provides a longer lived 
reservoir of energy which is contained mainly 
in the high mass resonances. This results in 
a roughly constant temperature source. The 
advantage of having the mass as a variable by 
which to alter the interplay of the factors con-
trolling the fireball disassembly is shown in 
Figs. 2 and 3. The ratio of high-energy emitted 
pions and kaons to nucleons is plotted as a 
function of the mass of the colliding nuclei. 
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Each of the three worlds has its own signature 
by comparison of the behavior of these two ratios 
as a function of the mass. For example, •both 
ratios are rather constant for the known world, 
while only one is a strong function for the bag 
world. This illustrates a signature of the under-
lying spectrum of hadrons that is easier to read 
than the spectra of emitted particles themselves. 

These easily detected signals appear to be suf-
ficiently large that it seems likely that they 
will survive a refinement of the collision 
dynamics. Therefore, it should be possible to 
distinguish between the three extreme examples 
of hadronic spectra that we considered, even within 
the limitations of the present scheme. The center-
of-mass energies are in the tens of GeV/nucleon 

region. While these are high energies, they are 
within the reach of present technology. We con-
sider that the prognosis for discovering the 
asymptotic hadron spectrum is good. 
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EVIDENCE FOR A BLAST WAVE FROM COMPRESSED NUCLEAR MATTER* 

Philip J. Siemenst  and John 0. Rasmussen 

Central collisions of heavy nuclei at c.m. 
kinetic energies of a few hundred MeV per nucleon 
are expected to lead to the formation of a fireball 
of hot, dense nuclear matter. We argue that such 
a fireball would be expected to explode, leading 
to a blast wave of nucleons and pions. The energy 
for the blast wave comes from the compressional 
and thermal energy of the fireball. We show how 

several features of the observed inclusive cross 
sections for pions and protons from Ne on NaF 
at 0.8 GeV/nucleon(lab) can be understood in terms 
of the blast wave, but are incompatible with 
earlier, purely thermal models (Fig. 1). About 
40% of the available energy appears as transla-
tional kinetic energy of the blast, with a similar 
amount ending as thermal motion of the nucleons 
in the exploding matter (the remainder is used 
for pion creation). This partitioning of the 
energy into organized and thermal motion can be 
used to help determine properties of the hot, 
dense matter. 

Footnotes 
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±On  leave from The Neils Bohr Institute, University 
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Fig. 1. Inclusive cross sections d 3o/dp3  at 900 
in the c.m. for Ne on NaF at 800 MeV/nucleon lab 
kinetic energy: o=protons, •i, 	ir+. Solid 
lines: expanding fireball fit to data for c.m. 
kinetic energy > Eb m/A = 0.182 GeV, with T = 44 
MeV, 	0.373, N(7TTI 	0.094N(proton). The 
dashed curve is a Boltzmann distribution extra-
polated from the high-energy proton cross section. 
The dotted curve is the expanding fireball expres-
sion for ¶+ roughy corected for Coulomb effects 
by the factor [F 0  + G0] 1 , evaluated for s 
wave it4  with the full nuclear charge and radius 
of the combined 3C a system. 	(XBL 7811-12982) 
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GEOMETRICAL ASPECTS OF RELATIVISTIC NUCLEAR COLLISIONS* 

William D. Myers and Steven Landownet 

A common feature of many approaches to rela-
tivistic nuclear collisionsl 4  is that the 
experimentally observed quantities in inclusive 
measurements of various kinds are calculated by 
means of a four-dimensional integral of the fol-
lowing form: 

Q =f d i.  

where Q is the quantity of interest (a differential 
cross section, for example), 	is the two- 
dimensional vector impact parameter, 	is the 
two-dimensional vector position in the plane 
perpendicular to the beam, and qs()  is_the local 
contribution to Q for impact parameter s from 
the point 73 . This integral can be recast in the 
for& 

Q = f21Tsds1 5 2irsds 2  q(s 1 , 

where sl and S2  are one-dimensional radial varia- 
bles measured from the centers of the projections 
of the target and projectile nuclear density dis-
tributions onto a plane. Finally, for the ideali-
zation of nuclei as uniform, sharp surface spheres 
of density p, the integral can be written 

Q  f
2R 1 	2R 2  

- adaf 	8d8 q(a,) 

where R1 and RZ  are the sharp radii and a and 
are length variables proportional to the number 
of particles per unit area when the nuclear 
densities are projected onto a plane. 

As an example of how this expression is to 
be used, consider the question of the total cross 
section for a particle that is to emerge from 
a relativistic nuclear collision. Assuming that 
all the particles come from the overlap region 
and none from the "spectators," the quantity 
q = (a + )p and the total cross section is cal-
culated to be, 2  at = 7r[A1R22+ R1 2A21. Similarly, 
if we wish to calculate the total cross section 
assuming that the yield comes only from single 
knock-on collisions in the overlap region (under 
the drastic assumption of infinite nucleon-nucleon 
cross section), then 

q = 2 	min(ct,)p 

and 

ako = 2ir A1[R22 - 1/5 R 1 2 ] 

as previously noted in Ref. 3. A somewhat more 
complex application is made in Ref. 4. 

To continue, let us choose to measure the 
lengths a and 	in units of A = 6.9 fm, which 
is simply the length of a column one fermi square, 
which contains one nucleon when the nucleon den- 
sity p = 0.145 fm 3 . Then our integral can be 
written 

Q fo dw 1 f dw2  W( 1 ,w2 ) 

where C is a proportionality constant and the 
density function W(w1,w2) = w1(w1+u2). This 
latter quantity is plotted in Fig. 1 and the 
boundaries for various target and projectile 
combinations are indicated. Such plots are useful 
to illustrate the relative importance of different 
wl,w2 combinations and their dependence on the 
particular target and projectile. The quantity 
W can be defined with respect to w and r where 
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w = wl + w2 and n = ul/w, in which case W(n,w) 
w.W(cul,u)?). Finally, the quantity W() [ which 
is the dimensionless analog of the quantity Y() 
in Ref. 1] can then be formed by projecting that 
part of the W(n,w) function which is bounded by 	 2 Ql and Q2, onto the 11 axis. 

These generally useful relations allow us to 
do completely analytic calculations for various 
differential cross sections in the firestreak, 1  
rows-on-rows, 2  and knock-on 3  models but are limited 
by the unrealistic assumption of sharp nuclear 
surfaces. Fortunately, they may be extended by 
using an approximation in which the projection 
of the diffuse nuclear density distribution onto 
a plane is represented by a circle smoothly joined 
to an exponential as is shown in Fig. 2. The 
curves show the approximation and the dots are 
the actual values of the projected density for 
a particular model. 

With this extension we can reconsider such 
quantities as W(wl,w2)  which is shown in Fig. 3. 
The figure was drawn for the case of Ne + U, and 
the dashed lines show the boundaries of the region 
to be considered, just as they did in Fig. 1. 
However, the presence of the diffuse tails of 
the nuclear density distributions add a new aspect. 
The dot-dashed lines divide the surface into four 
regions. Region A concerns that part of the col-
lision process in which the diffuse fringe around 
the projectile collides with the fringe around 
the target. In region B the fringe of the pro-
jectile is incident on the massive central part 
of the target. In C the central part of the 
projectile is incident on the fringe around the 
target, and in D the two central regions are 
incident on each other. Region D, of course, 
is identical to the corresponding region in 
Fig. 1, but the boundaries limiting the region 
have moved in slightly. 

As before the weight function W(w1 ,w2) can be 
converted to W(,w) and then projected onto the 
ri-axis to give W(), which is the exact analog of 
the Y(ri) functions that were tabulated in Ref. 1. 

w2  

[I] 

These analytic forms of the geometrical weight 
functions are currently-being employed in a 
generalization of the firestreak model which 
includes effects of transparency and the con-
tributions of simple two-body knock-on collisions 
to the inclusive cross sections, but this work 
is not yet complete. 

0 	2 	4 	6 	8 	10 	12 

Radial distance in fermi 

Fig. 2. (XBL 798-2406)  

Footnotes and References 

* 
Condensed from LBL-8612. 

•tUniversity of Munich, 8046 Garching, West 
Germany 	- 

W. D. Myers, Nucl. Phys. A 296, 177 (1978); 

J. HUfner and J. Knoll, Nucl. Phys. A 290, 
460 (1977). 	- 	- - 	- 

R. L. Hatch and S. E. Koonin, Cal. Tech. 
preprint MAP-2 (September 1978). 

J. Randrup, NORDITA preprint 78-6 (March 1978). 

As was pointed out -to us by J. Randrup. 



183 

CLASSICAL MANY-BODY CALCULATIONS 

J. D. Stevenson 

A calculation for relativistic nuclear col-
lisions that was introduced in a recent paper' 
has been tested further on unpublished data pro-
vided by Prof. Steven Thronton of the University 
of Virginia. The calculation was compared to 
data for 240 MeV/nucleon 4He + (Al,Ta) - p + x 
and 600 MeVp + (Al,Ta) + p + x and was found 
to be in good agreement Over the entire range 
of proton energies, extending out to 550 MeV. 

One prediction of the p + Al and p + Ta cal-
culations is that high energy, E > 50 MeV, 
protons are enhanced relative to neutrons by 
factors of 1.5 to 10 at all angles. 

If this were confirmed, it would indicate that 
high energy protons came primarily from the pro-
jectile rather than from an equilibrated 
projectile-target system. 
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ON THE FRAGMENTATION OF THE PROJECTILE IN RELATIVISTIC 
HEAVY-ION COLLISIONS* 

R. A. Malfliett and Y. Karant 

In one of the first experiments with relativis-
tic heavy ions at Berkeley, a very detailed 
investigation has been performed on the peripheral 
process of projectile fragmentation. For instance, 
60 nuclei accelerated in the Bevalac up to 
energies of 2.1 GeV per nucleon collide with a 
Be target and the outgoing fragments are detected 
in almost the same direction as the incident 160 
projectile.i This type of experiment has been 
extended to other bombarding energies and a whole 
range of projectile-target combinations. The 
first theoretical analyses considered the reaction 
as a two-step process in analogy with the conven-
tional cascade-evaporation approach for low energy 
light ion reactions. In this way Bowman et al. 3  
introduced an abrasion step, in which some of 
the projectile matter is sheared off by the target, 
followed by the ablation of the excited fragment 
in flight. To our knowledge the most refined 
type of this model has been developed by HUfner 
and co-workers. 3  

Starting from Glauber's multiple scattering 
theory and using the so-called coherent approxima-
tion they derive a rather simple expression for 
the cross section for the abrasion of n nucleons. 
Also, they calculate the average excitation energy 
after abrasion and the recoil momentum of the 
fragment. All these quantities can then be used, 
within a certain model, to calculate the ablation 
part of the reaction. Using this model, one can 
understand the main features and obtain qualita-
tive agreement with the experimental data. 
Although this approach is very attractive, in 
our opinion it makes some rather drastic assump-
tions. To illustrate this point we will reconsider 

the abrasion step in a more general approach based 
on the Boltzmann equation. We will rederive their 
simple expression for the abrasion cross section 
under the same assumptions and furthermore remove 
most of these simplifications in a new calculation 
of the abrasion observables. 

The Boltzmann equation describes the evolution 
of the distribution function 	 i.e., the 
number of particles which are at time t in the 
phase-space element dP d, because of collisions 
of the particles among each other: 

+ (j + 	N(r,v
+
,t) = ff5 d d d 2  

+ + 
(N(,,t) N(,,t) W(fjv2v) 	(1) 

- N(,,t) N(, 2 ,t) w( 2 !j)) 

Here, W denotes the transition probability 
including momentum and energy conservation, we 
have neglected the possible presence of an external 
force field, and the equation is written in its 
non-relativistic form. Equation (1) as it stands 
describes, with appropriate initial conditions, 
the scattering of two nuclei based on individual 
nucleon-nucleon collisions. 

Since we are dealing with peripheral collisions 
where not too many scattering events take place, 
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we neglect the depletion of target and projectile 
by successive collisions, as is the case in 
Ref. 3. If we also allow only the "moving" 
particles (i.e., projectile nucleons and knocked-
out target nucleons by previous collisions) to 
interact with the "frozen" particles in the 
target, we can simplify Eq. (1) considerably: 

+ 4. 
+ 	)N(r,v,t) 	

+ 

+ 	+4. -i 	 (2) 
- N(rv4.t)vo(vIv')]  

to other aspects of relativistic heavy-ion reac-
tions (central collisions and composite-particle 
collision), is discussed extensively elsewhere. 
Here we will only sketch the main ingredient of 
the approach and focus on the results of a first 
calculation. 

We have, as a function of impact parameter 
b, calculated the three important quantities: 
the number of particles abraded from 160,  the 
excitation energy of the resulting fragment, and 
its recoil momentum. 

Fig. 1 displays some of these quantities for 
the case of lbO + 9Be at 2.1 GeV/nucleon bombarding 

where N(i,,t) represents the distribution func-
tion for the "moving" particles and 	is the 
target matter distribution. The symbol a( ... ) 
stands for the nucleon-nucleon cross section. This 
linearized Boltzmann equation can be cast in an 
integral equation form: 

+ + 
N(,) =fdc ex[d1 votot(v)PT(rv1)t 

0 

(3) 

xfd'v'a(hI+v)pT(r_v) N(r-v,v') 

In this form the equation gives a clear insight 
in to the collision process. The exponential 
term expresses the probability that there is no 
collision. An obvious method to calculate the 
distribution fynction is by iteration, which 
calculates N(n)( 	[(left-hand side of Eq. (3)] 
in terms of N(n-I(r,) [right-hand side of 
Eq. (3)]. With certain assumptions we can simplify 
even further. As in Ref. 3 we are allowing only 
for zero-degree scattering (i.e., straight-line 
trajectories along the z-axis as in Glauber 
theory), taking the cross sections to be energy 
independent, and neglecting the explicit time 
dependence of the collision. Then the iterative 
solutions of Eq. (3) are obtained explicitly in 
terms of Poisson distributions: 

N(n)() = 	 [X(1)]n exp{-x(')} n! 

x(') = exP_atOtfdz'PT(',z') , 	 (4) 

= E N ( " ) (), 	N () = 	2n N(n)() 

N(s) denotes the total number of outgoing 
particles, the factor 2n  arising from the fact 
that we deal with identical particles. 

Apart from its physical attractiveness, the 
iteration, in terms of scattering order, should 
converge rapidly because of the relatively long 
mean free paths in combination with a rapid de-
pletion of projectile and target. The general 
outline of the method, as well as its application 

3 	 b 6 b 	 9 
L 	u 

b(fm) 

Fig. 1. Number of knocked-out nucleons from the 
projectile D(b), longitudinal recoil momentum 

11 
Q(b) and excitation energy per nucleon 	(b) 

of the remaining fragment, as a function of 
impact parameter b for the reaction 16 + 9Be 
at 2.1 GeV/nucleon. 	 (XBL 7912-13361) 
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energy. The abrasion cross section is calculated 
in an obvious way from the D(b)-curve. As in-
dicated by the dotted lines there are two impact 
parameters bu and bL at which D(b) = 0.5 and 
D(bL) = 1.5. Therefore the cross section for 
abrasion of 1 nucleon is given as cYabr(l) = 

71bu 2  - TrbL2  and similarly for the cross sections 
for abrasion of more than one nucleon. The total 
cross section for abrasion is then defined as 

=The corresponding recoil momentum 

and excitation energy (per particle) of the 
residual fragment can be calculated easily from 
this figure as indicated by the dashed lines for 
the abrasion of one nucleon only. 
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MICROSCOPIC AND MACROSCOPIC MODEL CALCULATIONS OF RELATIVISTIC 
HEAVY-ION FRAGMENTATION REACTIONS* 

D. J. Morrissey, L. F. Oliveira, J. 0. Rasmussen, G. T. Seaborg, Y. Yariv,t and Z. Fraenkelt 

The recently reported production of neutron-
rich light nuclei in relativistic heavy-ion 
reactions 1  has brought new interest into the 
calculation of fragment production cross sections. 
The possibility of the production of these new 
nuclei stemmed from the possibility of removing 
neutrons and protons from a given target (or 
projectile) nucleus in proportion to their number 
in that nucleus by a RHI reaction and then obser-
ving the residue of the target (or projectile) 
nucleus which would now be, in general, neutron 
excessive. However, before the residue can be 
observed in the laboratory it will have undergone 
a deexcitation process to remove any excitation 
energy deposited in the primary fragment by the 
interaction. This deexcitation process will 
remove (again, in general) more neutrons than 
protons from the primary fragment and make the 
production of very neutron excessive residues 
difficult. Thus, the production of very neutron 
excessive residues will rely on the variance of 
the neutron to proton ratio of the removed 
nucleons, and the excitation energy of the primary 
fragment. The fundamental question of the corre-
lation of nucleons in the ground state will 
specify the neutron to proton ratio variance. 
In this work we explore the visibility of ground 
state nuclear correlations in projectile frag-
mentation in the reaction of 213 MeV/nucleon 40Ar 

with 12C. For these calculations we have used 
two parameter free models; a macroscopic model 
including neutron-proton correlations and a 
microscopic model without such correlations. 

The macroscopic model of RHI reactions that 
we have used is the abrasion-ablation model 2-3  
with the neutron-proton correlations introduced  

by Morrissey et al. 4  In this view of RHI reactions 
the target and projectile are taken to be hard 
spheres which move on straight line trajectories. 
Those nucleons that lie in the region of overlap 
of the two nuclei are removed in the abrasion 
stage of the interaction. The spectator fragments 
of the target (and projectile) are then assigned 
an excitation energy proportional to their dis-
tortion, without the excess excitation energy 
of the FSI process of Rasmussen et al. 2  The 
assumptions used to justify the FSI process are 
not valid for the lower energies used in these 
calculations. The primary products are then 
allowed to deexcite through a statistical evapora-
tion chain. The variance in the neutron to proton 
ratio of the nucleons removed in the fast state 
of the reaction (i.e., the neutron-proton correla-
tion) is calculated from the zero point quantum 
vibrations of the giant dipole resonance. 4  This 
calculation can be viewed as a leading term 
approximation to the correlated model of Bondorf 
et al. 3  in which higher order vibrations are 
included. The calculated primary fragment dis-
tribution for 40Ar fragmentation can be seen in, 
Fig. la and the distribution of projectile 
residues after their deexcitation can be seen 
in Fig. lb. We have arbitrarily cut off the 
calculations at Z 	8 for two reasons: (1) for 
the most central collisions the abrasion model 
unrealistically generates primary fragments which 
have a cylindrical hole through their center, 
and (2) statistical deexcitation of nuclei with 
such low mass numbers is probably not justified. 

The microscopic model of RHI reactions that 
we have used in these calculations is that of 
an intranuclear Monte Carlo cascade. This calcula- 
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Fig. 1. The primary fragment isotope production cross sections cal-
culated with the macroscopic, abrasion-ablation model and the 
microscopic, Monte Carlo model are shown in panels (a) and (c), 
respectively. The final residue isotope production cross sections 
obtained after the statistical deexcitation of (a) and (c) are shown 
in panels (b) and (d), respectively. 	 (XBL 792-586). 

tion was made using an extension of the intra-
nuclear cascade code, VEGAS, for proton induced 
reactions which has been modified to treat two 
colliding nuclei. 5  The calculations were per-
formed with diffuse density distributions for 
both nuclei and without refraction and reflection 
at the nuclear boundaries for the cascading 
particles. Meson production and cascades are 
included via the Isobar model. Fermi motion was 
included in the projectile as well as the target. 
The impact'parameters for the collisions were 
selected at random, and the cross sections were 
integrated over impact parameter. The results 
for the primary fragment production cross sections, 
before the statistical deexcitation process, are 
shown in Fig. lc. These fragments are then 
individually deexcited using a version of the 
Dostrovsky, Fraenkel and Friedlander statistical 
model Monte Carlo calculations. 6  The final 
residue distribution from these calculations is 
shown in Fig. ld. These calculations were also 
cut off at Z - 8 for the second reason mentioned 
above, that is, that statistical deexcitation 
of these nuclei is probably not justified. 

P(E*) 

Ar6 

E* (MeV) 

Fig. 2. The primary fragment excitation energies 
obtained in the Monte Carlo calculations are shown 
as a function of mass removed by the fast cascade. 
The excitation energies have been sorted into 
50 MeV wide bins to emphasize the high excitation 
energies obtained in this model. 	(XBL 792-585) 
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Comparison of the primary fragment cross 
section distributions from the two models, 
Figs. la and lc, shows that these distributions 
are very dissimilar. The difference in the cor-
relations among the removed nucleons between the 
two calculations can be seen in the width of the 
Z distributions at constant mass number. The 
uncorrelated distribution is approximately twice 
as wide as the correlated one. A second dif-
ference that is easily noted is the failure of 
the cascade calculation to remove as many nucleons 
in the fast stage as the abrasion model. However, 
the final residue cross section distributions 
are quite similar, as shown in Figs. lb and ld. 
This comes about because of the relatively large 
amounts of excitation energy deposited in the 
primary fragments in the case of the cascade 
calculation, indicated in Fig. 2, as compared 
to the small amount in the primary interaction 
in the abrasion calculation. The excitation 
energies of the abrasion fragments with numbers 
of removed nucleons comparable to those in Fig. 2 
range from 0 to -20 MeV. 

The similarity of the two calculations is 
emphasized in Fig. 3 where the data for the 
absolute cross sections for the production of 
oxygen, fluorine, and neon isotopes from Ref. 3 
is compared to our calculations. As indicated 
in Figs. lb and ld the two calculations give very 
similar results, which are in reasonable agreement 
with the measured data for the production of these 
elements. The main features of the calculated 
isotopic distributions for those elements not 
adjacent to the projectile nucleus, and the 
reported data, are.that they peak at or near the 
bottom of the valley of beta stability and have 
nearly constant widths; Therefore, because the 
final products result from highly excited primary 
products, in both models, the large differences 
observed in the primary product distributions 
do not survive the strong focusing effect of the 
statistical deexcitation process into the valley 
of beta stability. As a result, the final isotope 
distributions bear the characteristics of the 
valley of beta stability and pre-equilibrium 
features of the distributions (such as those due 
to ground state correlations.) 1  are washed out by 
the statistical process. 
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Fig. 3. A comparison of the calculated residue 
isotope production cross sections with the measured 
data of Ref. 1. The solid curve is from the 
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MARKOVIAN AND NON-MARKOVIAN EFFECTS IN HEAVY-ION REACTIONS 
AT 10-200 MeV PER NUCLEON 

E. S. Hernandez and G. Mantzouranis 

Heavy-ion reactions at intermediate energies 
(10-200 MeV/nucleon of the projectile) have 
recently received considerable attention.1-3 The 
present experimental situation indicates that 
in the domain of incident energies below 20 
MeV/nucleon, the widths of the mass distributions 
of the projectile-like fragments are increasing 
functions of the bombarding energy. Recent 
measurements 1 ' 4  show that these widths become 
essentially constant when the energy increases be-
yond 20 MeV/nucleon. Although the available exper-
imental information is restricted to few data 
points between 20 and 200 MeV/nucleon, it is clear 
that these widths deviate from the predictions 
of the simple model of the evaporating nucleus. 

The aim of this work is to offer a novel pos-
sibility for the interpretation of this situation. 
First, we observe that the notion of an evapora-
ting nucleus assumes the existence of a micro-
canonical equilibrium. Secondly, it is well known 
that when the duration tcoll of a two-nucleon 
collision is small as compared to the time T 
between two subsequent collisions, a series of 
such independent, uncorrelated collisions leads 
to the microcanonical equilibrium. In fact, only 
when the ratio parameter 

y = t 0 11/T 	 (1) 

is much smaller than unity can we speak of an 
individual two-body event. In this case the 
relaxation towards equilibrium is described by 
a Pauli-master equation and the chain of well-
defined collisions is usually referred to as a 
Markovian process. 

In Fig. 1 we display results for an estimate 
of the parameter y as a function of the energy 
per incident nucleon. We see that for energies 
30 MeV/nucl eon, y becomes comparable to unity. In 

this regime, the frequency of collisions is so 
high that the concept of an individual two-body 
collision becomes meaningless. This effect in 
the high-energy domain has a strong influence 
on the energy dependence of the phase space 
populated in the reaction and introduces aspects 
that we could call the non-Markovian features 
of the process. We demonstrate that one of these 
features is, precisely, the fact that the pre-
dicted widths no longer increase with increasing 
energy beyond 20-30 MeV/nucleon. 

If f(x) = dc/dx is the inclusive cross Section 
for the variable x (any observable associated 	- 
with the exit channel), we can show that it can 
be formally expanded in a series of powers of 
y and that we can write  

f(x) = fM() + .fNM(x.) , 	 (2) 

where fM(x)  is the Markovian term of the cross 
section and is independent of y, while the non-
Markovian fNM(x) contains all powers of y. The 
total cross section is, 

GT =ff(x) dx = GM + GNM . 	(3) 

The width of the distribution f(x) is 

2 - fdx x 2  f(x) - (fdx x f(x)) 2  rx_ 	 2 	1 	 (4) 

and it is easy to realize that we can express 
it as follows: 

	

r (l-s) + rNMs 	 (5) 

where s = cy4/oT varies between zero and unity 

and r, rM  are defined as in Eq. (4) in terms 
of the corresponding parts of f(x) and 

It is clear from Eq. (5) that the width rx  
will differ significantly from the predictions 

	

of the evaporating nucleus model, 	v' 	(c 
being the excitation energy per particle) when 
s is not negligible, i.e., when the Markovian 
term GNM  dominates the total cross section. As 
this happens, the total width becomes closer to 
the value r M  and we can show that this quantity 
is expected eo  decrease with increasing excitation 
energy. 

The procedure that allows us to write Eq. (2) 
is rather involved and consists of considering 
the perturbation expansion for the transition 
probability for a given process Ii) 	If>, i 
f denoting the initial and exit channels, 
respectively. Under the introduction of the 
hypothesis that the matrix elements of the 
interaction are randomly distributed over a 
Gaussian ensemble, the series in powers of the 
interaction can be rearranged as a series in powers 
of the parameter y. The sum of the non-Markovian 
terms, namely those proportional to yfl (n * 0) 
contains explicitly the off-shell matrix elements 
of the interaction. This is a feature that allows 
us to suggest some possible experimental evidence 
of off-shell intermediate process. 
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HOW FAST DOES THE MULTIPLICITY OF PARTICLE PRODUCTION IN p-p COLLISIONS 
REALLY INCREASE WITH PRIMARY ENERGY?* 

E. M. Friedlander 

It has been well-known for a long time that 
the dependence of the mean multiplicity, m, of 
particles produced in high energy p-p collisions 
on the primary lbratory energy E 0  is much 
weaker than 	E 0 1 I', the fastest rise allowed 
kinematically or implied e.g. by Heisenbergs 
original theory. 1  At the same time the rise is 
faster than - 2nE 0  as predicted by sçling models 2  
and even somewhat faster than the E01/4  dependence 
predicted by thermodynamical-hydrodynamical 
considerations 3 ' 4  implying a Lorentz contracted 
production volume. 

This article is concerned with the problem 
of predicting the evolution of m with E 0  at super-
high energies (say, beyond 10 TeV), not just from 
an extrapolation of fits to values of m observed 
in the energy range covered by present accelera-
tors, but by using regularities observed in the 
structure of multiplicity distributions, too. 
It turns out that--provided these regularities 
continue to hold  at very high E 0--a very fast 
increase, - E0 '1 2  is asymptotically expected. 

All accelerator data on p-p multiplicities 
at E0  > 50 GeV have been scaled so as to reveal 
the presence of a Poisson component. If W(k) 
is the probability for observing k negatively 
charged secondaries in an event, the quantity 

+ £n [k! W(k)] 	 (1) 
mnm 

where m is the mean multiplicity, should be linear 
in k for a Poisson distribu'tion (PD). The data 
are displayed in Fig. 1. 

As can be seen, beyond k/(k) 	1.5 the points 
(drawn from both HBC exposures between 50 and 
405 GeV and ISR results between 500 and 2100 GeV 
equivalent laboratory energy) do indeed cluster 
along a straight line confirming up to the highest 
available energy the presence of a PD component 
(W2). As to the residue (Wl), it can be shown 
that, in spite of the apparently high statistics 
gathered to this day, the accuracy is insufficient 
to define its shape. A PD is not excluded, 
although a more complicated structure may be 
indicated by the HBC-data. However, the accuracy 
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is just sufficient to estimate the mean values 
m2 and mi  (the Poisson component and the residue). 

These values are plotted against E 0  (dilog 
plot) in Fig. 2 together with the overall mean 
m of k. 

As can be seen, the energy dependence og both 
ml and m2 can be well parametrized as - E 0  with 
o close to 1/2 (the fitted values are 0 = 
0.54 ± 0.03 for m2  and--understandably with lower 
accuracy--O = 0.57 ± 0.13 for m1). 

It thus appears that p-p collisions can be 
regarded as a mixture of (at least) two types of 
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events, each of which pçoduces particles with 
a multiplicity law 	E0 ''2 . If this trend con- 
tinues at very high energies, W1 should become 
dominant beyond, say, 50 1eV (at -400 GeV W1 and 
W2 have comparable weights) and there one might 
expect m to increase like EI2. This may be 
essential in understanding the development of 
extensive air showers in the early stages of their 
evolution. 
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E. Fermi, Progr. Theor. Phys. 5, 270 (1950). 
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EVIDENCE FROM VERY LARGE TRANSVERSE MOMENTA OF A CHANGE WITH 
TEMPERATURE OF VELOCITY OF SOUND IN HADRONIC MATTER* 

E. M. Friedlander and A. M. Weinert 

The hydrodynamical model (h.m.) of Landau 
contains as an essential ingredient Pomeranchuk's 
observation that in hadron-hadron collisions the 
system is initially at such a high pressure that 
the mean free path of the created particles is 
much smaller than the dimensions of the system; 
thus no emission of particles can take place be-
fore the system has expanded and hence cooled 
down to a "decay" temperature I - m. This 
explains why the bulk of the particles have 
limited transverse momenta ((PT) -0.3 GeV/c). 
It is clear, however, that emission at T > Tc 
cannot be absolutely forbidden and this must lead 
to leakage of particles from the excited system 
before expansion has ended and equilibrium has 
been reached. Such a process of preequilibrium 
emission is known to take place in nuclear physics 
and has been proposed by Weiner in connection 
with large-p1 phenomena. In the hydrodynamical 
context this idea was stated and used explicitly 
by Gorenstein et al. in an attempt to explain 
the behavior of f at large p.  However, because 
of the approximations used, the formula for 
derived by Gorenstein et al. applies only to 
large PT  and therefore it was not clear at all 
whether the h.m. can indeed predict f(PT)  over 
the whole accessible range of p. Moreover, at 
that time data on very large PT  were not available 
and it is in this region where new and important 
effects are now observed. 

We use the one-dimensional solution of the 
Khalatnikov equation for the relativistic hydro- 
dynamical potential in order to derive the func- 
tional dependence of the temperature T on time 
t, and the velocity of sound in hadronic matter u. 

We treat the emission process as a succession 
of local equilibrium states. The invariant crOss 
section f(p1 ) reads 

t 	R 

f( 1 ) =0  dtI b db(pT,T(t)) , (1) 

where 

= p12/exp[p + m2 ) 1 " 2/T(t)]-l1 	(2) 

and t is the "moment of decay" definedby T(tc) 
= Tc; R is the target radius, and m the mass of 
the secondary. 

We have applied the results of the model dis-
cussed above to the analysis of p-p collisions 
at the CERN intersecting storage rings (ISR). 
Besides normalization the only free parameter 
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from the h.m. when analyzing rapidity distribu- 
tions in p-p and p-nucleus collisions and is also 
in agreement with theoretical predictions. 
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Fig. 1. Transverse momentu spectra at 900  (c.m. 
system) from the h.m. for u = 1/6.55 for various 
values of 	(GeV): curve 1, 23(x 10- ); curve 
2, 31 (x 10-3); curve 3, 45 (x 10-2); curve 4, 
53 (x 10 ); curve 5, 63. Statistical errors are 
smaller than the size of data points. 
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is u, the velocity of sound in hadronic matter. 
The results are represented in Figs. 1 and 2 and 
can be summarized as follows: 

(1) From PT 	0.1 to 	5 GeV/c the data are 
well described by our model with a vaIq  of u 
in the narrow range (6.4)1/2_ (6.8) 1 ; this 
range is compatible with values obtained for u 
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Fig. 2. Logarithmic slope of the transverse 
momentum spectra at 63 GeV. The curve is computed 
from the h.m. with u 2  = 1/6.55 with 0.% of the 
particles "leaked" from a phase with u = 1/3.5. 

(xBL 791-8046) 

The fits are rather sensitive to small 
(5%) variations in u 2  

In the hydrodynamical approach the "large-
PT" region (1-5 GeV/c) appears as a smooth and 
natural continuation of the "l0w-p1 region, and 
only in the very large-ps regime (> 5 GeV/c) does 
something "new" appear. 

For PT >> T0  (at / = 53 GeV, this happens 
for PT > 5 GeV/c), equation (1) becomes essen-
tially (PT) .- exp(-pT/T 0 ). 

In the "very large-p1' region (5-15 GeV/c) 
the (most recent) data deviate strongly from this 
asymptotic form as long as u remains unchanged 
(l/v'). (See Fig. 2.) However, they are 
remarkably well fitted by an exponential with 
a higher initial temperature ToL5m  instead 
of 2m) corresponding to u 	1/13.5. This can 
be interpreted as follows: The sound velocity 
u is a (step?) function of temperature. While 
the sharp increase of u with T means that in the 
transition region solution (1) is not applicable, 
the fact that beyond PT 	GeV/c Eq. (1) again 
reproduces the data albeit with another u implies 
that solution (1) and hence hydrodynamics is valid 
again beyond PT 	5 GeV/c. However this region 
represents a different physical situation, probab-
ly a new phase, characterized by another value 
of u. We stress that the h.m. with only one free 
parameter, viz., u (which is already fixed to 
within a few percent of our fitted value by 
independent experimental facts, and whose numeri-
cal value can be understood theoretically) gives 
a consistent description of the PT  spectra over 
the whole energy range and in the entire PT  range, 
for twelve orders of magnitude in cross section. 
Therefore we propose that the change of u with 
T is a genuine effect. 

The increase of the velocity of sound with 
temperature has not been observed so far, because 
most of the data to which the h.m. had been 
applied are sensitive to the last (expansion and 
breakup) stage of the fireball evolution, char-
acterized by a temperature range m < T < 2m 
where the T dependence of u is not pronounceã. 
This is the case for the rapidity dependence of 
spectra of secondaries, and the PT  dependence 
below 5 GeV/c. An exception is the energy de-
pendence of the total multiplicity for p-p colli-
sions in the ISR range, which has been observed 
to be consistent with u 2  ''1/4 rather than the 
"canonical" value of 1/6 - 1/7. Thisexception 
can now be understood, since the total multiplicity 
is determined within the h.m. by the value of 
the entropy corresponding to the initial tempera-
ture T0 , the same initial T responsible for the 
PT events above 5 GeV/c, an therefore both effects 
are sensitive to the change of u. The sharp 
increase of u with I is in itself not a theo-
retically unexpected feature of strong-interaction 
physics. Zhirov and Shuryak calculated u in a 
statistical-kinetical model for various hadronic 
spectra, and found that u 2  increases sharply with 
T from zero to - 1/6 in the region 0 < T < rn, 
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and then remains almost constant. This would 
explain why a single "canonical" value of u 2  
1/6 - 1/7 was sufficient to explain the data which 
are only sensitive to the temperature region 
(mr , 2mw ). On the other hand, the jump of u 2  
from 1/7 to 1/3.5 reported here represents a 
transition from a strongly interacting hadronic 
phase to a weakly interacting [quantum chromo-
dynamic (QCD)] phase. 

Phase transitions in QCD and hadroni.c matter 
are a subject of considerable interest since it 
appears to be connected with one of the least  

understood aspects of QCD, confinement. Further-
more the existence and properties of quark matter 
have important implications for the early history 
of the universe and the structure of stars. 

t- n + n Or 

* 
Condensed from LBL-7724 and Phys. Rev. Lett. 

43, 15 (1979). 

•1 Permanent address: University of Marburg, Mar-
burg, W. Germany. 
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A. ACCELERATOR OPERATIONS AND DEVELOPMENT 

RECENT ADVANCES IN HEAVY-ION BEAMS AT THE LBL 88-INCH CYCLOTRON* 

R. A. Gough, D. J. Clark, and L. R. Glasgow 

The emphasis in heavy-ion nuclear physics has, 
in recent years, shifted markedly to experiments 
requiring higher and higher beam energies. These 
demands are being met in part by construction of 
new accelerators such as the MSU superconducting 
cyclotron and the use of sophisticated injection 
systems such as at the Bevalac and Holifield ma-
chines. There is, in addition, a very strong de-
mand on existing smaller cyclotrons to increase 
their heavy-ion energy capabilities by accelerating 
higher charge state ions. In order to meet present 
experimental needs, several new beams have been 
developed using the internal PIG source at the LBL 
88-inch cyclotron. Most heavy-ion beams that have 
been developed over the past eight years have been 
magnetic field limited at K = 140 MeV. (Efforts 
to increase the current output of the main magnet 
power supply are in progress and one beam has been 
accelerated at K = 145 MeV.) Fully striped heavy 
ions can be accelerated to 35 MeV/nucleon. The 
reliability of the three-channel electrostatic de-
flection system becomes marginal for beams with 
energy/charge ratio E/Q > 60, but with adequate 
voltage conditioning it has been possible to obtain 
external beam intensities --0.5 ejiA of 140 MeV alpha 
particles (E/Q = 70). This beam will serve as an 
analogue in pretuning the cyclotron and beam trans-
port systems for lower intensity 35 Me V/nucleon 
heavy ions. This technique has already been used 
successfully for several experiments requiring 
heavy-ion beams at 32 MeV/nucleon. 

The internal PIG source for the 88-inch cyclo-
tron was first developed in the eary 1970s and is 
described at an earlier conference.' The source 
design used in the present work is shown in Fig. 1. 
Though similar to the source described in Ref. 1, 
it has undergone slight modification to improve 
reliability and high charge state performance. The 
source shown in Fig. 1 has a bore diameter of 9.4 
mm and was used for the 6Li3+  and 9Be4+ beams dis-
cussed below. For good production of the heavier 
beams reportedin this article, anodes having a 
4.7 m bore diameter were used. The narrower bore 
anodes have a shorter lifetime, but produce >10 
times the intensity of the higher charge state 
beams. Typical lifetimes for sources producing 
fully stripped heavy ions at maximum intensity 
are 2-3 hrs. An rf extractor electrode atdee 
potential is used with the internal source. 

For all of the beams discussed in this paper, 
proper arc conditions were found to be very impor-
tant. In particular, a high arc voltage (0.8-2.0 
kV) is a necessary condition for good production. 
The higher the ionization potentials of the ion, 
the more important the arc voltage requirement. 

Arc currents as low as 	1 A for Li3+  and  Be4+  and 
-'-2 A for heavier ions are adequate provided the 
arc voltage is sufficiently high. Various methods 
of inducing a high arc voltage mode 'of operation 
are utilized. These include use of a narrow bore 
PIG anode, improving the cooling of the cathode, 
pulsing the arc, and simultaneous reducing of the 
arc current and source gas. It should be noted 
that the arc impedance characteristics change some-
what as the sources grow older and do not repeat 
exactly from source to source. Consequently the 
experience and skill of the operator has been an 
important factor in obtaining consistently good 
source performance. 

The beam intensities quoted in this article 
can normally be obtained under dc arc conditions. 
At present there is only limited experience with 
these beams, but pulsing the arc (20-20,000 Hz, 
20-50% duty factor) usually increases the intensity. 
Occasionally the arc will operate in a self-pulsed 
mode (-'-100 Hz). That fs, even when operating with 
a highly regulated dc series tube power supply, the 
arc will oscillate on and off with high peak arc 
voltages. While this usually produces a high peak 
average beam current,, it is often disadvantageous 
for users doing coincidence work. This self-puls-
ing mechanism is not well understood and further 
study might improve our overall understanding of 
ion source behavior. 

Special source and handling problems for Li, 
Be and B beams are worthy of mention. Lithium is 
introduced into the source as LiF in a manner de-
scribed in Ref. 1. A thin semi-cylindrical sleeve 
made of tantalum is inserted coaxially into the 
anode bore. It is loaded uniformly with LiF by 
heating the sleeve with an acetylene torch to a 
red hot condition, permitting the LiF to flow 
evenly over the entire surface. Excess LiF is 
filed off. Cathode "buttons" consisting of —40% 
LiF and 60% Ta (by volume) hydraulically pressed 
at 80,000 lbs/ in 2  are also used. It is important 
to start operation of each source at low arc power 
(-0.5 kW). This power can be increased through the 
life of the source to 2.5 kW. Too much arc power 
at the beginning of a new source shortens its prod-
uctive lifetime. External beam intensities of 300-
500 enA can be maintained throughout a 4-5 hr aver-
age source life. Use of a larger source exit slit 
enhances the rf back bombardment mechanism and gen-
erally improves intensities. 

9Be4" beams at 200 and 246 MeV were recently 
developed at the 88-inch cyclotron. The source 
feed consisted of a 6.25 mm x 6.25 mm x 10 mm Be 
metal block held in place behind the source slit 
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Fig. 1. Schematic cross section of the internal 
PIG source of the 88-inch cyclotron. The anode 
shown has a 9.4 mm diameter bore and was used 
for the Li and Be beams reported in this article. 

(XBL 789-1791) 

by the Ta back insert shown in Fig. 1. (The shape 
of Be block was kept simple to minimize the machin-
ing of this material.) The back insert was hollowed 
out and the Be block could be held in place using 
a press fit. Best results were obtained when the 
source slit was increased in width from 3 mm to 

3.75 mm. The slit height was held constant at 6.2E 
mm. It was possible to maintain external beam in-
tensities of 100 enA over a 4 to 5 hr source life. 

Due to the toxic nature of Be, great care 
had to be exercised in preparing and cleaning the 
sources. All source handling was done in a vented 
glove box maintained at a slight negative pressure. 
Ion source parts were substantially Be-contaminated 
at the end of a Be run and had to be subjected to 
a specially developed ultrasonic cleaning procedure 
before the parts could be released for unrestricted 
service. Swipes of the center region components 
of the cyclotron after a long Be run revealed only 
below-tolerance levels of Be contamination. 

For 84f  and 85+ beams, unlike the lower charge 
states of B, we have not yet been able to develop 
a solid source feed which is competitive in pro-
duction with BF3 gas or BC13 vapor. Because of the 
hazardous nature of these gases, a well-ventilated, 
shielded area has been constructed for the source 
bottle (usually a Matheson-type lecture bottle). 
The gas is transferred via an 8-m-long stainless 
steel line to special stainless steel needle valves 
for metering gas into the source. This transfer 
line is equipped with a dedicated mechanical pump 
and a N2 purging system. Careful maintenance of 
this line is crucial to trouble-free operation of 
the needle valves. Both 1084+  and 1184+ have been 
produced with intensities 300 enA. The 1085+ beam 
was only recently obtained (at 250 MeV) and an ex-
ternal beam intensity of 1-2 enA was observed. 
The boron results were achieved using the narrow 
4.7 mm anode bore. 

Over many years of operation of the 88-inch 
cyclotron, a large and systematic data base of ma-
chine parameters has evolved. 2  This has proven to 
be a great asset in tuning out new beams, especi-
ally those whose intensities are below the sensi-
tivity of our conventional beam monitoring gear. 
In many cases a high intensity analogue beam is 
available (such as alphas for 12 C6 , 14N7 , etc.). 

Some sensitive beam monitoring equipment has 
been installed in various beam lines to facilitate 
both cyclotron tuning and beam transport. A posi-
tionable Si(Li) detector/ scatter foil arrangement 
located in the exit beam line proviçles a readout 
for primary beam intensities of 10-1 - 1010 parti-
cles!s. The signals from this detector drive a 
count rate meter which is used to optimize cyclo-
tron settings. Very sensitive phosphors and stand-
ard television monitoring equipment are used to 
visually observe beam focusing with heavy-ion in-
tensities as low as 1 electrical picoamp. Plastic 
scintillators coupled to photomultiplier tubes are 
also used in certain beam lines. These can monitor 
intensities from 10-1  to 1010  particles!s and pro-
vide some beam energy resolution. In a recent 
experiment 3  at the 88-inch cyclotron, a Ta energy 
degrader was placed over one-half of the scintil-
lator so that the resulting two-component energy 
spectrum could be used to provide left-right beam 
alignment signals. 

Heavy ions which are presently accelerated by 
the 88-inch cyclotron to energies from 20 to 32 
MeV/nucleon are shown in Table 1. The observed 
external intensities of these beams are plotted in 
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Table 1. Heavy-ion beams between 20-32 MeV/nucleon. 

Ion 	 Energy 	 Observed 
(MeV) 	 Intensities 

(particles/s) 

6Li 3 	 153 	 1012 

9Be4 	 200;246 	 1011 

1084+ 	 224 	 4.5 x1011 	 - 

1085+ 	 250 	 109  

292 6 x 1010 

l26+ 384  —105 

14N6  360 106  

' 4N7  448  —102 

1607+ 426 -407  

1608+ 512 —10-1  

20Ne8  448 106  

Fig. 2 as a function of total ionization potential. 
Since we have only limited experience with some of 
these beams, further improvements in intensity are 
expected (for example with 12C 6 ). Figure 2 does, 
however, provide a rough guide to intensities which 
can be expected for other high charge state beams. 

Use of the beams discussed in this article is 
expected to increase over the next few years. 
Development of an external state-of-the art PIG 
source is in progress. A project to increasethe 
K of the cyclotron to 160 MeV is underway. Further 
study of the vertical focusing limit of the 88-inch 
cyclotron may be required to ensure full utiliza-
tion of an increased K value. Improvements to the 
present deflector system to increase its relia-
bility for these rigid beams are planned. 
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Fig. 2. Observed external beam intensities for 
20-32 MeV/nUcleon heavy-ion beams are plotted as 
a function of total ionization potential. 
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CRYOGENIC VACUUM PUMPING AT THE LBL 88-INCH CYCLOTRON* 

D. Elo, D. Morris, D. J. Clark and R. A. Gough 

The increased interest in heavy-ion research 
at the LBL 88-inch cyclotron brought with it an 
associated demand for better vacuum in the accel-
eration chamber, to reduce the charge exchange 
loss during acceleration. The early light-ion 
program of protons to i-particles normally used 
fully stripped ions with a negligible charge ex-
change cross section for acceleration energies. 

Vacuum analysis showed the background to be 
air components and some water. The water usually 
was not significant after 72 hr of pumping from 
exposure to atmosphere. The known air leaks which 
remained were of the type which would require a 
complete dismantling of the accelerator to repair. 
Known throughput of these leaks was about 18 ui/sec. 
With slightly less than 6000 1/sec total pumping 
speed from LN2 trapped diffusion pumps, the average 
pressure was 3 x 10 	Torr. It was decided to use 
a cryogenic pumping panel and a 20 K helium gas 
refrigeration system in which the support compon-
ents could be located remote to the radioactive 
accelerator area, for monitoring and operational 
maintenance. A 150 watt, 20 K modified helium 
refrigeration system was purchased from Cryogenics 
Technology Inc. 

The cryopump was installed in 1974 in the 
upper corner of the acceleration tank near the 
beam exit port for several reasons. The primary 
considerations were the best conductance to the 
overall acceleration volume in an area which would 
be relatively free from rf currents and spurious 
beam deposits. This location also was chosen to 
minimize the effect of external beam line pressure 
bursts on accelerator operation. 

Figure 1 shows a cross section of the designed 
cryopanel. The 20 K surface was a 0.5-in.-diam. 
copper tube shielded with 80 K LN2 cooled radiation 
heat shields and supported and restrained with 
stainless steel wire. It was estimated this cross 
section would have a pumping speed of approximately 
36 1/sec per inch of length for a total pumping 
speed of 14,000 1/sec, for nitrogen. This approxi-
mately tripled the total effective pumping on the 
acceleration chamber from the existing diffusion 
pumped system. 

The cryopanel was connected to the refrigera-
tion expansion engine by vacuum jacketed superinsu-
lated transfer lines. Both supply and return lines 
were approximately 60 running feet long each. For 
serviceability and performance monitoring the re-
frigeration expansion engine was located outside 
the accelerator radiation shielding vault. The 
system controls and gauges were located in this' 
unit. The helium compressor was located in a room 
outside the normal work areas to minimize noise 
levels and to be near the required utilities. 

Several test runs were carried out on beams 
accelerated in the cyclotron to measure the effect 
of the cryopump on charge exchange beam attenuation 
during acceleration. Two conditions were used: 
"cryopump on° with the helium lines at their nor-
mal pumping temperature of 22 K, and "cryopump 
off" with a heater on the helium supply to the 
panel, which raised the panel temperature to 40- 
50 K where nitrogen and oxygen-would not be pumped. 
The liquid nitrogen shields remained cold during 
these tests. A beam vs radius curve was first 
taken with the cyropump on. Then another curve 
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(XBL 788-1641) 	and off. 	 (XBL 789-1732) 



199 

was taken with the cryopump off about 30 min later, 
when the pressure had stablized after the pressure 
rises due to nitrogen and oxygen boiloff from the 
panels. 

beam vs radius data are shown in Fig. 2 for 
an Ar/+  beam. The transmission was normalized to 
1.0 at 15-in, radius because spurious beams usually 
masked the true beam at smaller radii. The esti-
mated pressures at the beam' are 1.8 x 10-6 Torr 
with the cryo on and 3.6 x 10-6 Torr with the cryo 
off, a ratio of 2 to 1. Gas flows in these cases 
were only 0.1 atm cm 3/min. The cryopanel increases 
the full energy beam by over 2.7 times. 

The cryopumping system has thus been shown to 
reduce the pressure in the acceleration chamber by 
about a factor of 2 and to substantially increase 
the beam currents of most heavy-ion beams. 

Footnote and Reference 

*Con densed from LBL-7735, published in Proceedings 
of the 8th International Conference on Cyclotrons 
and Their Applications, Bloomington, Indiana (1979). 

1. R. A. Gough and M. L. Mallory, IEEE Trans. Nucl. 
Sci. NS-26 (2) 2384 (1979). 

88-INCH CYCLOTRON OPERATION: DEVELOPMENT AND STUDIES 

J. Bowen, D. J. Clark, D. Elo, L. Glasgow, R. A. Gough, R. Lam 
R. Ryckewaert, D. K. Scott, and P. Von Rossen 

In the year ending June 30 1979, the cyclo-
tron was scheduled for 20 eight-hour shifts per 
week for experiments in nuclear science, nuclear 
physics, isotope production, and beam development. 
One eight-hour period each week was scheduled for 
routine maintenance. In addition there was a total 
of 4 weeks of shutdown scheduled for machine im-
provements and general maintenance. Allocation 
of accelerator time and maintenance records are 
shown in Table 1. The unscheduled downtime of 
2.5% represents only those failures in machine 
components which resulted in a significant loss 
of time to the experimental program. The most 
serious cause of downtime this past year was prob-
lems associated with the rf hinges and modulator 
system. The present list of available beams is 
shown in Table 2, with the energy range and inten-
sities available for each ion. New beams recently 

Wed to this list include 7 Li 3 , 1085+, 13C 3+, 
3+ 184+ ,  22Ne6 , 7 Cl 6 , 63 Cu91 , and  

84Kr811 . Figure 1 shows the operating distribu-
tion of beams over the past 11 years. .The balance 
between heavy- and light-ion operation is seen to 
have stabilized over the past 4 years in the ratio 
of 2:1. 

The first phase of the field raising project 
has been completed. During the first phase the 
following modifications were done on the main mag-
net power supply: (a) Installing a new 3 	high 
current bridge rectifier, (b) modifying the exist-
ing busbar system, (c) fabricating two capacitor 
banks of higher capacitance value and higher volt-
age rating. 

The second phase of the project will be the 
installation of a booster power supply and connec-
ting it to the main magnet supply for higher yo]t-
age and current capability. A test beam of 104+ 
ions at K 152.5 has been successfully accelerated 

Table 1. 88-inch cyclotron operating time distribution (7/78 - 6/79). 

Operating Hours Percent 

Experimental p rogram a 6566 79.5 

Beam development .496 6.0 

Subtotal 7062 85.5 

Maintenance 
Routine 350 4.2 

Scheduled shutdown 640 7.8 

Unscheduled shutdown 204 2.5 

Subtotal 1194 14.5 

Total 8256 100.0 

aApprox imate ly  20% of the experimental program was comprised of 
non-LBL scientists. 
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Table 2. 88-inch cyclotron beam list, July 1979. 

Ion a Energy 

(MeV) 

Ext. Beam 
Intensity 

(epA)b 

. Ion a Energy 

(MeV) 

Ext. Beam 
Intensity 

( epA)b 

p 0.2-55 100-20 19F3  30-66 5 
p(polarized) 6-55 0.3 19 F 4  66-118 10 
d 0.5-65;65-70 100-20; 	0.5 19F5 118-184 2 
d(polarized) 10-70 0.3 

(c) 2-47 >20 
20Ne3  
20Ne4  

28-63 
63-112 

>10 
10 

3He 2  (c) 4-140 100-10 20Ne5  112-175 5 
4He2 - 	3-130;130-140 100-10;'--0.5 20Ne6  175-252 1 

6 L -j 1  (c) 2-23 10 
20Ne 7  
20Ne8  

252-343 
343-448 

0.01 
-'50 epA 

6 Li 2  
6 Li 3  

(c) 23-93 5 22Ne5  (c) 102-159 >5 
(c) 93-195 0.5 22Ne6  (c) 159-229 1.0 

7Li 3  
20-80 
80-180 

5 
0.5 24Mg4' 50-93 2 

9Be2  15-62 5 
24Mg5 

25Mg4' (c) 
93-146 
50-90 

0.2 
2 

9Be3  62-140 2 26Mg4 ' (c) 48-86 2 
9Be4  140-249 0.05 

10Be 2' (c) 14-56 10 
28Si5 

28Si 6  
80-125 

125-180 
1 

0.2 
10Be3' (c) 56-126 50 28Si 7 ' 180-245 0.05 

10Be5  
(c) 
Cc) 

126-224 
224-320 

0.3 
0.001 32 S6  100-158 2 

12-51 10 32s 7 ' 158-214 0.2 
51-115 
115-204 

50 
0.3 35C1 7  144-196 0.5 

12-47 >20 
35cl 8  
37C1 6 ' 

196-256 
95-136 

0.05 
0.3 123+ 

124+ 
47-105 30 136-185 0.08 
105-187 
187-292 

5 
0.05 40Ar2' 3.5-14 0.4 126+ 292-384 105  part/sec. 40Ar6  87-126 4 

(c) 43-97 >20 40Ar 7  126-172 2 

14N 2  10-40 20 
' 40Ar8 
40Ar9  

172-224 
224-280 

0.5 
105  part/sec. 143+ 

14N 4  
40-90 15 40Ar10  280-350 103 part/sec. 

14 N 5  
90-160 

160-250 
15 
2 40Ca6  87-126 1 

250-360 
360-448 

106 part/sec. 
102 part/sec. 

40Ca 7" 126-172 0.2 

15 N4' (c) 84-150 15 56Fe' 0  180-250 1 part/sec. 

162+ 9-35 >5 

63Cu9 

63Cu10  
142-180 
180-222 

5.0 eriA 
0.1 enA 1603+ 

164+ 
35-79 20 63Cu' 1  222-269 5x103  part/sec. 

165+ 
79-140 >30 84Kr2' 	(d) 1.6-6.6 0.001 

166+ 
140-219 
219-315 

5 
0.3 

84Kr8'' 
84Kr9  

82-107 
107-135 

0.250 
0.120 1607+ 

1608+ 
315-429 107 part/sec. 84Kr 10  135-167 0.030 

1803+ (c) 
429-512 
31-70 

0.2 part/sec. 
20 

84Kr' 1'' 
197Au 13  

167-202 0.003 

1804+ 
185+ 

(c) 70-124 >10 197Au14  
102-120 
120-140 

2 part/sec. 
0.1 part/sec. 

(c) 124-194 5 

aEnergy range for heavy ions indicates nominal maximum energy for the particular charge state down to 
the energy which can be reached from the next lower charge state. Beams can also be run at energies 
below 1 MeV/nucleon. 

bElectrical microamperes except as noted. 

clsotopicall 	enriched source feed. 

harmonic. 
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Fig. 1. The 88-inch cyclotron particle distribution history. 
(XBL 793-754) 

and extracted from the cyclotron. Completion of 
the project is anticipated by the end of CV 79. 
It is expected that the design goal of K = 160 can 
and will be met. 

Extensive maintenance work has been done on 
the rf components of the final amplifier: (a) 
replating all rf coils and inter-connecting parts 
with silver, (b) replacing all defective high volt-
age ceramic capacitors, (c) directing air flow to 
cool the ceramic capacitors inside the "anode hat." 

The existing program for the computer readout 
system has been rewritten and expanded to include 
more parameters on the printout sheet, An addi-
tional multiplexer and two 6-channel instrumenta-
tion amplifiers were added to the system. 

A 100 W power oscillator and its associated 
cavity with a tuning range of 200 to 450 mHz were 
installed in the polarized ion source. Also the 
weak field magnet power supply has been modified 
to provide remote ON/OFF and polarity reversing 
capability. 

A feedback control system using the signals 
developed across the x - y slits for controlling 
the steering magnets to center the beam on target 
has been designed and partially fabricated. It 
will be installed in September 1979. 

The maintenance program has continued to keep 
the machine in good operating condition. A 1-week 
and a 3-week shutdown enabled us to install new 
equipment and to repair such things as the main OP 
gate valves, the ion source positioning mechanism, 
the dee-dummy dee areas that see the most wear, 
and the cooling tower system. These and other jobs 
cannot be taken care of during our 1 shift a week 
maintenance program. This year a portable cooling 
tower was utilized to permit uninterrupted opera-
tion of the computers while the main cooling tower 
was down for maintenance. 

The cave 58 experimental line has been exten-
sively modified to include a branch for a new 
Parity Target. The modification includes a long 
spin precession solenoid magnet in the vault area 
and a bending magnet in the cave along with the 
necessary experimental gear which is still being 
designed and fabricated. We expect completion in 
August 1979. Another large bevatron magnet has 
recently been installed in the 5A line for the 
streamer chamber experiments. To accommodate all 
the new magnets in Cave 5, high current cross con-
nects have been installed to permit sharing of 
existing power supplies. The streamer chamber mag-
net ("Jupiter") can use the power supply for the 
energy analysis magnets (M41-42), while the sole-
noid magnet can be powered from the M43 bending 
magnet supply. 
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A cryopumping system has been designed, fabri-
cated and installed in the cyclotron dee tank. 
This unit will provide a backup for the existing 
cryosystem and will increase the pumping speed by 
10,000 liters per second. There are a few more 
installation details to complete before it will be 
ready for check-out. We estimate it will be in 
operation by September 1979. 

Considerable progress has been made on the 
design, fabrication and installation of an external 
PIG ion source. This source utilizes the existing 
axial injection column. Phase I, which will pro-
vide a working source for developmental and experi-
mental use should be complete and ready for use by 
December 1979. Phase I!, which builds on Phase I, 
will provide a dual magnet-vacuum lock and a state-
of-the-art ion source design. Its final design 
will commence as soon as the details of Phase I 
are complete. The pulsed arc power supply was 
moved to a location adjacent to the new external 
ion source. Modifications were made on control, 
metering and interlock circuits such that is can 
be used either by the internal ion source of the 
cyclotron or the new external ion source now under 
construction. 

Preliminary work has started on a deflector 
modification which will increase the deflector 
strength to extract the higher energy beams ex-
pected when the main field strengthening program 
is completed. It will be designed for efficient 
extraction of 160 MeV alpha particles. 

The flamable gas storage shed was weather-
proofed to provide a more secure place to store 
the flammable/toxic gases essential to machine 
operation. 

A new piezoelectric, ion-source gas control 
valve has been in use for several months. It  

is much less prone to failure than the electro-
mechanical needle valve system it replaces, and 
has a much faster response time. 

The addition of 24 K external RPb1 for the PET 
computer has permitted a much broader capability 
for this system. Cyclotron parameters for any 
beam can be reliably predicted by the PET as well 
as settings for beam transport elements leading 
to the experimenter's target. The computer also 
calculates both the width and separation of nearby 
resonances and prints out a convenient table for 
use by either the operator or experimenter. 

This past year has seen the extraction of 35 
MeV/nucleon beams using both internal and external 
ion sources. Light ion beams such as a 140 MeV 
aiphas have been used many times and have provided 

useful analogue beam for the tune-out of 350 MeV 
°B5  (1-2 enA of the boron beam have been deliv-

ered to an experimenter's menter's target). The 
polarized ion source was used to inject 12.5 kV 
deuterons axially into the cyclotron for accelera-
tion to 70 MeV and subsequent extraction. Initial 
problems of orbit centering at the required high 
magnetic fields were overcome by slight adjustments 
of center region parameters and dee voltage. 

A substantial effort has been directed toward 
the study of an advanced ion source for the 88-inch 
cyclotron. This work has concentrated primarily 
on comparisons in cost and performance of electron 
cyclotron resonance (ECR) and electron beam ion 
sources (EBIS) and their suitability for injecting 
beams into the 88-inch cyclotron. This effort has 
led to a broad-based comitnient to the construction 
of such a source in the next two years. The proba-
ble choice is an EBIS-type source. 

CHARGE EXCHANGE LOSSES DURING CYCLOTRON ACCELERATION: 
EXPERIMENT AND THEORY* 

R. A. Gough and M. L. Mafloryt 

The vacuum requirements for heavy-ion accel-
eration in cyclotrons in the past have depended 
primarily upon the experimental measurements of 
beam attenuation data and the associated problems 
of data interpretation. A preferable approach is 
the construction of a theoretical model that calcu-
lates the necessary vacuum requirements for any 
beam desired. 

Transmission of a heavy-ion beam through a 
cyclotron is generally described by the function 
exp(-apx) where a is the charge exchange cross sec-
tion, p is the pressure and x is the path length. 
The charge exchange (CE) losses for heavy-ion 
acceleration are composed of charge pickup and 
charge stripping processes (i.e., a = a 1  + 
The charge pickup process dominates at low energy. 
No theoretical model of charge pickup cross section 
as a function of energy (relevant to cyclotrons) 

exists. Recently Olson and Salop 1  have developed 
theoretical equations for charge pickup at very 
low energy, i.e., essentially zero energy for 
cyclotrons. Another cross section data point for 
charge pickup can now be obtained from a different 
kind of experimental data. Namely, Betz 2  has de- 
rived an empirical equation for relating the energy 
at which the accelerated ion of charge q is in equi-
librium with the charge pickup and charge stripping 
processes. Hence, at that energy the charge pickup 
cross section is equal to the charge stripping 
cross section and this value can be obtained from 
the Bohr-Leinhardt equation. 3  It is then assumed 
that the pickup cross section between hese two 
points is given by ap (E) = a(E=0) eYt , where 
ap  is the pickup cross-section, E is the energy,. 
y is the constant for the two pickup cross-section 
points described above. Examination of cross-section 
data with this assumption reveals good agreement. 



The charge stripping crss section has used 
the Bohr-Leinhardt equation, 3  with the loss cross 
section set constant after the. ion velocity exceeds 
the outer electron velocity of the accelerated 
particle. 

The transmission of the particles through the 
accelerator is numerically calculated for each turn 
assuming circular orbits. Input parameters are the 
dee angle, dee voltage, number of dees, the rf 
harmonic number and the cyclotron K value. The 
pressure is assumed to be constant and the calcu-
lations are done for a series of pressure values. 
These calculation indicate that for presre 
better than 5x10', more than 75% of •the 	8U 2  
beam will be transmitted from the center region 
to the point of extraction of a K = 490, 3-dee 
cyclotron. 

The LBL 88-inch cyclotron has a 25,000 k main 
vacuum chamber consisting of an accelerating 
region or dee tank and a large volume rf resonator 
tank. There are four LN2-trappped diffusion pumps; 
two in the dee tank and two in the resonator tank. 

Also there is a cryogenic pumping surface (0.39 
m2  at '20 K) which was in operation during all 
of the measurements reported here. 

The total pumping speed on the acceleration 
chamber is calculated to be 15,000 - 20,000 9js. 
The pumping speed inside the dee is significantly 
lower than on the duniny dee side. Rates-of-rise 
measurements indicate the total tank leak rate to 
be typically 0.02 Torr-&/s. 

In order to estimate the pressure within the 
dee, where the pumping speed is the most limited, 
a VG1A type ion gauge was mounted on a remotely 
controlled dee probe shaft of the type normally 
used to obtain intensity vs radius data. Figure 1 
shows the radial pressure profiles obtained under 
various ion source gas flow rates of argon and 
nitrogen. Since, for these tests, neither the main 
field nor the ion source arc was on, the indicated 
flow rate of gas into the source represents the 
actual flow of gas into the accelerating chamber. 
When the source is operating, not all of the indi-
cated gas flow enters the accelerating region--a 
substantial fraction is "pumped" by the source 
itself. Recent measurements of this effect using 
the internal PIG source of the 88-inch cyclotron 
indicated that for 02 gas only 5-20% of the meas-
ured flow actually entered the dee tank. The vari-
ation depended on the mode of arc operation--for 
low gas flow conditions (2.5-3 atm cc/mm) only 
5% of the flow entered the tank, while for high 
gas flow (5 atm cc/mm) about 20% entered the 
tank. Oxygen, being very chemically active, may 
not be typical in this respect. We have observed, 
for example, that when operating the source with 
oxygen gas, an unusually high flow rate is required 
in contrast to comparable operation with other 
gases like N2 or Ne. 

Another problem which arises in these meas-
urements is estimating the composition of the gas 
in the dee tank. Using Ne background gas instead 
of N2, for example s  when calculating the CE losses 
for a 112 MeV 2UNe beam increases the predicted 
attenuation by a factor of two. The vacuum ana-
lyzer on the rf resonator tank of the 88-inch cyclo- 
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Fig. 1. Pressure vs. radius data inside the dee 
for (a) argon and (b) nitrogen source gas under 
various flow conditions. (XBL 789-1778) 

tron indicated N2 and 02 to be by far the strongest 
components in the residual gas spectrum under all 
operating conditions considered here. In the dee 
tank the component due to the source gas will cer-
tainly be higher than was measured by the vacuum 
analyzer. However, considering the measured source 
gas flow rates, the source pumping effect and the 
total vacuum tank leak rate of —1.6 atm cc/mm 
(based on total rates-of-rise measurements) it 
seems likely that N2 and 02 have the largest 
partial pressures of all the gases even in the 
accelerating region. This assumption is made in 
considering the sensitivity of the ion gauges to 
different gases 4  and in choosing the background 
gas used in the transmission calculations presented 
below. 

Calculations were made for three different 
beams run at the 88-inch cyclotron: (a) 104 MeV 
164+, (b) 112 MeV 20Ne4 , and (c) 224 MeV 40Ar8  
and the results are shown in Fig. 2. For these 
calculations an average accelerating chamber 
pressure was estimated for each case at a radius 
corresponding to 50% of full energy. For the 
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The pressure in the durnny dee half of the accelera-
tion chamber was estimated and based on the read-
ings of two nearby ion gauges. No reliable trans-
mission data could be obtained below 20 MeV due to 
the uncertain contribution of out-of-phase beam to 
the dee probe current signal. Figure 2a shows the 
calcyIaed and measured transmission for the 104 
MeV '°0' beam. 

To obtain t 	ciculatéd transmission curve 
for the 112 MV UNe 	beam shown in Fig. 2b and 
the 224 MeV 4UAr8+ beam shown in Fig. 2c, a similar 
procedure for estimating the average tank pressure 
was followed except that the ion source was assumed 
to pump only 50% of the Ne or Ar gas supplied to 
it. The argon calculation is not sensitive to this 
assumption since, as can be seen from Fig. la, the 
amount of Ar required to run the ion source has 
very little effect on the dee tank pressure. The 
Ne and Ar transmission results were taken during 
the same run under the same cyclotron tuning con-
ditions--only a slight change in frequency separ-
ates the two beams. No reliable transmission data 
could be obtained below 1 MeV/nucleon in these 
cases due to the uncertain contribution of out-of-
phase beam to the dee probe current signal. It 
should be noted that the cryopanel does not pump 
Ne, making the vacuum analysis for this case less 
certain. 

-c) 
= 224 MeV 40Ar8 	 . 	I 

Dee volts = 67 kV 
- Pressure 	1,7 p.Torr 	 - 

I - 	 I 
'u 	bu 	IO 	160 	200 

Energy (MeV) 

Fig. 2. Comparison of theoretical and measured 
transmission curves for three 88-inch cxcloron 
beams: (a) 104 MeV 1604+, (b) 112 MeV UNe', 
(c) 224 MeV 40Ar8 . The calculated results are 
shown as a solid line and the circles represent 
measured data points. (XBL 789-1777) 

104 MeV 16 04  case, the pressure inside the dee 
was normalized to the data of Fig. lb with a flow 
corresponding to 95% source pumping, a value deter-
mined at the time of the transmission measurement. 

Given the uncertainties in the molecular cross 
•section data and in the estimates of the actual 
pressures under operating conditions, the agreement 
seen in Fig. 2 is thought to be reasonably good. 
Further calculations are in progress using improved 
estimates of the stripping cross sections. Pre-
liminary results appear to improve the agreement 
with the experimental data shown in Fig. 2. 
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Fig. 1. Layout of the deuterium 3 	5 (329 MHz) 
and 2 	6 (454 MHz) transition units in the 
intermediate field magnet. 	(XBL 798-2603) 
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POLARIZED-ION SOURCE IMPROVEMENTS 

P. von Rossen*  and H. E. Conzett 

The versatility and potentiality of the 
polarized-ion source have been extended by the 
installation of two additional rf transition units. 
These units induce transitions between selected 
atomic hyperfine states of hydrogen or deuterium, 
and the new units were installed specifically to 
improve the flexibility for experiments with po-
larized deuterons. Figure 1 shows the arrangement 
of the two rf transitions in an intermediate field 
magnet. This new magnet had to be designed as a 
very compact unit because of space limitations in 
the rf transition section of the ion source. 

The 329 MHz transition unit makes the deu-
terium 3 + 5 transition and the 454 MHz transition 
unit makes the 2 	6 transition. The rf units have 
been designed and constructed with the aim of mini-
mizing power consumption. Optimum polarization re-
suits have been obtained for input power values as 
low as 1.5 watt. The transition units are located 
in the rf transition region just in front of the 
ionizer. Using these two transitions, one obtains 
a beam of purely vector-polarized deuterons which 
has a maximum possible polarization of 2/3. We 
obtained as much as 85% of this maximum poiariza., 
tion, which is comparable with the polarization 
achieved for protons. Such a high polarization is 
important since the figure of merit of a polarized 
beam is given by PI, with P the polarization and 
I the intensity. 

These new rf transitions have been integrated 
into the recently developed automatic spin-flip 
control. 1  Thus, the automatic and rapid spin-
reversal capability now exists for all the polari-
zation components available, i.e., both the proton 
and deuteron vector polarizations and the deuteron 
tensor polarization. 

Footnote and Reference 
There is, also, a program underway to improve 

the dissociator efficiency. Tests have shown that 
by mixing a certain percentage of water vapor to 
the hydrogen or deuterium gas, a substantial in-
crease in the polarized beam can be obtained; An 
additional benefit of this dissociator improvement 
is that it also increases the polarization of the 
beam.  

*DAAD Fellow on leave from Institut fur Strahlen 
und Kernphysik, Universitt Bonn, Bonn, West 
Germany. 

1. P. Von Rossen and H. E. Conzett, Nuclear 
Science Division Annual Report 1977-78, LBL-8151, 
p. 238. 

CYCLOTRON DESIGN STUDIES FOR A MEDICAL ION ACCELERATOR 

G. Behrsing, D. J. Clark, E. H. Hoyer, C. W. Leemann, 
F. Voelker, and R. B. Vourd 

This article briefly sumarizes the cyclotron 	goal of the study was to provide preliminary design 
portions and also the major conclusions of a 2-year 	of accelerator and beam delivery systems which 
medical-ion accelerator design study at Lawrence 	would meet the medical requirements for ion beam 
Berkeley Laboratory. This study included work on 	therapy, radiography, and perhaps also isotope 
a number of accelerators, beam delivery andiedical 	production. Concerning the choice of ions, the 
topics, and is summarized in a Final Report.' The 	greatest emphasis was given to heavy ions between 
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carbon and neon, because of their unique combina-
tion of biological and physical advantages. The 
other particles considered were protons and neu-
trons. Emphasis was placed on using proven tech-
nology, which would guarantee highly reliable 
accelerator performance in a hospital environment. 

For effective therapy in the human body, the 
ion range in tissue should be about 30 cm. This 
determines the beam energies needed, which are 
shown in Table 1. Also, the required beam inten-
sities are shown in Table 1. 

Table 1. Beam specifications for accelerators. 

Particle 	Extracted 	Imax 
Flux(s 1 ) 	 ( MeV/u) 

p 	 8 x 1010 	200 to 250 
2 x 1010 	200 to 250 

C 	 4x109 	 380to430 
Ne 	 2 x 109 	 525 to 575 

This study concluded that the preferred sys-
tem for producing beams of carbon and neon consists 
of a cyclotron or linear accelerator injecting a 
synchrotron. Either injector will supply adequate 
beam intensity, but a cyclotron could also produce 

A-1 

SECTION AA 

Fig. 1. Injector cyclotron for ions up to neon, 
with K = 130. It can also generate neutrons 
and produce isotopes. 	 (XBL 7611-9777)  

isotopes and neutrons with its light ion beams. 
Cyclotron injectors are described here. 

Conceptual designs and preliminary cost esti-
mates were worked out for 10 cyclotron injectors 
with variations of design and performance. The 
largest of the group, design 10, is shown in Fig. 
1 to illustrate the design philosophy used for 
most of the cases. Two dees in valleys are used 
with 4 sectors. B = 1.51'. Trim and harmonic coils 
are included. 2 rf frequencies and harmonics 3A 
4, 5 make possible the acceleration 2.9 MeV/u C 
and Ne3  for synchrotron injection, 65 MeV d for 
neutron production, and p, d, 3He and cs-particles 
for isotope production. 

The choices for a main accelerator to produce 
400 MeV/u carbon or 550 MeV/u neon include synchro-
trons, cyclotrons, and linearaccelerators. The 
linac was rejected onan economic basis. The syn-
chrotron will produce adequate intensity and fast 
energy changes which are useful in depth scanning. 

A cyclotron for carbon wouldbave a very 
large K value of over 2000 using C. The 
largest existing cyclotrons have K 	600 (SIN, 
TRIUMF) and the largest machine being designed 
has K = 800jM.S.U., superconducting). Previous 
studies show that a superconducting design is 
much cheaper in these large sizes. A conceptual 
design was worked out for a super-conducting FM-
cyclotron for 380 MeV/u C 5 , which also produces 
100 MeV/u deuterons for neutron production. The 
FM mode would be used for CS and enough sector 
focusing would be provided to use the CW mode for 
deuterons at low magnet excitation. 

Another conceptual design was done for a 
fixed energy 250 MeV isochronous proton cyclotron 

a 
0 
10 

:j 
I 	 I 

- e = Charge to mass ratio 
550 MeV/AMU 

I Il
380 MeWAMU C 5  

ed 
400 MeV/AMU C' 	 — 

:: _ ST °  

MeV/A 	a-paicIes 
Protons 

250 300 350 400 	 250 	 400 	 550 
I 	II 

T(e1.0) MeV/AMU 	 T(€0.5) MeV/AMU 

Bp in Tesla meters 

I 	I 	I 	I 	I 	I 	I 	I 	I 	I 
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K, energy constant (e = 015) 

Fig. 2. Cost and performance summary of circular 
accelerators. Cost is base cost (excluding design) 
in FY 1977 $. The synchrotrons A, B, C, 0 have 
different injectors: A - heavy-ion injector with 
neutron and isotope production, B - heavy-ion 
injector with isotope production, C - p, a injector 
with isotope production, D - p, a injector only. 

(XBL 789-1734) 
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with normal conducting coil. It uses a 2 1 field 
and 2 dees in valleys similar to a previous design 3  
for 150 MeV p. 

The base cost vs K for all main stage cyclo-
trons and synchrotrons studied is shown in Fig. 2. 
The cost includes injector, control room, computer 
control and installation but not design, building, 
shielding or contingency. The synchrotron is the 
best candidate for carbon and neon beams because 
of its cost advantage and its energy variability. 
For protons the cyclotron is cheaper but the syn-
chrotron has the advantage of variable energy. 
The base cost of a whole facility of accelerator, 
beam delivery and 4 treatment rooms is expected to 
be 13-15 M$( 1 77). 

Footnote and References 

*Con densed from LBL-7738, published in Proceedings 
of the 8th International Conference on Cyclotrons 
and Their Applications, Bloomington, Indiana (1979). 

Dedicated Medical Ion Accelerator, Final Report, 
LBL-7230, Dec. 1977. 

R. J. Burleigh, D. J. Clark and L. R. Glasgow, 
Proc.. 7th International Conference on Cyclotrons 
Their Applications, Birkhauser (1975), p.  604. 

R. J. Burleigh, D. J. Clark and W. S. Flood, 
Proc. 7th International Conference on Cyclotrons 
and Their Applications, Birkhauser (1975), p.  135. 

ION SOURCE GROUP SUMMARY* 

D. J. Clark and R. L. Seligert 

This article suninarizes the conclusions of the 
ion source group workshop at the Heavy-Ion Fusion 
Workshop, September 19-26, 1978, at Argonne National 
Laboratory. The ion source group heard presenta-
tions of the development programs of the various 
laboratories. The present status of these programs 
is briefly sumarized in Table 1. The characteris-
tics of each type of source are given. The nor-
malized emittance in one plane: cn = Area x Y/ir. 

The moss promising sources for producing 30- 
100 mA of Xe' - Hg with emittance acceptable 
to a column and rf linac appear to be the Hughes 
single aperture Penning source, and an LBL/LLL type 
multi-aperture source. The LBL contact ionization 

Csl+ source designed for 1 ampere is making good 
progress, with currents consistent with the predic-
ted values at the extraction voltages used. This 
type of source would be required for injection into 
an induction linac. 

Footnotes 

*Condens ed from LBL-8415, published in Proceedings 
of the Heavy-Ion Fusion Workshop, ANL-79-41, 
Argonne National Laboratory (1979). 

tH ughes  Research Laboratories, 3011 Malibu Canyon 
Road, Malibu, California 90265. 

Table 1. Source test results. 

Group 	Source 	 Ion 	No. of 	I 	DC or 	Energy 

	

Apertures 	(peak mA) 	Pulsed 	(key) 	(cm-mr) 

ANL- 	Penning Xe 1 2,5 DC and 80 .001 
Hughes Pulsed 

Penning Xe Multiple 100 Pulsed 2.5 

Penning Xe 1 30/10O Pulsed 1001200t 
_/<,flt 

* 	Penning Xe', 	Hg 1 100 Pulsed 200 <.01 

BNL 	Duoplasmatron Xe 1 2 Pulsed 500 .01 

* 	New Hg 40 Pulsed .02 

(continued) 
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Table 1. Source test results. (continued) 

Group Source Ion No. 	of 
Apertures 

I 
(peak mA) 

DC or 
Pulsed 

Energy 
(key) 

en 
(cm-mr) 

LBL LBL dR +LLL 1+ 
Extraction Xe 13 35 Pulsed 20 .035 

LBL CTR +LLL 1+ 
Extraction Xe 13 60 Pulsed 500 

Contact 
ionization 

1+ 
Cs 1 400/1000 Pulsed 200/500 -1.01 Thermal 

* Contact 1+ 
ionization Cs 1 7500 Pulsed 5000 

LBL- 
Mobley 

LBL CTR (Slit 
Extraction) 

1+ 
Xe 105/3 6500/180 Pulsed 35 

•1 
0.28 x 0.13/.01 

LLL-. 	 1+ 
Osher 	MATS I I I 	Kr 	 25 	75 	DC 	 20 	 -.02 

*Pl anne d 

tA/B = Measured/Expected 
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B. NUCLEAR INSTRUMENTATION 

HEAVY-ION ENERGY LOSS FLUCTUATIONS 

C. R. Gruhn 

It is useful to be able to estimate the energy 
loss fluctuations in thin slabs of materials such 
as targets, detectors, or windows in the prepara- 
tion of most heavy-ion nuclear reaction experiments. 
A commonly used approach in calculating the energy 
loss fluctuations is to use the energy independent 
theory of Bohr' or an equivalent semiempirical 
approximation of Bohr's theory. Although this 
approach has some validity for relatively thick 
slabs of material and/or low energies, it is not 
valid for high energies and thin slabs of material. 
The purpose of this article is to provide a simple 
expression for estimating the energy loss fluctua-
tions of heavy ions over a broad range of energies 
and thicknesses of materials. 

Our approach is to use Vavilov's theory, 2  
replacing the projectile charge, Z, by an effective 
charge, Zeff. Theeffective charge 3  describes the 
equilibrium charge of the ion as the ion loses 
energy and exchanges charge with the medium. 

Zeff/Z = 	= 1-1.032 exp (-VR) , 	(1) 

where 

VR = 

c* is the fine structure constant and 	is the 
velocity relative to the velocity of light. 

We then fit the energy loss fluctuations 
(FWHM) of the Vavilov distribution over a large 
range of energies and thicknesses of material with 
a semiempirical expression. Following the work of 
Seltzer and Berger  we define the energy loss fluc-
tuation (FWHM) to be: 

= A - A2 	
(2) 

where Aland A2 are values of the energy loss at 
which the Vavilov distribution has fallen to half 
its peak value and 

= 0.30058 mc
2  -Zeff S(g/cm2) 

The Vavilov parameter, K, is defined 

(3) 

Em  ax 

where Emax  is the maximum energy transfer to an 
electron 

2 mc22  
Emax' 

The semiempirical expression for the energy 
loss fluctuations (FWHM) is: 

W - 	4 	- - 	
0.5 	.  

2.87 K 	
(4) 

+1 
1_2/2 

The expression yields the Landau limit for K<< 1. 

AE(FWHM) = 4 . 	 (5) 

This expression is expected to underestimate thle 
energy loss fluctuations for values of c < 1O - ' 
where the approach of Ermilova et al. 5  accounts 
for the energy loss fluctuations when the mean 
energy loss i.s small compared to K shell binding 
energies. 

Our expression yields in thE Gaussian limit of 
the Vailov distribution, K < 1. 

AE(FWHM) = 2.361[cmax(1 - 2)]0.5 . (6) 

This result is slightly less than that predicted by 
the Bohr theory. As an example we compare the pres-
ent theory with the Bohr theo'y and the more pre 
cise calculation of W. K. Chu° who uses a Hartree-
Fock-Slater charge distribution and Bonderup and 
Huelplund's theory7  in Table 1. The comparison is 
made for 4 MeV and 2 MeV alpha particles in 1 cm 
argon at SIP. It is interesting to note that our 
simplified approach follows approximately the ve-
locity dependence of the more precise calculations 
of Chu. Our approach does, however, wash out any 
shell effects as were seen in Chu's calculations. 

Table 1. A comparison of the present theory with 
Bohr's theory and the more precise work of W. K. 
Chu on energy loss fluctuations. 

Alpha 	Present 	W. K. Chu 	Bohr 
Particle 	Theory 	Theory 	Theory 
Energy 

4 MeV 19.6 keV 19.9 keV. 22.4 keV 

2 MeV 18.6 keV 18.5 keV 22.4 keV 
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As a second example of the present theory we 
estimate the resolution of a 0.5-cm-thick silicon 
detector in measuring the energy loss of 1.88 GeV/ 
nucleon 50 Fe ions to be 2.7%(FWI-IM) as compared tothe 
experimental value8  of 3.0%. This difference is 
not understood at this time. 

In summary, we have given an approximate 
expression for the energy loss fluctuatjons for 
values of the Vavilov parameter K > 10 - i. The 
expression. is expected to be applicable for most 
experimental situations involving heavy ions having 
energies up to the highest available at the Bevalac 
(2 GeV/nucleon). This work will be continued into 
1980. 
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BRAGG CURVE SPECTROSCOPY 

C. R. Gruhn, J. Mahoney, D. K. Scott, A. C. Shotter, T. J. M. Symons, G. Wozniak, 
R. DeVries,' and W. Sondheim 

A gas ionization chamber is being developed 
for the purpose of measuring the charges, masses, 
velocities, and positions of (stopping) heavy ions. 
These measurements are achieved by designing the 
detector and electronics such that the Bragg curves 
of the stopping ions can be retrieved. From the 
Bragg curves one then determines the specific iohi-
zation along the track, the range from the length 
of the track, and the total energy from the integral 
of the specific ionization over the track. The 
specific ionization at the Bragg peak measures the 
charge of the heavy ion unambiguously. 

-This type of heavy-ion detector offers several 
advantages. Large solid angles are easily achieved. 
The detector does not easily damage from radiation 
effects. The detector has an intrinsically high re-
solution for identifying particles because all the 
measurements are made in one medium, eliminating 
window or dead layer effects. The design goals are 
charge resolution of less than 1 at charge of 100 
and mass resolution of less than 1 at mass 250. 

The detector design is an ionizatin chamber 
with a Frisch grid to cathode distance longer than 
the range of the particles to be detected. This 
distance in the prototype design is 28 cm. The 
particles enter normal to the cathode and parallel 
to the electric field. The electrons along the 
track are drifted through the grid and viewed as 
an anode current. The anode current as a function 
of time is proportional to the specific ionization 
along the track. The time duration of the anode 
pulse is proportional to the range,and the integral 
of the current pulse is proportional to the energy 
of the stopped particle. The first tests of this 
detector are being made using a transient digitizer 
iigitizing the entire Bragg curve (current pulse). 

In Fig. 1 we show the digitized Bragg curves of the 
6.04 MeV and 8.76 MeV alpha particles from the ThC' 
and ThC" source. 

In these first tests it is our intention to 
accumulate and store the digitized Bragg curves 
for off-line computer analysis whereby various 
particle identification algorithms will be studied. 
For example, to achieve charge measurements we 
calculate the geometric mean of the specific ioni-
zation along the track. 

= [HEi 	
jun  

where n spans the range of the track, AEi is the 
measured value of the specific ionization at the ith 
position in the track, and wj is a weighting factor 
which accounts for the detector filter response 
function. The total energy is calculated from the 
arithmethic mean of the specific ionization. 

Etotal = n 	= 	LEi 	i . 	(2) 

The weighting factors, u, are required to achieve 
optimal energy resolution. 

The goal of the computer analysis of the 
digitized Bragg curves is a hardwired electronic 
algorithm which will allow relatively high speed on-
line particle identification for heavy-ion experi-
ments. As an example consider Eq. (1). A circuit 
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Fig. 1. The digitized Bragg curves of the 6.04 MeV 
and 8.76 MeV alpha particles. 	(CBB 790-14583) 

which takes the integral of the logarithm of the 
current pulse is possible. A fast logarithimic 
converter circuit has been designed by V. Radek 1  
and an exponential converter by F. S. Goulding. 
A weighting function may be applied with the-use 
of an appropriate filter on the current signal. 

Our future plans for Bragg curve spectroscopy 
include: studies of the energy loss fluctuations 
along the entire Bragg curve, studies of range 
straggling, studies of the equilibrium charge and 
charge exchange cross sections along the Bragg 
curve, determination of the detector filter re-
sponse function, and optimization of particle 
identification algorithms for heavy ions. 

Footnote and References 

*Los  Alamos Scientific Laboratory, University of 
California, Los Alamos, New Mexico. 

V. Radeka, Mud. Instrum. Meth. 113, 401 (1973). 

F. S. Goulding, D. A. Landis, J. Cerny, III, 
and R. H. Pehl, IEEE Trans. Nucl. Sci. MS-li, 388 
(1964). 

A PRECISION, LARGE AREA, DE/DX DETECTOR FOR HISS 

C. R. Gruhn, H. Crawford, D. Greiner, and T. J. Symons 

A Heavy-Ion Superconducting Spectrometer 
(HISS) is being designed and constructed for the 
heavy-ion physics program at the Bevalac. The 
magnet will have an unusually large acceptance with 
the possibility of targets being placed within the 
magnetic field volume. The magnet will disperse 
heavy-ion reaction products according to their 
momentum to charge ratios. In order to achieve 
particle identification, both the velocities and 
energy losses of the heavy ions will be measured 
in addition to the momentum to charge ratios. We 
present here some of the design considerations of 
the DE/OX detector. 

The main design goal is a charge resolution 
of less than 1 at charge of 100. The approach is 
to use a thick (50 cm) xenon gaseous ionization 
chamber having an electron drift space between the 
cathode and grid of 49 cm, see Fig. 1. The parti-
cles enter normal to the cathode and parallel to 
the electric field and the electrons along the 
particle track are drifted through the grid and  

viewed as an anode current. The anode current is 
then time-digitized into a large number of samples, 
each of which is directly related to the specific 
ionization along the track. The time digitization 
of the current signal is to be made using Time Pro-
jection Chamber (TPC) electronics. This approach 

Cathode 

Fig'. 1. DE/DX ionization chamber layout. 
(XBL 7910-4559) 

Grid 
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1u ! 
then becomes equivalent to having a large number of 
energy loss measurements for each particle. One 
gains in charge resolutions using this technique at 
high energies and with thin detectors as the frac-
tional energy loss fluctuations become independent 
of thickness (Landau limit). The technique is well 
established in high energy physics as a means of 
achieving improved energy loss resolution of gas 
detectors operating- in the relativistic rise region 
of velocities. 

The detector is planned to consist of approxi-
mately 100 modules having a total frontal area of 
20 m2  and is to be placed 5 m from the magnet after 
several sets of MWPC for measuring track positions. 

In order to establish the precision of the 
measurements we derive a noise equation and a fig-
ure of merit for this approach. We take as the 
total variance squared in the measurements the sum 
of the squares of the variances which contribute 
independently. We write the total variance for N 
samples as: 

Gtotal 2  = NZ
i Gi 2  = N cYv 2  + a s 2  + Ge1 2  

where a v  is due to Vavilov energy loss fluctuations, 
a s  is due to statistical fluctuations in the crea-
tion of electron-ion pairs, and G e l is the elec-
tronic noise in the sample. We define the mean 
energy loss per sample to be Z and for N samples 
NL. The variances per sample for a detector of 
thickness L are then given approximately by: 

1.65 (L)/N 
0 
V 

K(L) 	
0.5 

3 - + 1 
N 

(See article "Heavy-Ion Energy Loss Fluctuations" 
of this section for the definitions of and K. 
This approximate form overestimates the variance.) 

= (Te 
 

Gel = 424c 

K. 

10 

— 100  

10 

102  

100 	 - 	 - 	 - 101  102  io3  
N 

Fig. 2. Energy loss fluctuations as a function of 
number of samples and the Vavilov parameter, K. - 

7910-4524) 

where c is the energy cost/ion pair. In Fig. 2 we 
show av/(L) as a function of - the number of samples 
for various values of K(L). One gains the mpt for 
small values of K(L). For 1.88 GeV/nucleon bFe 
ions and 50cm-xenon, K 	1.1. 

As a figure of merit we calculate the total 
variance relative to the change in signal for a 
charge difference of one 

	

F = 
- °total (N) 	 (2) 

	

2 N L/Zproj 	- 

Using the value of N = 512 and L = 50 cm for xenon 
at STP we find for particles in the energy range 
of 50 to 2000 GeV/amu and Zproi.  between 6 and 100, 
F ~ 0.2 which is consistent with our design goal of 
unit charge resolution for the heaviest ions that - 

will be available from the upgraded Bevalac. 

b c 

z 

b>  
10 

ON  

TIMING CHARACTERISTICS OF NaI(T1) SCINTILLATORS WITH APPLICATION FOR 
STUDIES OF ANGULAR MOMENTUM TRANSFER IN DEEP INELASTIC REACTIONS 

L. W. Richardson, G. J. Wozniak, M. R. Maier, and L. G. Moretto 

Studies of angular momentum transfer in deep 	angular momentum transferred to internal rotation 
inelastic nuclear reactions are of considerable 	of the resulting fragments by measuring the moments 

importance in developing our understanding of the 	of the 1-ray multiplicity associated with the frag- 
physics involved in the reaction mechanism. One 	ments. A number of such experiments have been made 
can with some approximation determine the amount of 	here and at other laboratories utilizing multi- 
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ode 

)de 

PvVR = power 	 DL = delay 

SC = Nal Scintillator 	 DG = delay gate 

PMT = fast photomultiplier tube 	 SCA = single channel analyzer 

VD = voltage divider 	 TAC = time - to - amplitude converter 

L AMP = linear amplifier 	 AND = logic 

CFD = constant fraction discriminator 	 PHA = pulse height analyzer 

Fig. 1. Electronic setup for NaI(Tl) scintillator detector 
timing studies. 	 (XBL 798-2408) 

detector arrays of thallium doped Na! scintillators 
for y-y  coincidence measurements. To accurately 
establish the intrinsic angular momentum, a correc-
tion to the moments of the i-ray multiplicitymust 
be made for the number of neutrons detected by the 
scintillators of the multiplicity filter. One way 
to differentiate between neutron and i-ray events 
is to discriminate by time-of-flight. 

In order to determine the feasibility of using 
such a discrimination technique, the intrinsic time 
resolution of our NaI(Tl) scintillators coupled to 
fast photomultiplier tubes was investigated. Essen-
tially the resolution was studied ma fast-slow 
coincidence experiment between two scintillator 
detectors as depicted in Fig. 1. Each detector con-
sisted of a single 7.6 cm x 7.6 cm polycrystalline 
NaI(Tl) scintillator integrally mounted to a 6.8- 
cm diameter 12-stage head-on photomultiplier tube 
with a plano-concave window and semi-transparent 
bialkaline photocathode that was operated at a 
potential of -2 kV. These fast low noise Amperex 
2312B photomultipliers have an intrinsic risetimeof 
2.5 ns and when coupled to the scintillator  give an 
anode signal for the 1332.5 keV ° 1'Co i-ray photopeak 
with a risetime of less than 8 ns and a signal-to-
noise ratio of 100/1 or better. The single-channel-
analyzer (SCA) discriminators were set in the energy 
spectrum around the 60Co photopeaks and a slow coin-
cidence between the two SCA units was used to gate 
the time-to-amplitude-converter (TAC) output for 
pulse-height analysis. The TAC was started by the 
constant-fraction-discriminator (CFD) of the first 
Nal detector and stopped with an accurately delayed 
signal from the CFD of the second Na! detector, to 
allow for a time calibration. 

The resulting time spectrum is shown in Fig. 2. 
A resolution per detector of 0.99±0.08 ns at full-
width half-maximum was achieved. This result was  

obtained with 21 xlO3lPconstant fractions where 
the zero-crossing of the discriminator bipolar wave-
form was set at 20% of the input signal amplitude 
and with a short inpu:tdél'ay time of 2 ns (25% of 
the anode signa'i,.,risetinie). The CFD thresholds 
weresé.at-35OmV cOrresponding to approximately 
200 key in the energy spectrum. With the above 
resolution, one can easily separate neutrons with 
energies up to the neutron binding energy from 
y-rays while maintaining a large solid angle. 

A40.5 channel 

 8.00 ± 0.02 ns 	-H 

470 	 570 	' 670 	 770 	870 
Channel numbers 

Fig. 2. Time spectrum for y-y  coincidences detected 
in two NaI(Tl) scintillator detectors with fast 
photomul tiplier tubes (see ,text). 	(XBL 798-2409) 
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Channel  

Fig. 3. Gated Z-'r TAC spectrum for 690 MeV 84Kr + 
Ag reaction showing neutron-gamma ray separation 
by time-of-flight. 	 (XBL 798-2410) 

To test our ability to separate y-rays from 
neutron events, we measured the time spectrum f or 
the Nal scintillators in coincidence with a heavy 
fragment event in a silicon LE-E surface barrjer 
detector telescope for the reaction 690 MeV 84Kr + 
Ag. The detector array consisted of 8 fast NaI(Tl) 
scintillator detectors (previously described) 
located in the hemisphere above the reaction plane 
at a distance of 24 cm from the target. Each de-
tector was shielded with 1.2 cm of lead to reduce 
Compton scattering into adjacent counters. The 
resulting Z-y TAC spectrum gated on a crude window 
in energy and mass is shown in Fig. 3. A reason-
able separation in time between i-ray and neutron 
events in the scintillators is observed. For this 
reaction the neutrons account fora large percent-
age of the scintillator detector events, and it 
is necessary to eliminate them or sizeable errors 
in the determination of the i-ray multiplicity 
will occur. As can be seen in Fig. 3, this dis-
crimination can be easily achieved with available 
electronics and fast high quality photomultiplier 
tubes. 

A TWO-DIMENSIONAL POSITION SENSITIVE SI(LI) DETECTOR* 

J. T. Walton, G. S. Hubbard, E. E. Hailer, and H. A. Sommer 

Thick two-dimensional position-sensitive 
lithium-drifted Si(Li) detectors having a boron 
implanted p layer and a very thin lithium-diffused 

layer have been fabricated in our laboratory. 
Extensive work has been done previously' -4  on 
position-sensitive detectors (PSD's), but, to our 
knowledge, ion implantation has not been combined 
with lithium drifting to produce the thick (2 m) 
PSD's required for high-energy particles or x-ray 
imaging. 

The develonent of circular one-dimensjonal 
PSD's was first reported by Nakamoto et al. 	While 
a two-dimensional PSD can be obtained by using just 
one resistive layer with two sets of orthogonal 
contacts to it, the signal current flow is then 
split four ways instead of two, thereby worsening 
the signal/noise ratio. Perhaps more importantly, 
interaction between the two sets of contacts, as 
indicated by Petersson et al., 6  leads to a non- 

linearity in the positional response. . Consequently, 
the PSD's described here have two resistive layers, 
one on each side of the device, with orthogonally-
oriented 900  contacts on the opposite faces. 
Figure 1 shows the geometry employed. 

Two basic approaches exist in determining the 
location of an ionizing particle in a PSD having 
resistive layers. The first approach employs resis-
tive division of the output signal, while the sec-
ond utilizes risetime variations in the output 
signal. Alberi and Radeka 7  discuss the relative 
merits of each and conclude that charge division 
is the more suitable for most solid-state detector 
applications. Position linearity is examined using 
a linear array often pulsedGaAs light-emitting 
diodes (LED's). The current drive to each LED was 
adjusted to give a 15 MeV equivalent signal in the 
detector. Since the signals are equivalent to mono-
energetic ionizing events the. usual ratio circuit° 
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Fig. 1. Basic geometry of a two-dimensional PSD 
with 900  contacts on each side of the device. 
Dimensions of devices fabricated are indicated. 

(XBL 789-10886) 

Fig. 2. Position response of a PSD. The spectrum 
was taken with the LED's giving a 15 MeV equivalent 
signal. The amplifier filter time constant was 
1 ps. 	 (XBL 798-10885) 

need not be used in making this test. Figure 2 
shows a detector's response when operated as a one-
dimensional PSD with the LED array illuminating 
across the diameter. 

With the 15 MeV equivalent signal from the 
LED's, the spatial resolution is about 80 pm FWHM 
for the PSD shown in Fig. 2. This compares well 
with the spatial resolution that would be expected 
strictly from noise considerations as this PSD had 
a noise FWHM of 40 keV, which, for a 15 MeV signal, 
gives a spatial resolution of 40 keV x 30 mm/iS MeV 
= 80 pm for the approximately 30-rn diameter PSD. 

Fabrication of these detectors was undertaken 
to examine the feasibility of making large-area 
thick PSD's with stable resistive layers employing 
boron implantations and shallow lithium diffusions. 
While the results obtained indicate the suitability 
of the approach, additional work needs to be done 
to confirm the long-term stability of the devices 
and of the layers. The linearity of the devices 
has been assessed and nonlinearities appear to be 
related solely to the contact geometry (i.e., the 
devices are syninetric about the center) and such 
distortions can easily be corrected in modern data-
acquisition computers. 
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A GERMANIUM FIELD-EFFECT TRANSISTOR MADE FROM A HIGH-PURITY SUBSTRATE* 

W. L. Hansen, F. S. Gouidtng, and E. E. Hailer 

When a silicon junction FET used as the input 	Nyquist noise equation. However, at temperatures 
stage of a charge sensitive preamplifier is cooled 	below about 120 K the noise increases through a 
below ambient temperature, the signal-to-noise 	 series of peaks so that a minimum is found in the 
ratio generally improves. This improvement can be 	range of 140 to 180 K. The origin of this excess 
anticipated due partly to the normal kT term in the 	noise has been shown to be due to: (1) process- 
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induced deep impurity traps, and (2) a fundamental 
fluctuation in the charge state of majority impurity 
atoms which occurs in the temperature range of 
carrier freeze-out. By using germanium, with its 
narrow bandgap instead of silicon, it appears that 
these noise sources should be much smaller or neg-
ligible at temperatures down to 77 K. 

The problem of majority carrier freeze-out in 
silicon is fundamental and cannot be affected by 
design or processing. This means that silicon 
FET's must always be operated above about 140 K 
for best noise performance. Because the Group III 
and V impurities are much shallower in germanium 
than silicon, germanium FET's should have their 
minimum noise at about 20 K. 

The constraint of low temperature processing 
severely limits the design possibilities for a 
germanium FET. In particular, multiple masking 
for geometry control is not possible. This means 
that the source, drain and gate geometries must be 
defined with a single photolithographic mask. One 
possible design which meets these criteria is the 
vertical, self-aligned gate configuration shown in 
Fig. 1. In this design, the source metallization 
acts as an etching mask for the gate metallization 
and the back of the wafer serves as the drain con-
tact. The over-hanging source metal remaining 
after etching the gate valley acts as a shadow for 
the gate metallization which then behaves as a 
self-aligned gate. A realization of such a device 
is shown in the scanning electron microscope photo 
in Fig. 2. 

Typical dc transfer characteristics at 77 K 
are shown in Fig. 3, and triode-like characteristics 
are found. The gate spacing d is measured to be 
20±5im which gives a g, of 10 mA/V in agreement 
with theory. The fabricated devices initially ex-
hibit excessive gate leakage (pA) but a short wash 
in methanol results in the gate leakage shown in 
Fig. 4. The gate leakage is quite stable and no 
changes are observed after several months of ambient 
storage. 

While the dc characteristics are close to 
those predicted, the transistor, when used as the 
input stage of an amplifier, shows excessive noise 
with a large 1/f component. The spot noise figure 
in the grounded gate configuration was measured 

, 

/4  

/ - 

if 
Fig. 2. VFET mounted on T0-18 header showing over- 

	

lay chip for source contact. 	(XBL 789-12353) 

with a Hewlett-Packard Model 44708 Transistor Noise 
Analyzer and is shown in Fig. 5 together with a 
comparison selected 2N4416 at 20 0C. In an attempt 
to see the effect of a strong accumulation or de-
pletion layer on the source-gate interelectrode 
surface, a device stored at ambient temperature 
for two months was exposed alternately to ammonia 
and iodine--treatments which are known to give 
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Fig. 1. Vertical FET showing method of forming 
self-aligned gate. 	 (XBL 798-11179) 
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Fig. 3. Transfer characteristic of typical Ge VFET. 
(XBL 789-11177) 
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Fig. 5. Grounded gate spot noise of Ge FET at 77 K 
compared with 2N4416 at 20 0 C. 	(XBL 789-11175) 
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Fig. 4. Gate current of typical VFET with Schottky 
barrier gate. Ion-implanted gates have about two 
orders of magnitude less current. 	(XBL 789-11176) 

strong n-type and p-type surfaces, respectively. 
No change was seen in either the gate leakage or 
the noise figure. 

Using a calibrated capacitor, the germanium 
equivalent noise line width (NLW) was measured 
using the germanium FET as the input stage of a 
normal charge-sensitive preamplifier. The result 
(see Fig. 6) shows noise in excess to that of a 
good silicon FET. 

1 	 10 	 100 

TIME CONSTANT-pSEC 

Fig. 6. Noise line width of Ge VFET used as the 
input stage of a charge-sensitive preamplifier. 
The minimum noise is about 700 eV at 10 ps time 
constant. (XBL 789-11174) 
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GERMANIUM CHARGED PARTICLE TELESCOPES WITH ULTRA-THIN 
DETECTOR CONTACTS* 

G. S. Hubbard and E. E. Hailer 

High resolution spectroscopy of long-range 	mental physics. Magnetic spectrometers always have 
particles (e.g., 200 MeV protons), a field of grow- 	relatively low efficiencies, and in this energy 
ing interest with the availability of suitable 	 range, become extremely expensive. This problem 
accelerators such as LAMPF, TRIUMF, and several 	 has led to recent studies using semiconductor de- 
others, represents a serious challenge to experi- 	tector telescopes. These telescopes consist of 
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stacks of several planar detectors where the total 
thickness is great enough to stop the particles of 
interest. Since the density of germanium is about 
2.5 times that of silicon, telescopes of germanium 
detectors appear to be more suitable for this energy 
range. 

It has been demonstrated that ion-implantation 
of phosphorous in high-purity germanium can be used 
to produce an n+_contact  which is extremely thin 
(-'1000 A) and remains so upon annealing. 1 	A de- 
vice with this type of contact can not only be con-
sidered essentially "windowless" but also treated 
for radiation damage without thickening the dead 
layer. Using ion-implantation, ultra-thin window 
germanium detectors have been developed for use in 
charged-particle telescopes. We have produced 
ultrathin window detectors with a maximum thickness 
of 1.5 cm and a maximum active area of -'11 cr11 2 . 

To meet the varying needs of users, two types 
of ultrathin window germanium telescopes have been 
constructed: fixed configuration and variable con-
figuration. A fixed configuration telescope is one 
in which the detectors are arranged in a fixed 
geometry. The advantage of such an arrangement is 
that all the devices can be kept in a dedicated 
vacuum chamber which is continuously cooled to 
liquid nitrogen temperature. Such a clean, stable 
environment helps to avoid problems in detector 
operation due to surface contamination. 

Variable configurations obviously provide more 
experimental flexibility. Depending on the particu-
lar experiment, detectors in separate mounts can 
be added, taken away or rearranged as silicon de-
tector telescopes have been used for years at lower 
energies. As with fixed geometry telescopes, a 
housing must be provided so the germanium detectors 
will be in high vacuum at their operating tempera-
ture ('-'77 K). 

Figure 1 demonstrates the application of a 
two-detector variable-configuration telescope 
the Indiana University Cyclotron facility. A 	Si 
(p,p') 28Si experiment produced 115 MeV protons 
which were stopped by two 15-mm thick ultrathin 
window germanium detectors. The proton peaks have 
a FWHM of 180 keV. This resolution has been fully 
accounted for by summing the contributions of beam 
spread, reaction kinematics, detector statistics 
and electronic noise for the particular electronics 
in this experiment. The contribution of the detec-
tor to resolution cannot be deduced from this ex-
periment but it is clearly quite small. 

These telescopes are complementary to the 
conventional magnetic particle spectrometers that 
are quite large, very expensive, and only cover a 
limited energy range at one time. The germanium 

28 	, 
' Si 

 
Su(p,p)  

6L08 ' 34 *  

LpII5MeV 

5 	 80 8eV-. - 
FW#M 

40 	35 	30 	25 	20 	15 	10 	5 	0 

EXCITATION ENERGY (MaY) 

Fig. 1. Energy spectrum fo 	scattering of 115 
MeV protons from a 10 mg/ 	' cm 	Si target. The 
spectrum was observed with a detector telescope con-
sisting of two 15-mu thick high-purity germanium 
detectors with ultrathin contacts. The proton beam, 
accelerated in the Indiana University Cyclotron, 
had a resolution of about 110 keV. 	(XBL 791-7894) 

detector telescope is much smaller, considerably 
less expensive and records events simultaneously 
over a large energy range. Early results indicate 
this type of telescope is useful for particles 
whose ranges are equivalent to protons up to 
200 MeV and that the energy resolution in such 
experiments is limited by factors other than the 
detectors. In addition, a pair of telescopes can 
be employed in two-arm coincidence experiments, 
an application which is difficult to consider with 
other types of spectrometers. It is apparent that 
ultrathin window germanium detector telescopes 
offer new tools for long-range particle spectro- 
s copy. 
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THE EFFECT OF CRYSTAL GROWTH DIRECTION ON THE ENERGY RESOLUTION 
OF HIGH-PURITY GERMANIUM DETECTORS* 

G. S. Hubbard, E. E. Hailer, and W. L. Hansen 
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From early experiments by Hansen we have 
germanium cystals grown in various directions in-
cluding [100], [111], and [113]. Once a suitable 
etchant was developed to revealhe dislocation 
pattern of [113] crystal slices,' it was noticed 
that detectors made on this germanium which had 
an average dlslocation density as large or greater 
than 10 4  cm 	would still give good resolution 
(FWI-IM < 2 keV) for a 60 Co 1.17 MeV gamma-photopeak. 
This finding was in apparent contrast to detectors 
made from [ioo] and [Ui] grown germanium. 

In order to understand the surprisingly good 
detector performance of heavily dislocated [113] 
crystal and to attempt to achieve a more basic 
understanding of the electrical nature of disloca-
tions in germanium detectors, we have utilized a 
varity of experimental methods. Variable-tempera-
ture Hall effect measurements with van der Pauw 
contact geometry were made over the range 300 jo 
5 K. Deep Level Transient Spectroscopy (DLTS)' 
was also used to examine the electrical effect of 
dislocations in a depletion layer and the gama-
ray spectrometer performance of various detectors 
was monitored using 60Co and 241 j 

The significance of the manner in which dis-
locations affect device performance is shown in 
Fig. 1. Photograph la shows the shape of the 1.17 
MeV 60 Co line for a detector (463-6.3) made from 
[190] G whose average pit density (EPD) is 5 x 
10 cm, but which contains lineages where the 
EPD is '4.5 x 104  cm-2 . Nevertheless, the device 
exhibits a FWHM of 2.0 keV with no visible as.xmme-
try in the peak. Scanning the lineage with 241Am 
59.6 keV gamma radiation shows an increase in the 
FWHM and peak asymmetry in those high-density areas. 
This type of charge trapping is seen more clearly 
in Fig. lb for detector 281-8.8. This detector has 
an [PD of 1.1 104  cm-2  and its 60Co resolution 
suffers seriously as predicted by Glasow and Haller. 
By contrast, the third device 4Q9-9.4 (Fig. lc) has 
an average EPD of 1.0 x 104  cm 2 , but a FWHM of 
1.8 keV and good peak symmetry. 

To investigate this difference between [113] 
grown germanium and other orientations, a new tech-
nique especially useful for examining deep levels 
in semiconductors was utilized. 

The power of DLTS is evident in Fig. 2, where 
diodes made from the same (or nearby) material as 
that used in Fig.l shows markedly different response 
to heavily dislocated [100] and [113] crystals. 
A very large broad acceptor peak (labeled 3) is 
seen to dominate the spectrum of the [100] sample 
(287.6). Unfortunately, our apparatus did not 
permit us to get to a low enough temperature to 
see the peak of this level or "band" of levels. 
Thus, no calculation of an energy level was possi-
ble. Since other samples with lower EPD did not 
show this broad peak it appears the feature is 
correlated with high dislocation density. 

- 

.. 	- 

463-6.3 	281-8.8 	499-9.4 

• 

FWHM 	 FWIIM 	I 
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• 	5.5keV. 	 FW1/10M 

3. 7keV 
-.. 	

3 .6keV-1 

•--- - •.- 

CHANNEL 

Fig. 1. 60Co 1.17 MeV gamma-photopeaks and pre-
ferentially etched detector surfaces are shown. 
Detectors 463-6.3 and 281-8.8 are both from [100] 
crystals, average [PD 5 x 10 3  cm-2  and 1.1 x 104  
cm-2 , respectively. Device 499-9.4, from a [113] 
crystal, has an average EPD of 1.0 x 10 4  cm-2 . 

(XBL 789-11000) 

It seems clear that any attempt to correlate 
dislocations with detector performance must specify 
the average dislocation density in the area being 
irradiated by a given source. As we have shown, a 
device made from [100] germanium such as 463-6.3 
can have small areas of very hi9b dislocation den-
sity and still give quite good OUCo garmia-photopeak 
resolution. We suggest that since such a small 
volume 9f the device is above the critical EPD of 
10 cni 	the degradation in resolution is slight. 
Put another way, one could say that since the 60Co 
gamma-rays probe the whole volume of the detector 
they encounter an average density of much less than 
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Fig. 2. Deep Level Transient Spectroscopy (DLTS) 
was used to examine [100] and [113] crystals with 
EPD-10 cm 	(281-7.6 and 499-9.4). Peak 3 in 281- 
7.6 appears to be correlated with high dislocation 
density. Peaks 1 and 2 appear to be Cu related. 
The small peak at 50 K in 499-9.4 may be correlated 
with the level at E 	 + 0.07 eV. 	(XBL 789-10904) 

104 cm -2 . If one takes a source which can be col-
limated, such as 241 PJTi, and then probes a very small 
area, such as the defect in 281-8.8, the average 

[PD encountered by the radiation is of course much 
higher and the spectrometer performance suffers. 

An exception to this pattern is shown by crys-
talsgrown in the [113] direction. Whether one 
uses tJOCo  or scans with a collimated 59.6 keV 241 jjfl 

source, detectors with average [P0>10 4  crn 2  and 
lineages where the EPD is -10 5  cm -2  show little nor 
no degradation in resolution. 

Electrical measurements indicate that the high 
density of defects in [1001 germanium give rise to 
accceptor type levels similar to those found in de-
formated germanium. However, the [113] grown crys-
tals with a high EPD do not show this phenomenon 
over the temperature range examined. 

We believe that the fundamental cause of this 
difference in behavior may lie in the nature of 
the dislocation itself. We suggest that disloca-
tions in [113] oriented crystals may be of a type 
which do not have unpaired electrons and hence do 
not function as an electron trap of the same energy 
as in [100] crystals. 
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ADVANCES IN CR-39 PLASTIC TRACK DETECTORS* 

P. B. Price, K. Kinoshita,t E. K. Shirk,t and G. Tarlét 

We summarize here the progress made since we 
reported the discovery of the unique sensitivity 
and resolution of CR-39 in last year's Annual 
Report .1 

Figure 1 shows that it is possible to tune the 
sensitivity of a CR-39 detector by a suitable choice 
of type and concentration of initiator. The five 
sets of samples in Fig. 1 were made from CR-39 
monomer cured 6 weeks at 40 0C with various concen-
trations of either di-isopropyl peroxydicarbonate 
(IPP) or dicyclohexyl peroxydicarbonate (CHPC). 

To achieve the highest contrast and facilitate 
automated scanning and measuring of tracks, we are 
making our own CR-39. To this end it is essential 
to have clean, uncoated glass molds and to carry 
polymerization to completion, driving off residual 
initiator by a several-hour final cure at a tempera-
ture of at least 90 0C. 

To minimize gradients in sensitivity and reac-
tivity we plan to use a programmable temperature- 

time cycle basedon numerical solution of the 
equations for heat flow. We require that the 
temperature gradient within the sheet during exo-
thermic polymerization be a minimum. A polymeriza-
tion tank capable of producing 200 ft2 a week is 
ready to begin production. 

With proper choice of gasket thickness we are 
able to make CR-39 sheets down to 25 pm in thick-
ness. We use Teflon gaskets for sheets 25 to -200 
pm and soft, silicone gaskets for thicker sheets. 
Figure 2 is a photomicrograph showing etched tracks 
of fission fragments (large holes) and 6.1 MeV 
alpha particles (cone pairs) through a 25 pm sheet. 

Thin sheets are essential in experiments such 
as SPIRIT (superconducting, passive iron-isotope 
telescope) where sagittas of curved trajectories 
must be accurately measured with a minimum of multi-
ple Coulomb scattering in the locating sheets. 
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Fig. 2. Etched tracks of 252 Cf fission fragments 
(large holes) and alpha particles (small cone pairs) 
in a 25 pm sheet of CR-39. 	 (XBB 7910-13254) 

tSpace Sciences Laboratory, University of Califor-
nia, Berkeley, California 94720. 

1. Nuclear Science Annual Report 1977-1978, 
LBL-8151, p. 252. 

Fig. 1. Dependence of sensitivity, measured in 
terms of s, the ratio of track etch rate to general 
etch rate, on Z/3 and on concentration of initiator 
in the CR-39 monomer. 	 (XBL 798-2482) 

Footnotes and References 
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IMAGING AND IDENTIFICATION OF RELATIVISTIC PROJECTILE 
FRAGMENTS WITH LEXAN SPECTROMETRY* 

J. D. Stevenson,t P. B. Price,t and M. P. Budiansky 

Fragments of 200 MeV/nucleon 40Ar emitted at 
00 are deflected in the Heckman/Greiner spectro-
meter and stop in a stack of Lexan sheets each 
30 cm x 15 cm. Charge, mass and energy are deter-
mined from measurements of range and lateral posi-
tion in the stack and from etch pit lengths in two 
consecutive sheets. The collecting power is 450 cm 2  
per Lexan stack. There is no upper limit on the 
nuclear charges that can be studied. Rare products 
close to the beam rigidity can be studied as well 
as rare products with much higher rigidity such as 
projectile nuclei with several electrons attached. 

Figures 1 and 2 are examples of the thousands of 
aninonia prints obtained in runs with 40Ar and 48Ca 
projectiles. 

Figure 3 shows the distribution of stopping 
points and deflections for an exposure to 5 x 10 6  

40Ar ions on a 0.2 g/cm2  Al target. The equili-
brium ratio of ttachment to stripping cross sec-
tions for 40Ar 17  in this simple experiment was 
consistent with that of Crawford' and of Raisbeck 
et al. 2  The short etch time chosen for this stack 
led to ammonia spot production efficiencies of 0.5 
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Fig. 1. Ammonia print of etched holes in a single Lexan sheet showing 
spatial distribution of several moderately neutron-rich nuclides that 
stopped in a very narrow range interval. (XBB 790-13253) 

for Ar, 0.35 for Cl, 0.2 for 5, 0.04 for P, and 
zero for Z < 15. Note that 39C1 is separated from 
its neighboring isotones, 4OAr and 38 S, and that 
39Ar and 38C1 are roughly separated. Evidence for 
the pion exchange product 40 C1 appears in both 
Fig. 3 and in Fig. 5. 

Figure 4 shows results of our mass determina-
tions for neutron-rich isotopes of Mg, Al, Si in  

a restricted rigidity interval. Our overall yields, 
obtained by summing over all rigidities, are con-
sistent with results of Viyogi et al. 3  and Symons 
et al. 4  

Figure 5 shows a portion of the raw data for 
nuclides with high rigidity and short range. Micro-
scopic measurements confirm that the group of events 
labeled 40Ar 16  have Z = 18 and that the group 

37C1+17 39Ar 18 	40Ar 8  

Fig. 2. Ammonia print of spatial distribution of 
40Ar 18 , 40 Ar 17 , 37 C1 17 , and 39Ar 18  in a narrow 
range interval. (XBL 790-13255) 

40Ar 17  
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Fig. 3. Ammonia spot density vs deflection at 
ranges near the mean range of uninteracted 40Ar 
beam. Ordinate- is sheet numr, which increases 
with range. Inelastic 4OAr+1 events have too 
high a density of spots to plot. (XBL 798-2486) 
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Fig. 5. Ammonia spot density vs deflection t 
ranges near the mean range of uninteracted 48Ar 
beam but at much higher rigidities and fluence than 
in Fig. 3. Dot density increases logarithmically 
with event density. Not all sheets were scanned. 
Note the concentration of spots due to 40Ar 16  
showing two-electron pickup. 	(XBL 798-2488) 
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labeled 40C1 16  have Z = 17. The ranges and de-
flection are exactly as expected. The measured 
ratio of 40Ar 16  to 40Ar 18  is consistent with that 
expected from the ratio of Ga/Os from Crawford.' 
It should be possible with greater beam fluence to 
determine L-shell attachment cross sections, which 
have not been calculated. 

Studies of neutron-rich nuclides produced in 
48Ca interactions are in progress. 
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HISS STATUS REPORT 

P. J. Lindstrom 

The Heavy Ion Spectrometer System (HISS) 
construction phase is approximately half over. We 
anticipate doing the first HISS experiments in the 
sununer of 1980. There are three main facets to the 
HISS project: (1) the construction project to pro- 
iide the basic facility, (2) the associated detec- 

tor design and fabrication, and (3) the facility 
operati on. 

The construction project consists of the de-
sign and fabrication of (1) a two-meter diameter, 
one meter gap, 30 kG superconducting dipole magnet 
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on a rotating base, (2) a computer-controlled beam 
line capable of delivering isotopically pure pri-
mary and secondary beams to a wide variety of tar-
get positions around the dipole magnet and with a 
wide variety of focal conditions, and (3) a large 
"back end" computer system with associated software 
to attach with the standard Bevatron experiment 
computer systems and provide detailed event recon-
struction and diagnostics for real time operation. 
The dipole magnet rotating base is approaching com-
pletion and will be in position and tested by the 
end of the surmier. The iron from the University 
of Michigan cyclotron is here and will be placed 
on the base as soon as tests are completed. The 
fabrication of the superconducting wire is nearing 
completion and the coil bobbin is beginning fabri-
cation. Each coil will be attracted to the yoke 
iron with a two million lb force, causing a support 
design problem which has been solved. Each coil 
will be supported by titanium cylinders which are 
at room temperature on one side and at 4 K on the 
other. The cryostat and crogenics are in final 
design. 

All of the parts for the beam line and magnet 
controls and monitoring have been prototyped and 
tested. Fabrication of these parts will start in  

the fall of 1979. The control computer has been 
ordered and the software designed. The back end 
computer (a VAX 11/780) has been installed in the 
first HISS house and programing has started. A 
dual-ported disk system has been tested for front 
end, back end computer linkage. The software is 
on schedule for testing in early 1980. 

The HISS detectors are an integrated effort 
with many groups of experimenters under the direc-
tion of the Relativistic Instrumentation Committee 
(RIC). The cooperation of different groups in a 
common detector system is making HISS a far more 
powerful experimental tool than was anticipated 
last year (see (RIC report). 

The HISS facility operation structure has been 
finally resolved. The operation has been absorbed 
into a single Nuclear Science Divisfon research 
group rather than distributed among groups or 
turned over to people not involved in research. 

Our main problem now is selecting a manageable 
number of first round experiments on HISS from a sea 
of new and exciting experiments which will be 
possible. 

HISS INSTRUMENTATION 

H. J. Crawford, F. S. Bieser,*  J. Carroll, D. E. Greiner, C. Gruhn, S. Nagamiya, and T. J. M. Symons 

The Heavy Ion Spectrometer System (HISS) is a 
construction project which, in FY 1980, will make 
available to experimenters: (1) wide gap magnetic 
volume, (2) versatile beam preparation, (3) powerful 
back end computer for real time diagnostics and 
beam line contral, and (4) housing space for front 
end computers and experimental apparatus. 

Second generation detector systems are required 
to fully utilize HISS, especially with beams from 
the upgraded Bevalac. Since the beginning of the 
HISS project, it was clear that such systems, if 
built individually by the experimental groups, 
would result in excessive costs due to needless 
duplication. Over the last year there has been an 
extensive attempt to ascertain the requirements of 
user groups in order to determine if common detector 
systems could be agreed upon. This attempt has 
been successful. We have general agreement on four 
detector systems which will satisfy the general 
needs of the prospective HISS users.. The four sys-
tems, in order of priority, are designed to measure: 
(1) particle trajectory, (2) particle charge, (3) 
time of flight, and (4) multiplicity and energy 
flow. 

Careful attention was paid to the fact that 
the upgraded Bevalac will be producing much heavier 
projectiles. Consequently, all the systems listed 
above have sufficient dynamic range to allow imnie- 

diate use of HISS with beams from the upgraded 
Bevalac. 

Descriptions of these modular systems follow. 

Measurement of Z on HISS 

We propose a 50-cm thick (STP) xenon gaseous 
ionization chamber to measure dE/dx for particles 
having a fixed momentum divided by charge Z. We 
expect to achieve >1% resolution in Z for all 
particles having energies between 50 and 2000 MeV/ 
nu. Eighty such detectors are proposed to cover 

an area 2 m x 10 m at a distance of 5 m from HISS. 
Ten detector modules would be constructed, each 
containing eight detectors. 

Scintillator Picket Fence TOF System 

An array of 100 scintillators covering 20 m 2  
will provide TOF information for each particle 
identified in XeIC (Z determination) and DC (x, t, 
trajectories) systems at HISS. This will allow 
determination of 	and, from dE/dx and rigidity, 
we will get Z, M, and . 

General Purpose Drift Chamber Array f or HISS 

Trajectory measurement in the HISS environment 
has been studied by several groups over the last 
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year. The purpose of the study was to determine if 
the general user requirements could be satisfied 
with one type of trajectory measuring device. The 
basic goal was to avoid duplication and to find a 
satisfactory modular desiin which would allow de-
tection ability to increase in area as budgetary 
limits allowed more modules to be constructed. 
The general requirements are: (1) large area (6m 2 ), 
(2) resolution 100-200 pm, (3) dynamic range 10/1 
with 6-ray rejection, (4) multi-particle capability, 
(5) ability to sustain singles rates of 10 5/wire-
sec, (6) particle pair resolution 2-5 mm, and (7) 
operation in magnetic field. 

A segmented drift chamber design utilizing the 
6-ray rejecting electronics developed and tested 
for NASA use satisfies the above requirements. 

Energy Flow Detector 

The detector has three separate concentric 
spheres each of which can be operated independently 

if desired. The inner sphere is a multiplicity 
detector consisting of a honeycomb cell (1 cm x 
1 cm) array of current limited spark chambers. 
The middle sphere is a total energy detector for 
charged particles of < 200 MeV/nucleon consisting 
of 20 segments eachof which has 2 layers of scm-
tillator (3 in long and 3 in thick). The outer 
sphere is a calorimeter for charged and neutral 
particles (and gammas) consistingof 20 segments 
each of which cOntains -4000 Pb sheets (0.06 cm 
thick) imersed in liquid scintillator. 

Footnote 

*Sp ace  Sciences Laboratory, University of California, 
Berkeley, California 94720. 

BEVALAC LOW-ENERGY BEAM LINE 

H. Wieman, J. R. Alonso, C. R. Gruhn, E. H. Harvey, D. L. Hendrie, A. M. Poskanzer, D. K. Scott, and K. Van Bibber 

A special, beam line has been installed at the 
Bevalac 'for experiments with beams up to 200 MeV/ 
nucleon'. "During the initial test run in July a 
140 MeWriucle'ona beam was successfully tuned out 
of the beam line and used for detector tests. In 
this test both the beam line optics and the newly-
installed data acquisition hardware and software 
performed as designed. 

This beam line provides a convenient facility 
for extension of low-energy-type heavy-ion experi-
ments 'up into the intermediate energy region, making 
this condition possible before the several other 
accelerators under construction around the world 
can provide heavy-ion beams in this energy range. 
Of course, the beam line will be even more useful 
when LBL's uranium capability project is completed, 
which will provide much heavier beams and also 
better quality low-energy beams. 

Experimenters will be able to use the beam 
line in either the momentum recombining or high 
resolution modes. Experiments using the beam line 
in the low-resolution mode will be scheduled to 
start in early fall following the Bevalac summer 
shutdown. High resolution mode operation should 
be possible early in 1980. Auxiliary'equipment 
includes a scattering chamber and electronics for 
high-resolution multi-parameter experiments. 

The beam layout is shown in Fig. 1. The beam 
is extracted by three bending magnets from Channel I 
very close to the accelerator. Beams'below 100 MeV/ 
nucleon will be obtained by degrading at F2. The 
energy analysis of the beam is achieved by placing 
slits at F2 and F3, with a large high-field dipole  

magnet between them. Also in this section are a' 
quadrupole doublet and a sextupole. In the low-' 
resolution mode the slits are opened up, and the 
large dipolecompensates for the dispersion of the 
three extraction magnets. After the second slit, 
the 'beam is tranported to the scattering chamber by 
one of two pairs of quadrupoles and is also bent in 
this region to clean up the beam from scattering and 
degrading in the slits. The option of two differ-
ent quadrupole pairs in this final region allows 

Fig.. 1. Layout of the Bevalac low energy beam line. 
(XBL 791-278) 
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the experimenter to choose either minimum beam spot 
size or minimum divergence. 

The scattering chamber, shown in Fig. 2, is 
completed and will be installed shortly to be ready 
for operation in the fall. It will be installed 
initially without the more versatile support struc-
ture shown in Fig. 2 which will in the future allow,  
rotation of the chamber and provide a centrally 
pivoted support arm for external detectors. A 
counting shack with beam monitoring equipment and 
some NIM electronics has been provided. Also pro-
vided is a PDP-11/34 computer interfaced to CAMAC 
complete with versatile software for data acquisi-
tion and display. 

Several proposals for experiments on this 
beam line have been received: The Hendrie group 
plans to extend its experiments to study coinci- 
dences between projectile an target fragments (Exp. 
352H), and to perform excitation function measure-
ments (Exp. 458H). J. B. Natowitz of Texas A & M 
plans measurements on fusion and fission reactions 
(Exp. 403H). L. Moretto is interested in gamma-ray 
multiplicities (Exp. 447H). A collaborative group 
from LASL and LBL consisting of R. M. DeVries, E. 
Flynn, C. Gruhn, D. L. Hendrie, and K. Van Bibber 
is developing a high-resolution liquid-argon detec- 
tor and plans to use it initially in elastic scatter-
ing experiments (Exp. 453H). R. M. DeVries and C. 

o 	1 	2 	3 FW 

0 	 1 

Fig. 2. Low energy beam line scattering chamber. 
(XBL 791-277) 

R. Gruhn are also planRing a mult.iparticle detector 
for heavy fragments (Exp. 474H). G. Westfall, in 
collaboration with other researchers at LBL and C. 

Fulmer Of ORNL, plans to study the energy depen-
dence of central collisions with an 4OAr beam (Exp. 
498H). J. Synions and others at LBL have proposed 
to study giant resonances with heavy ions (Exp. 
492H). Most recently R. M. DeVries, J. G. Cramer, 

R. Gruhn, J. C. Peng, W. E. Sondheim, and H. 
Wieman have tested a detector system on the Bevalac 
low-energy beam line and at the 88-inch cyclotron 
to be used on this beam line for measuring reaction 
cross sections. 

Manuals for prospective users of the beam line 
are available at the ARC office, Bldg. 51, LBL. 

In the high-resolution mode, the beam resolu-
tion and transmission will be determined by the 
slit sizes. As an example, for an energy resolu-
tion of one part in 2000, the transmission of the 
total beam to the scattering chamber is expected 
to be 0.07% and should scale as the resolution 
cubed. For this example, the horizontal and verti- 
cal emittances are expected to be 10 and 100 mm-mrad, 
respectively. Note that the final position and 
resolution of the beam will be determined only by 	Exti  

the carefully regulated elements downstream of F2; 	det 
sup 

drifts in the Bevalac will only affect the beam 	arry 

intensity. With the slits wide open, the energy 
resolution will be that of the Bevelac itself, 
which is thought to be about one part in 500 in 
this energy range. In this case the transmission 
is about 40% (limited only by vertical constraints 
imposed by the dipole magnets in the vicinity of 
Fl), and the vertical and horizontal emittances 
are both about 200 m-mrad. 

IMPROVEMENTS IN THE RAMA-88 SYSTEM 

J. M. Wouters, R.F. Parry, D. M. Moltz, P. E. Haustein, R. von Dincklage, M. D. Cable, J. Aysto,t and J. Cerny 

During the past year several major improvements 
have been successfully introduced on the Recoil 
Atom Mass Analyzer (RAMA). They included: (1) the 
building of a fast tape transport system to transfer 
the mass separated nuclides from the collection 
station to a new detector station for large volume 
detectors, (2) the introduction of a solid target 
multiple capillary system to increase the yield of 

the nuclides reaching the focal plane, and (3) the 
redesigning of the ion source holder to improve its 
overall dependability and serviceability. These 
improvements were partly motivated by our studiesl 
of neutron deficient isotopes in the vicinity of 
the doubly magic '°°Sn nuclide and by our ôontinu-
ing experiments to measure the masses of the I = 
2 states in the Iz = -1 light nuclides. 2 ' 3  
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Fig. 2. Schematic of three-target multiple capil-
lary system. 	 (XBL 793-8988) 
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Fig. 1. Schematic of RAMA tape drive. 
(CBB 796-8056) 

The fast tape transport system has permitted 
the collection of 6-,y-  and x-ray singles and coin-
cidence data. The tape is moved by a standard com-
puter tape drive in and out of RAMAs detector box 
through two differential vacuum pumping stations 
(Fig. 1). The tape transports the activity from 
the collection position to one of the possible de-
tection stations in less than a second (tape speed 
is 75 cm/sec). Advantages of this system include: 
(1) the periodic introduction of fresh sources to 
eliminate background from long-lived daughters; (2) 
the optimizing of the collection and counting time 
to enhance the intensity of the activity of inter-
est vs other activities, and to determine its half-
life; (3) the capability of doing coincidence ex-
periments by placing large volume detectors on 
either side of the tape; and (4) the possibility 
of using infinitely thin sources eliminating self-
absorption. This system has been used to do '-, 
x-ray and 6-, i-ray coincidence experiments in 
the light tin region. 

Another multiple capillary system, similar to 
the highly successful multiple capillary system 
for gas targets reported last year, 4  has been com- 
pleted, 	ste

5
, and used to produce the TZ = -2 

nuclide 	Si.This new system permits the use 
of 3 solid targets (Fig. 2). The beam from the 
88-in cyclotron passes through the targets and 3 
cooled copper cylinders containing the carrier gas 
(usually He) for the RAMA helium-jet. Radioactive 
recoils stop in the gas and are swept from the 
collection cylinders by 12 short stainless steel 
capillaries (1.0 m i.d.) to a single, larger, 
6-meter-long capillary (1.27 mm i.d.) that trans-
ports the recoils to the RAMA ion source. Tests 
using 151 Ho and 151Dy indicated a factor of 10-15 

increase over a single capillary-single target sys-
tem in the number of radioactive recoils reaching 
the ion source. A two-target system with longer 
collection cylinders for longer range recoils has 
also been constructed and used for general work 
with heavy-ion beams. 

Fig. 3. Photograph of ion source holder, with ion 
source. removed from vacuum chamber. Fittings on 
plate are for electrical feedthroughs, water cool-
ing, and arc support gas. 	 (CBB 793-4157) 
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Tests have been conducted on both of these 
solid target multiple capillary systems to measure 
the sweep-out and transit times of the radioactive 
nuclides from the target chamber to the first of 
the two skimers (positioned just before the ion 
source). With He, the average elapsed time is 
approximately 270 ms (about 170 ms longer than for 
a single capillary). 

A newly-redesigned ion source holder has also 
been installed (Fig. 3). The reasons for recon-
struction included the need to (1) improve the 
electrical contact between ion source and holder, 
(2) increase the rigidity with which the source 
is held, and (3) vastly improve both the durability 
and serviceability of the holder for lengthy experi-
ments. Two additional side benefits were realized. 
The ion source may now be aligned quickly and re-
motely in all three dimensions while operating 
thus permitting the optimization of the geometry. 
Secondly the vacuum has been improved by a factor 
of 5 thereby decreasing the loss of radioactive 
ions to charge exchange reactions. This holder 
has been tested in several long experiments and 
has increased RAMA's data acquisition time to over 
95% of the available beam time. 

These improvements have been employed in the 
study of nuclides in the vicinity of lSn, in 

particular in a series of experiments on the light 
indium isotopes (see "Measurements of Decay Energies 

of Some Neutron Deficient Indium Isotopes with the 
RAMA-System" in this Annyal Reporfl 	They were 
produced via the lO2Pd(lN, 2ctxn)iUXIn reaction 
at 200 MeV. 

Footnotes and References 

*Permanent address: Brookhaven National Laboratory, 
Upton, N.Y. 

ton leave from: University of Jyvskyl, Finland. 

J. Ayst5, M. D. Cable, P. E. Haustein, D. M. 
Moltz, R. F. Parry, J. M. Wouters, and J. Cerny, 
this Annual Report. 

D. M. Moltz, J. Ayst6, M. D. Cable, R. D. von 
Dincklage, R. F. Parry, J. M. Wouters, and J. Cerny, 
Phys. Rev. Lett. 42, 43 (1979). 

J. Aystö, D. M. Moltz, M. D. Cable, R. D. von 
Dincklage, R. F. Parry, J. M. Wouters, and J. Cerny, 
Phys. Lett. 52B, 43 (1979). 

Nuclear Science Annual Report for 1977-1978, 
LBL-8151, p.  15. 

ON-LINE ISOTOPE SEPARATOR AT THE SuperHILAC 

J. Michael Nitschke 

Most problems in nuclear physics can be 
studied only if the mass and the atomic number of 
the nucleus under investigation are known. A and 
Z information for light nuclei can be obtained with 
magnetic spectrographs or a combination of solid 
state detectors (dE/dx-E) and time-of-flight tech-
niques if the particles have sufficient velocity. 
Due to limitations in the energy resolution of 
these detectors the upper limit for resolving 
single nuclear charges is about 40 and for indivi-
dual masses it is about 100. In addition, the 
solid angle of these devices is small and they are 
limited •in total counting rate and can •be easily 
damaged by neutron radiation. 

The problem of identifying A and Z becomes 
more serious in heavy element research for the 
following reasons: the recoil energy is typically 
only about 100 keV/amu which results in poor energy 
resolution in solid state detectors; the production 
cross sections for many nuclides are only on the 
order of nanobarns, and the necessary mass resolu-
tion has to be about one in three hundred. An 
additional difficulty in the heavy element region 
is that isotopes far from the line of stability 
tend to have very short S.F. decay half-lives. 
While ct-emitters can often be identified through  

their genetic relationships with known nuclei the 
only way to identify a spontaneous-fission emitter 
is to measure its mass and if possible its charge. 
Therefore, we are in the process of developing an 
on-line isotope separator with the following charac-
teristics: 

single mass resolution up to mass 300, 
overall efficiency for most elements 
on the order of 10%, 
total separation time on the order of 
100 ms or shorter, 
physical separation of individual iso-
topes so that their decay can be studied 
with solid state detectors, and 
some means of Z identification. 

To achieve these objectives the arrangement shown 
in Fig. 1 is presently being tested. 

The most important part of an isotope separa-
tor is the ion source. In the past we have tried 
several approaches, one of which has been to therm-
alize the recoils from the target in ultrapure He 
of about 1 atm pressure. The recoils exchange 
charge rapidly in the gas and remain in the +1 
state. The recoil carrying He gas is subsequently 
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expanded into a vacuum chamber and while the gas 
is pumped away the charged recoils are accelerated 
and focused into a magnetic spectrograph. This 
technique works very well in off-line experiments 
and we were able to separate the individual mem-
bers of the 228Th and the 227Ac radioactive decay 
series. In the presence of the accelerator beam, 
however, a high density plasma is created through 
the interaction of the beam with the stopping gas 
and most of the thermalized, singly-charged recoils 
become neutralized. Additional atomic reactions 
which contribute to the neutralization of the re-
coils in on-line experiments are caused by impurity 
ions like H2O liberated from the wall of the target 
chamber and the target itself. The two principal 
neutralizing reactions for a recoil ion R+  can be 
written as follows: 

R++e- +He*.R+He 

and 

R+ + e + e 	R + e 

Since the three body recombination coeffici-
ents for the above reactions are strongly dependent 
on the electron temperature (cTe 2 .S and cTe 42 , 
respectively) we investigated two methods of in-
creasing the plasma temperature: rf heating and a 
dc discharge. In order to obtain short residence 
times for the ions inside the stopping chamber it 
has to have as small a volume as possible. This 
makes rf heating impractical as the rf power cannot 
be concentrated very easily (except by using micro- 

Waves). Heating with a dc arc, however, is quite 
localized and leads to the ion source arrangement 
shown schematically on the left side of Fig. 1. 
The recoils from the target are either stopped 
inside the gasvolume of the dc arc or in the hot 
anode from which they subsequently emerge through 
diffusion. The highest plasma temperature we have 
achieved so far is about 6800 K and at this tempera-
ture thermal ionization becomes significant. This 
process is governed by the Saha equation: 

- 15040 
1 ,-5/2 	- 	Veff 
- u 	x0 
e .  

Here, 11 is the degree of 'ionization,'Pe the elec-
tron pressure, T the equilibrium temperature, and 
Veff the effective ionization potential. 

With typical electron pressures and a plasma 
temperature of 6800 K ionization efficiences of 

10% can be achieved for elements with ionization 
potentials Veff 	10 eV. This includes 85% of all 
the elements of the periodic table and this new 
type of ion source is therefore quite universal; it 
will in particular ionize all actnides. The fol-
lowing elements have been ionized and mass analyzed 
so far: (He), Ar, Kr, Xe, Rn, Ag, W, Hg, and Th. 
The ionization efficiencies were,, in all cases, com-
patible with a plasma temperature of about 6500 K. 
The fact that beams of tungsten have been produced 
is of particular importance since it, indicates that 
even elements with low vapor pressure can be effici-
ently ionized. The first on-line experiments are 
planned for.the fall of 1979. 
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ENERGY MASS SPECTROGRAPH FOR THE SuperHILAC 

J. Michael Nitschke 

In collaboration with Harald Enge (MIT) we 
have developed the concept of an energy mass spec-
trograph (EMS) for the study of heavy-ion reactions 
and reaction products. Such a facility would be 
useful for several reasons: 

Compound nucleus evaporation residues have 
a large forward momentum due to the momentum 
of the heavy-ion beam. They are typically 
focused into angles a few degrees about 00. 
As one studies isotopes far from the valley 
of stability short separation times and high 
sensitivity become imperative. This will 
be even more important for "inverse reac-
tions" where the target is lighter than the 
projectile. 

Nuclear reactions which do not result in the 
formation of a compound nucleus will still 
be strongly forward directed due to the 
large momentum of the beam. The large cross 
section for elastic scattering makes it, 
however, difficult to study these reactions 
near zero degrees without a spectrometer. 

The physical separation of reaction products 
which is provided by the spectrometer to-
gether with unit mass resolution up to the 
heaviest isotopes makes it possible to study 
decay properties of individual nuclei identi-
fied by mass and charge. 

In deep inelastic reactions the heavy reac-
tion partner can be identified with the 
spectrometer (preferentially in an inverse 
reaction) while the light fragment can be 
studied with a counter telescope inside 
the scattering chamber. Other coincidence 

arrangements are possible, like the study 
of they and neutron deexcitation of com- 
pound nuclei, or the combination of the 
spectrometer with a time-of-flight system. 
In all these cases the spectrometer can 
be thought of as a tagging device which 
determines the mass and charge of the re-
coiling nucleus. 

The anticipated large suppression of the 
beam and scattered particles will allow 
the study of exotic nuclei and decay modes 
even if they are formed with loss cross 
sections. Examples are nuclei in the heavy-
and super-heavy region, short-lived isomers, 
yrast traps, and p or 2p emission. 

The proposed instrument which is schematically 
shown in Fig. 1 consists of two main parts: a 
velocity spectrometer with velocity dispersion in 
the vertical direction, and a momentum analyzer 
with momentum dispersion in the horizontal direc-
tion. By measuring velocity and momentum the mass 
(more exactly the mass to charge ratio m/q) and 
the energy of a particle can be determined, hence 
the name energy mass spectrograph. Particles with 
constant m/q are located on slanted lines in the 
(two-dimensional) focal plane. An impression of 
the ion optical properties in first order can be 
obtained from Fig. 2 which shows representative 
beam envelopes for the horizontal (x) plane (lower 
half) and the vertical (y) plane (upper half). In 
addition, the two dispersion funcitions x/Sp and 
y/ôv ar drawn for Sv = op = 2%. A difficult prob-
lem has been the correction of the instrument for 
higher order aberrations. There are a total of 
ten second order terms, two of which are coupled 
and a third which can be neglected. The remaining 
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Fig. 1. Layout of the energy mass spectrograph. 
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eight terms are corrected with multipole components 
built into several of the eight magnetic elements 
shown in Fig. 1. 

Several features of the EMS deserve particular 
attention: 

A scattering chamber forms an integral part 
of the instrument; 

The first half of the velocity selector 
serves as a beam trap; 

An adjustable velocity slit allows the 
selection of a limited velocity swath to 
pass into the momentum analyzer; 

Time-of-flight can be measured through the 
whole instrument or parts of it; and 

The (two-dimensional) focal plane detector 
determines the arrival time, dE/dx, total 
energy, and the x- and y-coordinates of 
the particles. 

The energy and mass resolution of the spectro-
meter depends on the specifics of the nuclear reac-
tion under consideration but approximate values 
can be obtained from the following "resolution 
flow diagram." 

Primary 	Intermediate 	 Final 
Resolution 	Resolution 	 Resolution 

6m 1.7% 
= 1% 

= 1.2% 	Sm = 0.7% 

ó(Bp) = (p/q) = 0.2% 	
6E = 0.7% 

óm = 0.4% 

ó(TOF) = 0.3% 	
SE = 0.4% 

The anticipated performance of the EMS can be 
summarized as follows: 

(1) solid angle c= 8 msr (±40 mrad vertical, 
±50 mrad horizontal), 
momentum range isp/p = ±10%, 
velocity range tv/v = ±5%, 
maximum magnetic rigidity (Bp)max = 1.5 Tm, 
maximum electric rigidity (Ep)max = 63 MV, 
velocity dispersion dv = 12 m/%, 
momentum dispersion d = 15.5 mIX, 
vertical magnification my = 2.9, 
horizontal magnification mp = 1.1, 
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(10) resolution for 4 msr solid angle and 3-mm 
target diameter: 

50 (focal plane detector only) 
m/Lm = 	120 (without TOE) 

250 (with TOE) 

100 (focal plane detector only) 
E/LE = 	120 (without TOE) 

250 (with TOE) 

p/Ap = 	500,  

focal plane angles 900  with respect to the 
beam axis, 
angular range: e = _ 100 to +65° continuous, 
beam suppression: 

target 	detector = 	to 1012  N 	
I 

b eam  / Nbeam  

depending on the ratio Aproj ectil e/Areco il 

The total cost of the instrument is estimated to 
be about 800 K (1979 dollars). 

EVALUATION OF THIN METAL FOILS AS TARGETS AND WINDOWS FOR HEAVY-ION BEAMS 

J. D. Molitoris*  and J. M. Nitschke 

Although the use of metal foils as backing for 
heavy-ion targets is common, there is very little 
detailed information on the performance of various 
foils under different temperature conditons and with 
different cooling gases. In order to adequately 
test foils one must be able to: (1) duplicate the 
heat distribution of a heavy-ion beam, and (2) 
measure the temperature of the target accurately. 
A Pierce-type electron gun was used to simulate 
the beam spot of a heavy-ion beam. Since a Pierce-
type gun is compact and has a well-defined beam spot 
it suited our purposes. The problem of measuring 
the temperature is more difficult. 

Since physical contact with the foil (other 
than the target mount) introduces a heat loss which 
is not encountered in an actual experiment, tempera-
ture measurements by thermocouples are ruled out. 
Optical pyrometer and infrared thermometer measure-
ments are better suited since they entail no physi-
cal contact with the target. Both methods were 
used, but the infrared-thermometer (Raytek, Model 
S/L 280) was preferred because of its digital read-
out, quick response, and adjustable emissivity. The 
main problem with opitcal and infrared measurements 
is that the emissivity of metal foils commonly used 
as windows or targets (HAVAR, titanium, molybedenum, 
tantalum, rare earths, actinides, etc.) varies with: 
(1) different methods of surface preparation, (2) 
the measuring wavelength of the instrument, 1  and 
(3) temperature. With the initial choice of foil 
and instrument, (1) and (2) are fixed. However (3), 
the variation with temperature, occurs whenthe 
measurement is being made and must be compensated 
for from prior experience. 

Corrections to the temperature measurement due 
to changes in emissivity were made by comparing 
the infrared thermometer with a thermocouple which 
was embedded in a thick (1/32 - 1/16 in.) plate of 
the target metal (with similar surface preparation 
to the corresponding foil. Whenever it was impos-
sible to obtain a thick plate of the metal (i.e., 
HAVAR), a foil was spot-welded to a plate with,a 
thermocouple imbedded in it and corrected for any 
loss due to thermal contact. 

Then a gas coiled target assembly was added 
to the testing apparatus (see Figs. la,b). This 
target assembly is identical to the target assembly 
in the Very Heavy-Ion Recoil Target System 2  which 
was designed at the SuperHILAC earlier. The cooling 
gas is channeled between the front and rear foils 
of the target and is then either recycled or dumped. 
The total power on the target can be obtained by 
measuring the current on the target and knowing the 
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Fig. 1. Apparatus for testing metal foils. (a) 
side view of test apparatus. (b) top view of test 
apparatus. 	 (XBL 798-2418) 
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accelerating potential of the electron beam. The 
temperature of the target can now be studied as a 
function of the beam power and the flow rate of 
the cooling gas. The cooling properties of differ-
ent gases can also be studied. Figure 2 shows some 
of the results obtained with HAVAR and titanium as 
targets. Here helium and nitrogen were both used 
as cooling gases. Other metal foils tested were 
molybdenum and tantalum. It was also instructive 
to study failure mechanisms of the target and what 
role (if any) the cooling gas plays with respect 
to failure (i.e., the gettering effect of nitrogen 
with titanium). 

Since the first •reaction the Very Heavy Ion 
Recoil Target System will be used for is 238U + 
248Cm (to be performed at GSI, Fall 1979), it 
would have been of interest to evaluate a target 
foil with 248Cm metal evaporated on -it. Since 
248Cm is, however, highly radioactive, gadolinium, 
which is the chemical analog of curium, was used 
for these tests. 3  
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CALIBRATION OF A NOVEL, HIGH-EFFICIENCY DEUTERON POLAPIMETER FOR THE 
MEASUREMENT OF t20  In -rr-d ELASTIC SCATTERING 

R. J. Holt, J. R. Specht,*  E. J. Stephenson,' A. L. Burman,t D. C. Crocker,tJ. S. Frank,t M. J. Leitch,t 
J. D. Moses,t- - R. M. Laszewski,j P. von Rossen, and H. E. Conzett 

There has been substantial interest recently 
in theoretical studies of the ir-d system, both to 
explore pion interactions and to serve as a model 
for heavier nuclei. A study of the Tr-d system 
offers many advantages: the three-body problem 
can be solved exactly, the two-body amplitudes are 
known, and the structure of the deuteron is rela- 
tively simple. Below 200 MeV pion energy, all pres-
ent calculations essentially reproduce the measured 
cross sections, while various models show striking 
differences for the deuteron polarizations. 1  A 
precise measurement of the polarization in a double 
scattering experiment requires the construction of 
a high efficiency polarimeter.  

ization in i-d elastic scattering in a separate 
experiment at LAMPF. The polarimeter makes use 
of the iHe(d,p) 4He reaction at 00, where both the 
cross section and tensor analyzing power 120 are 
large. 2  The incident deuterons are counted in 
transmission by a plastic scintillator ahead of the 
3He cell, and the protons by a dE/dx-E scintillator 
telescope behind the cell (see Fig. 1). The ratio 
of the proton to deuteron count rate, or efficiency 
c, is polarization dependent according to 	- 

= Co  (1 + t 20T20 ) 

A polarimeter to measure the tensor polariza- 	The calibration procedure provided measurements of 
tion tçj was constructed and calibrated with the 	the unpolarized beam efficiency c 0  and the tensor 
polarized beam from the LBL 88-inch cyclotron, in 	analyzing power 120 as a function of the deuteron 
anticipation of measuring the recoil deuteron polar- 	energy, angle of incidence, and point of entry on 
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dE/dx 	dE/dx 2 	 3  

substantial energy (from'-41 to-'-25 MeV) in the gas 
cell window and front deuteron scintillator. The 
He gas thickness is sufficient to completely stop 

thedeuterons, whil,e the large. reaction Q-value 
assures that the protons are detected.' With a 
value of c0  2 x 10 4  and a tensor analyzing power 
of T20 	-0.60, this is the most efficient deuteron 
pólarimeter presently available. 
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Fig. 1. Schematic design of the deuteron polari-
meter. Itmakes use' of the 3He(d,p) 4Hë reaction 
at 0 = 00, where both the cross section and the 
tensor analyzing power T20 are large. 

(XBL 798-2604) 

the polarimeter face. All scintillators were with-
in the 3He pressure vessel. The deuterons lose 
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FIRST STUDIES WITH A STREAMER CHAMBER FOR LOW ENERGY NUCLEAR PHYSICS 

K. Van Bibber, W. Pang, M. Avery, and E. Bloemhof 

Until recently the streamer chamber, a 47 
visual track detector developed about 15 yearsago, 
has been applied almost exclusively in high energy 
physics and relativistic heavy-ion physics. 1  The 
first streamer chamber for low and intermediate 
energy heavy-ion studies has been developed at the 
88-in, cyclotron and early this year successfully 
completed its first survey experiment with beams 
of 180 MeV 7Li and 420 MeV 160.2 

The chamber is a single gap device of active 
volume (17.8 x 11.4 x 5.1 cm) mounted horizontally 
on the lower pole tip of the JUPITER magnet in 
Cave 5. The pulsed high voltage is supplied by 
a three-stage Marx generator and pulse shaping 
network. The voltage profile at the chamber is 
extremely stable with rise time '12 ns, full width 
at half maximum of "23 ns, and amplitude 50-100 kV. 
Events are recorded with the Flight Research camera 
on fast film (ASA 10,000) on 35 mm, 500 ft rolls. 
The event is photographed parallel to the E and B 
field by an arrangement of two diagonal mirrors. 
The maximum magnetic field at the chamber is ap-
proximately 10 kG. 

Using the volume gas as the target (90% Ne-
10% He, 1 atm), we have studied the reactions 70 + 
Ne and 160 + Ne at 26 MeV/A, taking a total of  

28,000 pictures. Viewing the target through wide 
area 0.001-in. Mylar windows were two lateral scm-
tillator-phototube detectors and a downstream beam 
counting detector. The event trigger consisted of 
either lateral scintillator registering a hit in 
singles mode, or any two of three scintillators in 
majority coiQcidence mode. The beam was restricted 
to 5000 sec' in singles and' 50,000 sec 	in Coin- 
cidence to attain the desired event rate of'1 
sec - '. 

Figure 1 shows a'multiplicity nine event from 
the interaction of 160  with Ne at 420 MeV. Few 
tracks from our first run showed any significant 
curvature as'the magnetic field was limited to 
3.85 kG. The 160  beam tracks and more heavily 
ionizing secondaries frequently were defined by 
large irregular blobs of light, rather than normal 
trail 'of small streamers (1.0-1.5 mm in diameter 
viewed parallel to the E field.) These have been 
determined to be caused by the rapid growth of the 
avalanche along an energetic s-ray track directed 
towards the anode or cathode. Particle identifica-
tion with streamer chambers is inherently difficult 
due to the mechanism of streamer formation itself; 
this problem will be accentuated for heavy-ion 
collisions which produce a simultaneous variety of 
heavy and light,,nuclear species over an entire• 
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Fig. 1. Interaction of 160  with Ne at 420 MeV. 
Beam enters from the left; nine charged secondaries 
are observed. 	 (XBB 794-4584) 
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range of energies. Various alternative methods are 
being investigated. 

The charged particle multiplicity distributions 
for 160 + Ne and Li + Ne are shown in Fig. 2a, and 
the effects of the trigger bias are evident. The 
requirement of at least one wide angle secondary 
favors the higher multiplicity events (up to 12 
prong events have been observed with the 160  beam) 
to the virtual exclusion of the quasi-elastic and 
fragmentation events. Figure 2b shows the distri-
butions of secondaries in projected angle; lacking 
a stereoscopic view it was not possible to do three-
dimensional track reconstruction. 

As gas targets are attractive from the stand-
point of observing even the lowest energy nuclear 
recoils, we have made an initial study of the feasi-
bility of Ar and Xe as streamer chamber gases. 
Good quality tracks are observed with both, but 
only at higher fields and lower pressures than 
those typically used for Ne-He. 

Fig. 2. (a) Charged particle multiplicity distri-
butions for 160 + Ne and 7Li + Ne, 26 MV/A, and 
(b) projected angular distribution for 160 + Ne 
with and without multiplicity cut, subject to the 
event trigger described in the text. 

[(a) XBL 7912-13359; (b) XBL 7912-133603 
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We anticipate a program of studying the target 
and energy dependence of charged particle multi-
plicity distributions with an unbiased trigger, up 
throVh our higbet cyclotron energies (35 MeV/A). 
The IUBS+  and 1C0+  projectiles are good candidates, 
with external beams of 10 9  and 105  particles per 
second, respectively, having been developed. The 
interesting possibility also exists of a hybrid 
chamber, in which a high resolution particle tele-
scope defines the event trigger as well as writing 
the event on tape. Thus electronically good par-
tide and energy information is achieved for one 
of the secondaries and the corresponding frame 
captures the entire final state, allowing detailed 
correlation and associated multiplicity information. 

0.8 	0.4 	0 -0.4 -0.8 
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References 

The use of streamer chambers in nuclear science 
has been recently reviewed by L. S. Schroeder, 
LBL-7707, and published in Nucl. Instrum. Meth., 
162, Nos. 1-3, part II, 395 (1979). 

Nuclear Science Annual Report, 1977-1978, LBL-
8151, pg. 250, and to be published in the Proceed-
ings of the Symposium on Intermediate Energy Heavy 
Ion Physics, Brookhaven National Laboratory, July 
16-20, 1979. 

THE PLASTIC BALL—A MULTI-DETECTOR, LARGE SOLID ANGLE SPECTROMETER WITH 
CHARGED PARTICLE IDENTIFICATION FOR THE BEVALAC 

H. H. Gutbrod, M. R. Maier, W. G. Meyer, J. Peter, A. M. Poskanzer, H. G. Ritter, 
H. Steizer, R. Stock, F. Weik, and K. L. Wolf 

For the study of central relativistic nuclear 
collisions, which are characterized by the emission 
of a large number of particles, one needs a detector 
which covers a large solid angle--4ir if possible--
and which is capable of identifying charged parti-
cles. A new experiment has been designed and is 
presently under construction that uses the Plastic 
Ball and the Plastic Wall as detectors (Fig. 1). 

The Plastic Ball identifies light charqed 
particles (ii, p, d, t, 3He, 4He) with a soTid 
angle of 96% of 47T. The Plastic Wall is a time-of-
flight counter, using the upstream scintillator as 
a start detector, that covers the forward region  

between 00 and 90  and that can function as a trig-
ger counter. 

The geometry of the Plastic Ball was selected 
with specific consideration of realistic multipli-
city distribution measurements made in Experiment 
284H with the 80-scintillator multiplicity array. 
Since the 4r detector will be used at various 
incident energies, its spatial resolution and thus 
the number and dimensions of individual counters 
must be suitable to resolve the strongly forward-
peaked multiplicity distribution of the reaction 
particles. 
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Fig. 1. General layout of the experiment. 
(XBL 792-329) 

These factors and certain economic considera-
tions led to adoption of the SLAC crystal ball de-
sign. This is based on the mathematics of an ico-
sahedron: a 20-faced solid figure in which each 
face is an equilateral triangle of the same dimen-
sions. Each face is divided into 36 triangles, 
resulting in the division of the surface into 720 
triangles, with only 11 different two-dimensional 
shapes. Modifications had to be made to details 
of the entrance and exit parts, where the modules 
between 00 and 100 and between 1600 and 1800 are 
removed to allow the particle beam to pass through 
the sphere. A further modification was necessary 
for the region between 10 0  and 300 in order to 
guarantee a good particle identification despite 
the high multiplicities expected at forward angles 
This region is subdivided into 160 modules, with 
1/4 the solid angle at a radius of 30 in. 

The central spherical cavity of the ball has 
a 10-in, radius; the outer radius is 24 in. For 
assembly the ball is divided into two half spheres. 

This final geometry was chosen from Monte 
Carlo calculations using a measured multiplicity 
angular distribution from the reaction 40Ar on 
U at 1.05 GeV/nucleon. It was calculated that, 
for an event with amultiplicity of 100 charged 
particles, -'94 particles will be emitted in the 
96% solid angle of the Ball and --'87 counters will 
fire. Eighty counters out of 87 fired counters 
will see only one particle. Such single firing 
is necessary for unique particle identification. 
In addition, it is necessary that each particle  

slowed down and stopped by a counter module stay 
inside that module and does not undergo nuclear 
reactions. These, and scattering-out are clearly 
unwanted phenomena; their occurrence depends 
strongly on the energy, the charge and the mass 
of the particles of interest. For the individual 
detector modules we have used the "phoswich" idea, 
by gluing a 4 rn-thick CaF2 scintillator to a 35 cm-
thick plastic scintillator with the shape of a trun-
cated pyramid, which is viewed by one photomulti-
plier tube (PM2202B). The extremely different 
decay times of the CaF2 scintillator and the plas-
tic allow us to separate their light output by 
integrating the signal from the phototube for the 
first 20 nsec (the "E signal") and then integrating 
the "delayed" signal for 2 psec (the tE signal"). 
This constitutes a simple low cost detector tele-
scope, which can identify the hydrogen and helium 
isotopes. In addition, positive pions that stop 
in the detector module can be identified by their 
delayed p + e 	decay. 

Figure 2 shows the iE-E dot plot measured with 
a prototype module using the reaction 20Ne on Ag at 
2 GeV/nucleon. The separation between p, d, and t 
is clearly seen. The statistics are not sufficient 
to show separation between the two He isotopes in 
this test. The delayed coincidence for the ir 

identification has not been applied. The slightly 
inclined AE and E axes are due to incomplete separa-
tion between L,E and E pulses. 

The Plastic Wall covers an area of 192 cm by 
192 cm and consists of scintillators (Pilot F) 
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Fig. 2. Measured E-E dot plot for a test module, 
where p, d, and t are visible in the lower left 
corner. 	 (XBB 797-9159) 

arranged in an inner and an outer area. Located 
about 6 m downstream of the target, it will be 
moved up closer on rails for accurate time calibra-
tion. The inner area of the Wall covers an angular 
region of about 0 to 2.5 0 . It is a square of 48 x 
48 cm consisting of 36 individual counters, each 
4 cm thick. Its purpose is to provide the informa-
tion necessary to form an event trigger for both 
the Plastic Ball and the Wall. Thus its signals 
are compared with those of the upstream beam counter 
(see Fig. 1). Fragments are identified by their 
time of flight and their pulse height in the scm-
tillators. The trigger can thus be defined by 
selections on fragment velocity and/or on nuclear 
charge in the 36 counters. 

The outer region extends to 	and is made 
of 60 position-sensitive double modules, each con-
sisting of two scintillator rods with dimensions 
of 72 cm x 8 cm x 4 cm thick. Each scintillator of 
the double module is viewed by one photomultiplier 
at different ends. 

The time difference between the two photomulti-
plier signals gives the longitudinal position of 
the particle in the double module, the mean time 
gives the flight time from the upstream detector. 

For high energy charged particles the dE/dx 
in one or both scintillators combined with time of  

flight will allow us to detect Z and E/A. For 
energies below 120 MeV/nucleon, particles are stop-
ped in the Wall. Thus the velocity measurement 
and the E information determines the mass of the 
stopped particles. The double coincident dE/dx 
information for particles above 80 MeV/nucleon, 
furthermore, allows us to discriminate against neu-
tron response in the scintillators, which is rather 
important since as many neutrons as protons are 
expected for light projectiles at forward angles. 

An outer region module has been tested with 
radioactive sources, with 70 MeV protons produced 
at the 88-in, cyclotron in nuclear reactions and 
with 800 MeV/nucleon 40Ar ions from a parasitic 
Bevalac beam. 

The pulse height decreases linearly by only 
20% as a function of the source-position when the 
source is moved aways from the photomultiplier 
side. 

The overall time resolution using new constant-
fraction timing discriminators is 350 psec which 
corresponds to 7 cm or 0.7 0 , equal to the angular 
resolution due to the geometrical width of the 
scintillators. 



IV. THESIS ABSTRACTS 



243 

SINGLE ELECTRON ATTACHMENT AND STRIPPING CROSS SECTIONS FOR 
RELATIVISTIC HEAVY IONS 

Henry J. Crawford 

(LBL-8807) 

We report the results of a Bevalac experiment to measure the single electron attachment and stripping 
cross sections for relativistic (0.5 < 	< 0.95) C, Ne and Ar ions passing through thin solid targets 
ranging in atomic number from 4 (Be) to 79 (Au). Magnetic analysis was used to separate the single 
electron, Nl,  and fully stripped, N0, ion beams emerging from the targets. Separate counters measured 
the number of ions in each charge state. The ratios Ni/No  for different target thicknesses were fit to 
a simple growth curve to yield electron attachment and stripping cross sections. The data are compared 
to relativistic extrapolations of available theories. Clear evidence for two separate attachment 
processes, radiative and non-radiative, is found. Data are compared to a recently improved formulation 
for the stripping cross sections. 

COUPLED CHANNEL ALPHA DECAY THEORY FOR EVEN- AND ODD-MASS 
LIGHT AND HEAVY NUCLEI 

Elizabeth A. Rauscher 

(LBL-7194) 

The detailed mechanism of alpha decay and its implications about the structure of nuclear matter 
has been a study of much interest over the last fifty years. We have examined four major approaches to 
the theoretical calculation of alpha decay widths for light and heavy, even- and odd-mass nuclei. 
Application of the microscopic shell model rate theory as well as macroscopic models utilizing the 
coupled channel formalism have been studied. 

Use of the R-matrix and S-matrix theories have been applied in order to overcome problems involving 
dependency on the connection radius and nuclear potential parameters of the relative and absolute alpha 
decay widths. 

We calculate the alpha decay branching ratios for the 3 and 5 states to-the ground state decay 
of the 212mp0  isomeric state to the spherically symmetric daughter 208Pb. Improved fit to experiment 
is achieved by considering a smaller connection radius and also by using the coupled channel formalism 
of the radial Schrödinger equation for the two-channel 9. = 18 and 2. = 15 waves in which the coupling is 
primarily due to collective octupole vibrational field. 

Since the coupled channel formalism appears to be useful in understanding some features of the alpha 
decay problem, we extend this calculation to alpha decay of odd-mass nuclei. We examine the relationship 
of daughter excitation by alpha emission and inelastic alpha scattering on daughter nuclei. Again, an 
exact numerical coupled-channel integration treatment is pplied to the alpha decay of the odd-mass 
spheroidal nuclei, 53Es and 255Fm, both ground state 7/2 . The only non-central coupling of importance 
between an emitted alpha particle and rotational final states in the daughter nucleus involves the 
intrinsic quadrupole moment of the daughter. Relative intensities show a reasonable fit but these are 
still an underestimation to the decay of the 9/2 states and overestimate the intensity to the 11/2 states. 

Because of the dependence of the calculated intensity ratios on the nuclear connection radius, and 
the failure of earlier alpha decay theories to reproduce the absolute alpha decay rate widths and, in 
some cases, the relative widths, we have developed a new formalism for alpha decay. This formation 
utilizes the time-dependent perturbation method to develop an expression for the alpha decay width based 
on the unified reaction theory or R-matrix theory. The new expression does not depend on the radial 
boundary conditions, but dependence on the nuclear potential well depth remains. 

We examine the resonance compound nuclear decay process in terms of the energy and partial angular 
momentum wave dependence of the complex scattering matrix elements. It is of interest to examine the 
S-matrix formalism for a few quasi-elastic channels in terms of the detailed qualitative properties of 
the structure of the S-matrix. The role of the alpha clustering in the nuclear surface and interior and 
in terms of the alpha (c,cz') scattering process is discussed as well as other implications of the alpha 
decay process on the properties of nuclear matter. It is believed that extensive evolution of the alpha 
decay mechanism will lead to a better understanding of nuclear structure, the nuclear potential, and of 
nuclear forces. 
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INDEPENDENT PARTICLE ASPECTS OF NUCLEARDYNAMICS 

Michael Cornelius Robel 

(LBL-8181) 

A generalization of the independent particle model from nuclear statics to nuclear dynamics is sought. 
Attention is centered on the average behavior of nuclear dynamics, as opposed to detailed behavior, such 
as that characteristic of shell effects in nuclear statics. In many situations, all that is needed is 
a model of dissipation in nuclear dynamics. 

Completely independent nucleons produce dissipation only when they interact with the surface of a 
nucleus or when they cross from one nucleus to another. The first possibility manifests itself whenever 
a nuclear surface deforms. Dissipation is then described by a simple "wall formula." The second mechanism 
for dissipation is relevant whenever two nuclei are moving relative to one another and are in sufficient 
contact that nucleons can move between them. Another simple expression, the "window formula," describes 
dissipation in this case. Neither of the two formulae has any free parameters. 

These formulae are expected to be the leading contribution to dissipation if certain conditions are 
met. One requirement is that the velocities of deformation and of relative nuclear motion must be slow 
enough, compared to internal, nucleonic speeds, that the nucleons move independently, but fast enough 
that the dynamics is outside the superfluid regime. In addition, any region connecting two nuclei must 
be small enough to operate merely as a conduit between them, but large enough that diffraction of nucleons 
passing through it is insignificant. The one-body formulae are then the major source of nuclear dissipa-
tion, but corrections are still necessary and are sometimes of the order of the formula contributions 
themselves. The most important errors are caused by regularities of nuclear shape and motion and by dif-
ferences in density between two nuclei in contact. The former are the dynamic general i zation .  of shell 
effects. 

The one-body model is applied to nuclear vibrations. The wall formula supplies the dissipation, 
which is appended to the standard, hydrodynamical theory of vibrations. Results are consistent with 
experiment. (So also have been the results of various applications of both formulae performed by others.) 

Some of the nucleons exchanged between two nuclei in contact may pass through their new host nuclei, 
penetrate its surface, and be emitted from the nuclear system. The combination of internal, Fermi motion 
and relative nuclear motion with refraction at the host's surface is calculated to produce well-focused 
emissions patterns in velocity space, which are called "Fermi jets." 

The speed of relative nuclear motion must exceed a threshold value, if nucleons are to overcome their 
binding to the nuclear system, but it must be less than the Fermi speed, if the independent particle 
assumption is to hold. Even then, residual two-body interactions with other nucleons in the host nucleus 
are expected to substantially reduce the strength of jets. Other emission processes are computed to 
overlap and obliterate much, or sometimes all, of calculated jetting patterns. 

Experimental confirmation of the existence of Fermi jets would confirm the assumptions the one-body 
formulae. Fermi jets might then be a tool with which to study the Carly stages of nuclear collisions, 
during which they would be produced. 

LARGE FRAGMENT PRODUCTION CALCULATIONS IN RELATIVISTIC 
HEAVY-ION REACTIONS 

Luiz Fernando Seixas de 'Oliveira 

(LBL-8561) 

The abrasion-ablation model is briefly described and then used to calculate cross sections for 
production of large fragments resulting from target or projectile fragmentation in high-energy heavy-
ion collisions. 

The number of-nucleons removed from the colliding nuclei in the abrasion stage and the excitation 
energy of the remaining fragments (primary products) are calculated with the geometrical picture of two 
different models: the fireball and the firestreak models. The charge-to-mass dispersion of the primary 
products is calculated using either a model which assumes no correlations between proton and neutron 
positions inside the nucleus (hypergeometricdistribution) or a model based upon the zero-point oscilla-
tions of thegiant dipole resonance (NUC-GDR). Standard Weisskopf-Ewing statistical evaporation calcula-
tions are used to calculate final product distributions. 

Results of the pure abrasion-ablation model are compared with a variety of experimental data. The 
comparisons show the insufficiency of the extra-surface energy term used in the abrasion calculations. 
A frictional spectator interaction (FSI) is introduced which increases the average excitation energy of 
the primary products, and improves the results considerably in most cases. 
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Agreements and discrepancies of the results calculated with the different theoretical assumptions 
and the experimental data are studied. Of particular relevance is the possibility of observing nuclear 

I round state correlations. Results of the recently completed experiment on fragmentation of 213 MeV/A 
0Ar projectiles are studiedshown not to be capable of answering that question unambiguously. But 
predictions for the upcoming '°Ca fragmentation experiment clearly show thepossibility of observing 
correlation effects. 

NUCLEAR REACTIONS PRODUCING 2He AND EXCITED STATES 
OF 4He AS UNBOUND OUTGOING SYSTEMS 

Dieter Paul Stahel 

(LBL-9706) 	 . 	 . 

A system hs been develoned to detect the unbound outqoinq reaction products 2He'(
1 S stateof.the 

pp system) and 	(excited states of 411e below Ex = 25 MeV) byway of a kinematically complete coinci. 
dence measurement of the breakup particles p + p and p + t, respectively. 	 . 

Projected proton energy spectra from three different reactions, producing. 2He showed the characteris-
tic enhancement of the cross section over the phase space distribution, which is caused by the final-
state interaction between the two protons in the 1 SO state of 2He and is well accounted for by. the theory' 
of Watson and Migdal. Energy spectra from the ( 3He, 2He) reaction were taken at E31 1e = 60 MeV on targets 

of 6Li, 7 Li, 9Be, 12C, and 13C. Angular distributions were measured for the 2C and 
13 
 C targets at E3He= 

50 MeV and were found to be in excellent agreement with exact finite-range (EFR) and zero-range distorted-
wave Born-approximation (DWBA) calculations. Energy spectra from the (cz,LHe)  reaction were collected 

l2 (. 13 	14 	15 	16 	18 	20 	22 	26M 	28. 2932 	36A 	A 38 
on argets 0 	., 	., 	, 	, 	, 	,, 	e, 	e, 	ig, 	.,i , 	Si,1 	..,, 	,r, anu 	Nr a L 	- 

65 MeV and on 24Mg and 40Ca at E. = 55 MeV. One observed preferential population of 2n states with 

dominant configurations (d512)+, (d312f 712)5- and (f712)+, many of which were previously unknown. A 

linear A dependence of the binding energies of the 5
7  and 6 states was obtained in agreement with the 

theory of Bansal and French. The (d, 2He) reaction was investigated at Ed = 55 MeV. Energy spectra were 
collected on targets of 6Li, 10B, and 12C an compared with similar charge-exchange reactions. Angular 
distributions were measured for the 10B and 12C  targets and were found to be in reasonable agreement with 
microscopic DWBA calculations. 

Energy spectra and angular distributions were measured for the (cz,z*) reaction on a target of 12C 

atEa  = 65 MeV. Projected proton energy spectra showed that only the natural parity, 0, state at 
20.1 MeV in 	was populated indicating a direct inelastic scattering process. This was corroborated 
by the fact that the angular distribution for the transition that left the target nucleus undisturbed was 
well reproduced by predictions of microscopic DWBA calcMlatiQps. Eney spectra from the (3He,c*) 
reaction were collected at E3He = 60 MeV on targets of Be, ICC,  and '"C. Projected proton energy spectra 

indicated that the reaction prceeded through all known * states. The energy spectra were compared with 
those from the ( 3 11e,c) reaction which was measured concurrently. Both reactions were found to populate 
the same states in the residual nuclei but with different relative strengths owing to the Q-value 
depçndence of the cross section. Angular distributions from the ( 3He,c) and (He,c*(2O.l,0i) reactions 

on ' 3C at E3He = 50 MeV were analyzed with EFR DWBA to extract spectroscopic information on the *(20.1, 
0) state. 

EXTENSION OF THE T. = -3/2 SERIES OF BETA-DELAYED PROTON PRECURSORS IN THE fp SHELL 

David John Vieira 

(LBL-7161) 

Beta-delayed proton studies of the Tz  = -3/2, A = 4n+l series have been undertaken to obtain high-
resolution low-background spectra of 29S and to extend the series into the fp shell with the observation 

of 53Ni, 57Zn, and blGe.  Development of a pulsed-beam system in which large detection geometries were 
obtained was crucial in characterizing the latter nuclei due to low production cross sections (50-90 nb) 
for the 40Ca(heavy ion, 3n) reactions. 

Spectroscopic studies of the beta-delayed proton decay of 29S have yielded branching ratios and log 
ft values for 21 proton unbound levels in 29p.  Comparisons of excitation energies of these levels and 
s-decay transition rates feeding them are made to recent 5hell model predictions. Indications of 
possible isospin mixing with the lowest T = 3/2 state in ' 9P or the presence of a collective Gamow-Teller 
transition as predicted by the gross theory of s-decay are indicated by enhanced transition rates to 
I = 1/2 states located within 300 keV of the isobaric analog state. Comparing the ft values for 	-decay 
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of 29S to the mirror 	-decay of 29A1 resulted in ()/(f) = 1.04±0.07, indicating good mirror symmetry. 

RADIOCHEMICAL STUDIES OF NEUTRON DEFICIENT ACTINIDE ISOTOPES 

Kimberly Eve Williams 

(LBL-7714). 

The production of neutron deficient actinide isotopes in heavy-ion reactions was studied using alpha, 
gamma, x-ray, and spontaneous fission detection systems. A new isotope of berkelium, 24213k, was produced 
with a cross section of 10 pb in reactions of boron on uranium and nitrogen on thorium. It decays by 
electron capture with a half-life of 7.0 ± 1.3 minutes. The alpha-branching ratio for this isotope is 
less than 1% and the spontaneous fission ratio is less than 0.03%. 

Studies of (heavy ion, pxn) and (heavy ion, axn) transfer reactions in comparison with (Heavy Ion, xn) 
compound nucleus reactions revealed transfer reaction cross sections equal to or greater than the compound 
nucleus yields. The data show that in some cases the yield of an isotope produced via a (H.I., pxn) or 
(H.I, axn) reaction may be higher than its production via an xn compound nucleus reaction. These results 
have dire consequences for proponents of the "Z1 + Z2 = Z1+2" philosophy. It is no longer acceptable 
to assume that (H.I., pxn) and (H.I., cxn) product yields are of no consequence when studying compound 
nucleus reactions. 

No evidence for spontaneous fission decay of 228Pu, 230Pu, 232Cm, or 238Cf was observed indicating 
that strictly empirical extrapolations of spontaneous fission half-life data is inadequate for predictions 
of half-lives for unknown neutron deficient actinide isotopes. 
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