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Gamma and Alpha Decay from the 2.l-msec Isomer 213mRa

D. G. Raich, H. R. Bowman, R. E. Eppley, and J. O. Rasmussen,f
Lawrence Berkeley Laboratory, University of California,
Berkeley, California 94720

and

I. Rezanka

Heavy Ion Accelerator Laboratory, ¥ale University,

New Haven, Connecticut 06520

An error was made in calculating the alpha-decay hindrance factors show

in italics in Fig. 3 (p. 10) of the original article. Corrected values

are given in the following table:

Alpha Decay Hindrance Factors from

Final State Initial State

in 209Rn
(keV) 213mpq - 213ga
214.7 | 1.0 x 107 6.1
110.1 2100 2.0

0. o 1700 | 5.7







GENERAL INTRODUCTION -

B. G. Harvey, Division Head

This is the first Annual Report of the Nuclear Science Division of Lawrence Berkeley Laboratory.

The Nuclear Science Division was formed on November 1, 1975 as part of an extensive reorganization of the
Laboratory's scientific structure. Most of its components came from the Nuclear Chemistry Division which
had existed since 1946, initially under the leadership of Glemn T. Seaborg. Isadore Perlman became Director
of the Division in 1958 and served in this capacity until Glenn Seaborg's return in 1972 from his service as
Chancellor of the University of California and then as Chairman of the Atomic Energy Commission. Earl K.
Hyde served as Deputy Director of the Division with Glenn Seaborg until Hyde became Deputy Director of the
Laboratory in 1973.

During those 39 years, the Nuclear Chemistry Division had grown into a multidisciplinary organiza-
tion whose research ranged over an increasingly large number of widely separated fields. The nuclear science
components of the Nuclear Chemistry Division form the bulk of the Nuclear Science Division; these were joined
by the Heckman Group from the Physics Division (now the Heckman/Greiner Group).

The new Division was charged with the responsibility of organizing all the Laboratory's research in
nuclear science with the exception of heavy element chemistry and the medium energy nuclear science work in
the Physics Division. It therefore has supervisory and financial responsibility for the high energy heavy
jon nuclear science (Bevalac) research of several groups who elected to remain in the Physics Division be-
cause the major portion of their work is in high energy physics or medium energy nuclear sicence. In addi-
tion, the Nuclear Science Division is responsible for the operation of the 88-inch Cyclotron and its in-
creasingly large Outside User program. (Operation of the SuperHILAC and Bevalac National Accelerators re-
mains the responsibility of LBL's Accelerator Division).

The nuclear science research is done by twelve groups in the Nuclear Science Division plus three
Physics Division groups. Of this total of fifteen, six groups work exclusively on high-energy heavy ion
physics at the Bevalac, three work only at the 88-inch Cyclotron, while four use beams from both the Cyclo-
tron and the SuperHILAC. The Nuclear Theory Group is involved in a wide range of activities with increasing
emphasis upon high energy heavy ion physics. The Table of Isotopes Group is nearing completion of the Sev-
enth Edition of the Table: the computer-prepared ‘manuscript" will go to the publisher early in 1977.

The Nuclear Science Division includes 44 professional permanent staff members, 47 post-doctoral fel-
lows and U.S. visitors and 21 foreign visitors (these visifors come from Great Britain, Australia, Egypt,
Mexico, France, Japan, Germany and India). The Division also includes 27 graduate students, and in the
period covered by this report, it awarded 3 Ph.D. degrees.

During 1976, the work of the Division received two major reviews. The Division's Visiting Committee
came to Berkeley in February and reported very favorably on our activities to the Laboratory Director. As
part of an ERDA review of nuclear physics accelerators, the research at the 88-inch Cyclotron received a pen-
etrating study and again the conclusions were high favorable. ,

The research that is described in this first Amnual Report of the Nuclear Science Division continues
the high tradition of excellence that was established by the Nuclear Chemistry Division. Our closer associ-
ation with our colleagues in the Physics Division is rapidly bringing about a broadening of perspectives and
a greater appreciation of the essential unity of low and high energy research. Even though financial limits
may be placed upon the physical growth of the Nuclear Science Division, there are no Trestraints upon the in-
tellectual development of its members. With the stimulus of our new colleagues and pushed by the new ideas
that are continually exposed in our corridors and seminar rooms, the climate is indeed most favorable for

the new Division.
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‘ception of the T = 2 state at 27.492 MeV,

C 0 045048

A. NUCLEAR STRUCTURE

LONG-LIVED STATES AT HIGH EXCITATION ENERGIES IN 8Be AND '°B*

F. Ajzenberg-Selove,+ C. F. Maguire,+ D. L. Hendrie,
D. K. Scott, and J. Mahoney

This experiment was undertaken to study pos-
sibly narrow states at high excitation energies in
8Be and 10B. Above E, = 19.2 MeV in 8Be all knownl
states have intrinsic widths > 0.7 MeV wiEh the ex-

which
has a I' ~ 10 keV. One knows from the level struc-
ture of 8Li that a shagp state [T < 40 keV] exists
at B, = 6.53:0.02 MeV.”> Attempts in a study of OLi
(t,p)8Li to determine its J™ have been unsuccess-
ful,? but Barker has predicted® a 4 state whose
parameters [ including yn“ ~0] are consistent with
the experimental observations. Thus, ap isobaric
analog T=1 state would be expected in °Be at E,~23
MeV. Such a T=1 state would be expected to be
quite pure, since the nearest T=0 4% states, ob-
served in the phase shift analysis6 of 4He (o,c), are
located at Ey=19.9 and 25.5 MeV. The only other
reported sharp state in SLi is at an Ex=7.1x0.1
MeV [T~ 350 keV].7 Thus, we wished to study ex-
cited states with Ex > 22 MeV in order to try to ob-
serve the expected two T=1 states.

The situation in }he A=10 triad is similar:
the level structure of 10B is quite well known! be-
low Ex=9 MeV. At higher energies only the states8
at Ex =11.53+0.04 and 12.57£0.03 MeV are definitely
known to be quite sharp (T =270+50 and 90+30 keV,
respectively), although there is indicatign9 of a
number of relatively sharp resonances in “Be(p,yq)
and (p,y1) [T = 0.15 to 0.5 MeV], corresponding t%
10.8 <E, <19.7 MeV. The results fram 9Be(p,l;)8), L
10B(e,e™),11 and 11B(p,d)12 with respect to 10B
states with Ex >11 MeV are not conclusive. In the
analog region in 0ge, Anderson et a1.13 nave re-
cently reported states from a study of the
9Be(d,p)10Be reaction at Ey=9.27, 9.4, 10.57+0,03,
and 11.76+0.02 MeV. The levels L0Be* (9,3.11.8) are

- also reported in a studyl4 of 9Be(p,m*)10Be. The

analog of these four states would be expected to lie

‘at Ex ~11.0, 11.1, 12.3, and 13.5 MeV in 10B.

The 9Be (3He,0L)8Be and 11B(3He,a)10B reactions
have been studied at E(SHe) = 49.3 MeV using the 88-
inch cyclotron and the Berkeley QSD magnetic spec-
trometer.15 The identification depended on a measure
ment of Bp using a resistive-wire position-sensitive
proportional counter and a double (dE/dx) measure-
ment in the transmission proportional counters,com-
bined with a measurement of the time of flight
(o M/Q) between a scintillator foil at the entrance
of the spectrometer and a plastic scintillator be-
hind the focal plane detectors. The Ey vs chammel
calibration was obtained by using a carbon target
and moving the groups, from very well known bound
states of 11C [from lzCﬁHe,d) runs] were made at
81gh = 14.5%, 30°, and 48 and at magnetic fields
which would match those of the 9Be and 11B rums,so
that contaminant subtraction would be possible.

All three targets were oriented at an angle
of 30°with the incident 3He beam. The 9Be and 11B
(98% enriched) targets had a thickness of 400 and
500 pg cm?, respectively, as measured by an o gauge
(£15%). The thickness of the carbon target was not
measured directly but from the shifting of channel
positions of identical groups when the carbon target
and the “Be target were used it appears that its
thickness was approximately 800 ug/cmz. The effec-
tive thickness of the 9Be and 1B targets was 60 and
80 keV, respectively. The carbon contamination of
the 9Be target was ~0.5%, while that of the 11 tar-
get was small. . Groups from 160(3He,0)150 were ob-
sefved in the 11B(3He,a) spectra.

Spectra were obtained at 814, =14.5 and 30°
covering 16<Ey< 29 MeV in 8Be. Figure 1 shows a
composite display of the two runs taken at 30°. The
well-known states SBe (16.91, 17.64,-18.15, and
19.22) are clearly seen: their [JT; T] are [ 2%;0 +1],
[1*;1], [1%; 01, and [3*; (1)1, respectively. The
other 2*, mixed isospin state SBe® (16.63) is very

RUN 4190 RUN 4180 fiest
200 —'i-.—'-f'_ tete 2298y 5, oo 2000
- 22,05
150 2 —1500
» 9Be (3He,a)8Be I-
Z1w0f  §=30° 19.22 —1000
o E(3He)= 49.3 MeV |
50t " 1. Jdsoo
C TO SCALE C3Ca) Ligss &co
0 i i H MJ }J T\. o]
100 200 300 400 500 200 300 400 CHANNELS
28 26 24 22 20 i8 16 Ey IN
1 I 1 i 1 1 1 1 }\r i 1 i | ] X
88e (MeV)

Fig. 1. Spectrum of the o particles from the Be
(3He,0)8Be reaction at 614, = 30°, E(SHe) = 49.3 MeV.
Run 4180 was made with a spectrograph frequency of
22.606 MHz and a charge of 2.12 mC: the right-hand
ordinate shows the average number of counts in a
four-channel bin; the abscissa covers 16<Ey<2l1 MeV
in 8Be. The groups labeled Cp~C3 corresponds to
11¢* (0, 2.00, 4.32, and 4.80). Run 4190 was car-
ried out ata frequency of 21.000 MHz and a charge -
of 1.71 mC: the left-hand ordinate also represents
the average number of counts in a four-channel bin;
the abscissa covers 21.8<Ey<29 MeV. The curve la-
beled "1C" is plotted to scale from a run made un-
der analogous conditions with a carbon target,cor-
rected for the 0.5% carbon contamination of the 9Be
target: see text for detajils. The curve covers the
region 6.2<Ex<8.8 MeV in llC. (XBL 766-8322)



weakly populated both at this angle and at 14,5, as 1200 1554105
is 8Be® (18.91). The measured excitation energy of 1B (3He,a)'°B e
the 3* state is 19,22#0.03 MeV, suggesting little 1000k 8 =30° -
contribution from the known 3% state 8Be™ (19.06). ]
E(3He)=49.3 MeV

The spectra clearly show the carbon contamina- 800 12.55 I \
tion and the groups leading to ++C* (0, 2.00, 4.32, o I
and 4.80): they provide both an energy reference and Z 600 [ J \
a calibration for the intensity of contaminantgroups 3 RUN 4200 1349 085
in the region of the higher excited states of ©Be. G400 o (8.2) | \.‘/
The intrinsic width Tc , of 8Be® (17.64) is known W”i‘-*‘-*\“ j‘Lf\ }
to be 10.7£0.5 keV: its measured full width at half 200} gt \ v
maximum (FWHM) was used first to determine the in-
strumental width [~ 50 keV1; to check the widths of , , , , RUN 4is0°
8Be® (16.91, 18.15, and 19.22); and then to deter- 100 200 300 400 200 300 400
mine the widths of the higher excited states of 8Be. | ||9 | 117 | ||5 |13 II.’> 1 |l| 9l Ey IN

N' IoB(Mev)

The three new states in 8Be are shown in Fig.l
and their parameters are displayed in Table 1. The
errors in the and T¢_p, are arbitrarily increased
and reflect uncertainties in the energy calibration
and in the subtraction of the many particle back-
ground. It should be noted that the carbon contam-
inant peaks shown in this Ey region on Fig. 1 of
<g‘ourse shift kinematically more slowly than do the

Be peaks: the 14.5 results make unambiguous the
assignment of the three peaks to 8Be. There is
some indication of a broad state at Ex~ 25 MeV: such
a state has been seenl earlier. Within statistics
we do not observe any influence on the two spectra
of the T=2 state at 27.5 MeV. We feel that the
present paper presents the first evidence for sharp
states of 8Be at these high Ey.

One and possibly two of the states 8Be* (22.05,
22.63, and 22.98) should be the analogs of 814
(6.53, 7.1). It is tempting, on the basis of the
smaller width, to assign ®Be * (22.63) to be the an-
alog of 8Li* (6.53), and on the basis _of_ the result-
ant energy difference to assume that Be* (23.0) and
8Li* (7.1) are analogs. The analog of 8Be* (22.05)
is not reported in 9Li. This is clearly a guess
since the J7 of none of these states is established,
and calculations of energy shifts are precluded.
However, the evidence for such long-lived states at
very high excitation energies in 8Be suggests the

need for additional experimental and theoretical work.

Spectra involving states of 10 were obtained
at B1ap = 14.5° and 30° for 6< Ex < 30 MeV, at 20°,
25, and 36° for 6<Ex<15 MeV, and at 6 = 48° and 55°
for 7<BEx<14 MeV. Figure 2 shows a composite display
of two of the runs taken at 30°. The third run at
30°, which covered 24<Ex<30 MeV, and the run at 14.5°
which covered 20<Ex<MeV, did not show any sharp
structure (I<0.5 MeV) above the multiparticle
breakup background.

Fig. 2. Spectrum of the o particles_from the 11y
(3He,0)10B reaction at 814 = 30°, E(CHe) = 49.3 MeV.
The ordinate shows the average number of counts in
a four-chammel bin: statistical errors are shown
for two representative points. Run 4150 was made
with a spectrograph frequency of 22.606 MHz and a
char%e of 1.42.mC: the abscissa covers 9<Ex< 13 Mé&/
in 1UB. Run 4200 was carried out at a frequency of
21,000 MHz. and a charge of 1.44 mC: the abscissa
covers 13<By<20 8 MeV. The peak labeled 150+ 10B
50 + 10B is a composite of 1°0* (6.18) [f&*om ,
160 (3He,0)1°01 and_of one or more of the 1UBstates
at E,=8.89 MeV. 1°0% (6.18) is resolved at other
angles. (XBL 766-8323)

The widths calculated for the 10B states were
determined in the manner discussed previously using
the experimental width of 10B* (6.56) whose intrin-
sic width is known to be 25.1 keV.

The summary of our results is shown in Table
1. (1) We confirm the existence of 10B* (10.85,
11.51, and 12.55), although our width for 10B*
(11.51) is puzzlingly larger than previously repor-
ted. (2) We report a new state 10B* (13.49) and
possibly two other wider states. Our work suggests
that the 9Be(p,y) workd should be analgzed further.
Comparison with the analog region in 10Be shows four
relatively sharp states_in both nuclei: 10Be* (9.27,
9.4, 10.57, and 11.76)13 and 108* (10.85, 11.51,
12.55, and 13.49) (as summarized in Table 1). Since
information on the J7 of these states is not known
with certainty at this time [(47) and {(2*) have been
suggestedl for 10Be* (9.27, 9.4) and (0%, 1%,2%) would
be assigned to 108* (12.55, 13.49) if these are the
states seen in the 9Be (p,y) workl, definite analog
assignments cannot be made.

Table 1. Summary of the results.

E, L. o do/aq,?

" State in (MeV) keV) {ub/s1) at 9.,
®Be 22.05 +0.10 270+ 70 12 0.4 42.5°
iBe 22.63 +0.10 100+ 50 1.2+ 0.3 42.5°
Be 22.98 +0.10 230+ 50 2.5¢ 0.5 42.5°
iog 10.85 +0.10 300+ 100 ~11 40°
tog 11.505 0.05 500+ 100 4 £20 40°
log 12,549+ 0.05 150+ 50 23 + 8 40°
tog 13.494£0.05 300+ 50 ~15 40°
1o 144 £0.1 800+ 200
top 182 %02 1500 300

4 The errors shown reflect corrections for background und contaminant subtrdction.
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ENERGY LEVELS OF 2N~

C. F. Maguire,t D: L. Hendrie, D. K. Scott,
J. Mahoney, and F. Ajzenberg-Selovet

Comparison of the knownl’2 states in 12B with
those in the mirror nucleus, 2N, immediately re-
veals the incomplete nature of our understanding of .
the structure of 12N (see Table 1).
this are easy to understand.” While a wide variety
of reactions with convenient characteristics (i.e.,
high + Q-values, outgoing charged particles) pop-
ulate 12B, the situation is quite different in 12N,
States in 12N can, for all practical purposes, be
?gpulated only by the reactions 10B(3He,n)[1.569],

C(p,n) [-18.1261, -12C(3He,t) [ - 17.362], and 1N (p,t)
[-22.141]1[Qy in brackets], 3 and by comparable re-
actions involving heavy ions. The difficulties of
accurate measurements of neutron energies and of
obtaining the highly energetic, monoenergetic beams
of particles needed to overcome the negative Q-
values have only recently begun to be solved. With
the exception of the 12C(3He,t) study of Ball and
Cern? at E(3He) = 49.8 MeV who reported on states
with By < 5.3 MeV, most of the evidence on the levels
of 12N derives from studies of 10B(3He,n), partic-
ularly those by Fuchs et al,> at E§3He) =12.5-13
MeV and by Zafiratos et al.® at E(3He) =4.0-and 5.8
MeV. (Sée Ref. 1 .for a more complete listing of the
" experiments relating to 12N.)

" The 12¢(3He,t)12N has been studied at E(3He) =

The reasons for -

49.3 MeV using the 88-inch cyclotron and the Berke-
ley QSD magnetic spectrometer.7 The detail of the
procedures followed have been described earlier,8
except that the E¢ vs channel calibration was made
bg using a carbon target and moving the groups from
12N%(0.964) across the length of the detector by
varying the magnetic field.

The target used was an isotopic carbon target
(98.9% 12C) whose thickness was ~ 800 ug/cmZ. It
was oriented at 30° and its thickness corresponded
to an energy loss of ~ 100 keV for 49 MeV 3He ions.
Contamination from 13C (3He,t) and 160(3He,t) wasnot
observed: Qn for these two reactions are -2.239
and -15.448 MeV to the ground states of 13N and

6F.3 This experiment was concerned with determin-
ing the level structure of 12N with 0<E,<10 MeV and;
to some extent, the region with Eyx <15 MeV. Since
Qp for the 12¢ (3He,t)12N reaction is -17.362 MeV,
we would be concerned with contaminant. groups in
13N with 14 <EyS 24 MeV-and with 16F states with

2 <EyX12 MeV, The level structure of -YF is very
poorly known but we have searched for all known en-
ergetically permissible states due to 13C-and 160
contamination, and we find evidence for none. ..
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Fig. 1. Spectrum of the tritons from the 12¢(3He,t) 12N reaction at 6y, = 10°,
E(%He) = 49.3 MeV. This composite figure shows the results from four runs:
3830[32.152 MHz, 0.235 mCl], Tun 3860[30.010 MHz, 0.407 mC], run 3920([29.302 MHz,
1.14 mC] and Tun 3890 [26.000 MHz, 1.30 mC] [frequency of spectrograph, incident
charge]. A complete plot_of run 3890, and a plot of run 3900[23.499 MHz, 1.0 mC}
show no other groups in 12N with Ex < 15 MeV; see the discussion in the text. The
ordinate shows the average number of counts in a four-channel bin, statistical
errors are shown for four points. The abscissa shows By in 12N (in MeV).

(XBL 766-8320)
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Fig. 2. Spectrum of the tritons at 8y, = 31°. This composite figure shows the
results from run 3930 [30.753 Mz, 1.08 mC], 3940 [28.296 MAz, 1.37 mC] and
3950 [26.301 MHz, 3.63 mC]. Plots of runs 3960 and 3970 which cover 10 < E, < 13 MeV

in 12N show no other groups. See also caption of Fig. 1. (XBL 786-8321)
The results we have obtained at 814p= 10" and doubtful state, [ 12N*(2.4)], casts doubt on another
31° are shown in Figs. 1 and 2 and displayed in - [12N%(1.7)1, reports the existence of four new
" Table 1 where they are compared with previous re- states, raises questions concerning selective pop-
sults. ' ulation by the (SHe,n) and (°He,t) reactions, and
by comparison with the analog region in 12B,clearly
In conclusion, this investigation of the shows that the level structure of 12N is still very

states of 12N has confirmed the existence of one poorly known.

~
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Table 1. States in 12N.
Previous results® Present results ’
EX JT Tc.m. EX Z.m.
MeV * keV) (keV) (MeV £ keV) (keV)
g.s. 1" Bound g.s. Bound
0.9648 2" <35 20,964 <20
1.19229 2) 14035 1.190+20 80+30
(1.72 0.08) b
2.43 +40 2.415:20 45+15
3.114%15 =+ 21050 3.136£30 24040
3.533+15 2)* 17050 3.550+50  150+100
4,25 30 290+70 4,150:80°  650+100
5.320+12 18020 '5.230+80C 40080
6.100:80  300+100
6.4)%
6.94 7.130+4180 500100
7.629+20 20040 7.480£100  180+80
8.446x17 90430
(8.860+100) ~100
9.035+12 1620
(9.2)4 9.420+100 ~200
9.900£100  100+50

8The states with Ex < 3.6 MeV have been reported in several ex-

periments: see Ref. 1 (Tables 12.25,12,26, and 12,27). The
higher states come primarily from the 1OB(SHe,?%lzN study of
Ref. 5. Correspondence with analog states in 4B and ““C is
established only for the first three states and probably for
12N* (3.53). The other states are shown listed in line with
that state in 12B which has most closely the same Ey.

bWe see no evidence for this state.

“The AEy of the 5.23 and 4.15 MeV state is the same as the

- two states 5.32, 4.25 observed by Fuchs et al.> but the ab-

solute values appear to be really 100 keV lower (our errors
are conservative). Our Ey, when comparable, for the higher
states always tend to be lower: for instance 7.48 - 7.63. In
the case of the 4.15- 4,25 and 5.23 - 5.32 states the widths
we observe are substantially larger: the (3He,t) reaction
may be exciting additional (unresolved) states.

dSee Ref. 7.
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GAMMA AND ALPHA DECAY FROM THE 2.1 msec ISOMER 2'Ra

D. E. Raich,* H. R. Bowman, R. E. Eppley,+
J. O. Rasmussen, and |. Rezankaz

The isomer 213mp2 was produced by the reaction
20983 (108, 6n), as well as by bombardments of 12C
on Pb isotopes, ~“N on Bi, and 60 on natural Hg,
with projectile energies in the range 60-100 MeV.
The isomer decays with a half-1life of 2.1 ms both
via gamma internal traniagions and via alpha
branching to levels in Rn. A level scheme is
proposed in which the isomeric state is assigned as
either 17/2° or 13/2% with shell-model configura-
tions either of the hg/y protons coupled to a p1/2
neutron hole, or of an uncoupled ij3/; neutron hole.
On the basis of alpha decay rate predictions from
the new Fliessbach theory, the 17/27 isomeric
assignment is to be preferred. :

In most of the early experimental runs a
heavy-metal target foil was placed at about a 45
angle in the Yale HILAC beam. Counting was carried
out simultaneously with irradiation, using a detec-
tor positioned 90° from the beam line, obliquely
facing the front of the target. ’

For the coincidence experiments a second Ge (Li)
detector was placed 180° from the first, obliquely
facing the back of the thin target. Three- and four-
parameter coincidence events (E1,E2, nanosecond time
between the two y-rays, and sometimes millisecond
time since beam burst) were recorded serially on
magnetic tape by the PDP-8/I for later computer sort-
ing and analysis.

The alpha spectroscopy experiments were per-
formed at Berkeley SuperHILAC using the helium-jet

technique to catch recoiling reaction products and -

transfer them to a low-background counting chamber.

When we used the 200Pb-enriched target, we
encountered strong interference from the twin doub-
lets of the 214Pr and MPy o-groups. The fran-
cium energies are shown at the bottom of Table 1;
they are ideally positioned to mask our expected
213Mpg energies, especially since they also have
millisecond half-lives, 5.5 and 3.6 ms, respectively,
for 214Fr and its isomer. The 214Fr is ppgsumably
produced both by reaction with the small Pb frac-
tion in the target--via the direct p4n-out re%Sgion
which should go at nearly the same energy as Pb
(12C,5n%213Ra-—and via the direct p3n-out reaction
with 200Pb.

We were able to reduce the 214py jnterference

considerably Bg turning to g 204ph-enriched target.
The reaction 4Pb(lZC,Sn)2 SRa was expected to
peak at about 61 MeV, very near the Coulomb barrier.
The low energy largely eliminate the competing 214py
production since the pn-out reaction cross section
is greatly reduced.

The results are summarized in Table 1.

Table 1. Results of alpha spectroscopy. (Probable
error in last digit is given in parentheses.)

Reported in

Present work literature
Isotope Ea Decay Ea Decay
[%mwﬁ] MeV) 5 (MeV) 5  Ref.
213
“““Ra 6.731(5) 46(3) 6.730(5) 45(2) 2
[6.893(5)] 6.624(5) .47(3) 6.623(5) 49(2)
6.522(5)  6(1) 6.520(5)  6(1)
6.411(5)  0.5(1) 6.408 0.4
23mp, 8.467(5)  69(7)
[8.663(5)] 8.358(10) 28(6)
8.266(10)  3(2)
214, 8.426(5) 93.0 3
8.358(5) 4.7
214my,. 8.549(8) 51(2) 4
8.477(8)  49(2)
213 A

Note: Ratio measured of ——- o-decays = 8.8(9)X10°
213Ra

(not corrected for cell's fast delivery
fraction).

a . .
Corrected for recoil and screening.
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Fig. 1. Alpha-particle spectrum showing Ra. (XBL 761-41)

The unsorted alpha spectrum from our runs at
63-68 MeV is shown in Fig. 1, and a detail at the
energies of interest in two time intervals appears
in Fig. 2.

We propose the level scheme illustrated in
Fig. 3 of states populated in the 2.1-ms 213MRa de-
cay. The 213Ra nucleus is sufficiently close to
doubly-magic 208Pb that the spherical single-particle
model should predict lower energy levels fairly well.
We expect the single hole in the 126-neutron shell
to dominate the configurations of the first few
states, resulting in a ground state with J =1/2",
and first two excited states 5/2° and 3/2° (with the
neutron hole successively occupying P1/2> f5/2, P3/2
shell-model orbitals). Higher-seniority configura-
tions involving the hg/y protons are expected to be-
come significant somewhat above 1 MeV, and excita-
tions of the Pb core should not appear below
~ 2.5 MeV.

Low-1ying high-spin states dre a common cause
of isomerism and are readily populated in heavy-ion
reactions. Two candidates for such a state suggest
themselves. First, on the basis of level trends we

: -1 +
expect an i (13/2%) neutron-hole state near
1800 keV. Bobend in 2{4Ra the 8" m(hg,,0)8* state
at 1864 keV is isomeric, with an E2-transition half-
life much longer than that seen for other E2's in
similar cascades, probably reflecting cancellation
in the pairing factor (UiUf-Vin)z near the half-
filled h9/ proton_shell., This ﬂ(h9{26)8 state
might coup%e in 213Ra with the P1/2°1 neutren hole
to produce a long-lived 17/27 state of about the

correct energy. In a separate report we test these
two possibilities with Fliessbach's new normalized
a-decay theoryl by comparing predictions of branch-
ing ratios to the daughter states from each of the
hypothetical parent states. The pattern of intensi-
ties fits our a-spectroscopic data much better

F 204(208)py, 120 3 2i3(2Is)g gzgg
[ Beam energy 63-68 MeV
~ 100
[ o2 213m
| 7.e§| 213Rp 8.4650
L 8.092 M
215 T
l e.||7Rz° a.4lzo e
ZIBmBRgS aam,:r o 4’;‘7"!
10 . /8546 ‘;|
© 213m
S 82650
2 |
£
O
~
w
ﬁ 1” | M
Q
(&) | ] I
100
75 -11.5 msec
i 15 -15.5 msec\
10
L Hﬂﬁ | ﬂ ﬁﬂ. “ Mﬂ Il
7.8 8.0 82 84 8.6 8.8 9.0
a - Energy (MeV)
Fig. 2. Detail of two time intervals contributing

to the a-spectrum of Fig. 1. (XBL 761-40)
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Fig. 3. Proposed z Ra decay scheme. Relative photon intensities (and

uncertainties) are shown in front of transition energies.

hindrance factors follow a-feeding percentages.

assuming a 17/27 isomeric state, so we report this
as our preferred interpretation.
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EXTENSION OF THE Tz = -3/2 BETA-DELAYED PROTON
PRECURSOR SERIES TO %zn*

D. J. Vieira, D. F. Sherman, M. 8. Zisman,
R. A. Gough, and Joseph Cerny

The well-known series of A=4n+l, T,=-3/2
-delayed proton precursors has been completed from
C through 49Fel with the recent addition of 4°Cr.2

Such studies both establish the decay properties of
proton rich nuclei far from stability and, with the
use of the isobaric multiplet mass equation, permit
an excellent prediction of the precursor's mass. Al-
though the B-delayed proton activity from the heavi-
er nuclides in this series, through 41Ti, has been
produced in reasonable yield (~30-250ub) by the
(3He,2n) reaction on T, =0 targets, extension of
these studies fyrther into,the shell by employing
the 328(160,3n)3£0r,2 and 46Ca(fgc,3n)%9f«‘e,3 reac-
tions has been hampered by much lower cross sections
(~ 300-500 nb), We wish herein to report the obser-
vation of 53Ni via the Ca(160,3n) reaction and of
577n via the 40Ca(20Ne,3n) reaction in which even
lower yields were observed (~25and~ 60nb, respec-
tively).

Beta-delayed protons emitted from precursors
retained in the target were detected in a semicon-
ductor counter telescope subtending an effective
solid angle of 0.24 sr.  These PTecyrsors were pro-
duced by employing pulsed beams of “°0*° (60 and 65
MeV, ~ 100 particle-nA) or 20Ne*4 (62 and 70 MeV,
~ 60 particle-nA) from the 88-inch cyclotron in
irradiations of natural calcium targets rotated to
a target angle of 70°. A slotted rotating wheel
system, similar to that described in Ref. 4, con-
trolled the pulsing of the beam and protected the
detectors while the target was being irradiated.
Several detector telescope combinations were used.

For completeness the °3Ni results (shown in
Fig. 1a), discussed in the previous Annual Report
(LBL-4000), have been included. The large group at
1.59 MeV(c.m.) is known to arise from direct proton
radioactivity of 53MCo # produced via the competing
40ca (160,p2n) reaction, while the 1.94%0.05 MeV
(com.), Tl/ =45#15 ms activity is attributed to 8-
delayed proton decay of 53Ni produced via the 40Ca
(160,3n) reaction (see decay scheme in Fig. 2b).

The proton spectrum resulting from the 70 MeV
20Ne bombardment of a 1.8 mg/cm? calcium target for
20,000 uC (as 10%) is shown in Fi% 1b, Again,
53ﬁ‘Co arising from the competing OCa(ZONe,ocpZn)
reaction was observed. Three proton groups at ener-
gies of 1.95+.05, 2.58+£.05, and 4.65+.05 MeV (c.m.)
were observed, corresponding to a total delayed-
proton yield of ~60 nb., The half-life of eachgroup
is consistent with the 40£10 ms value determined
from the sum of all three groups. These activities
are very compatible with the B-delayed proton emis-
sion expected_from °/Zn whose predicted threshold
via the 40Ca(20Ne,3n) reaction is ~50.0 MeV (as-
suming a mass excess of -32.77 MeV, calculated using
the Kelson-Garvey charge symmetry relations® and two
predicted T, = -1/2 masses from Ref. 6). The pro-
posed °/Zn decay scheme is given in Fig. 2b.

The groups observed at 4.65 MeV and 1.95 MeV

can be assigned to the isospin-forbidden proton de-
cay of the lowest T=3/2 state of °/Cu to the ground
state and first excited state of > i, respectively.
This energy difference of 2.70%.07 MeV agrees _very
well with the known separation between these “°Ni
states of 2.702+.003 MeV.” Based on these two
groups, the excitation energy of the lowest T=3/2
state of °7Cu, 5.35+.04 MeV (assuming the ground
state mass excess of °/Cu is -47.3Y MeV), 6 compares
well with its known analog state in SINi at 5.23+.01
MeV.8 The group at 2.58 MeV could be attributed to
isospin-allowed proton decay of a T=1/2 state at
3.28+,05 MeV in >7Cu, which could be the mirror of
one of the two kngwn 7/2° states in S/Ni at 3.23.02
and 3.36%.02 MeV.
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c n ¥ |
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ST, 1 I 1 L 1
11.95 MeV 0 50 100 150 200 -
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2.5¢8 MeV 4.6? MeV
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Me\iil
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Fig. 1. Proton spectra observed following the bom-

bardment of calcium with (a) 65 MeV 100 and (b) -
70 MeV 20Ne. Dashed vertical arrows indicate the
energy region in both spectra over which protons
could be reliably observed. The precursor and the
center-of-mass energy are labeled above each proton”
group. The horizontal arrows in (a) designate the
energy region where proton decay to the ground state
of 5ZFe gould be expected (see text). Decay_curves
for the >SNi group and the sum of the three °/ZIn
groups are shown in the insets. (XBL 759-4141)
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served are indicated with dashed lines. All energies
are given in MeV relative to the ground state massof
the appropriate T, =-1/2 nuclide. Predicted énergies,
assumed spin, parity and isospin values, and esti-
mated branching ratios are shown in parentheses.

"~ (XBL 759-4142)

If the mass excesses of the lowest T=3/2
states in the T, = -1/2 nuclei 33Co(-38.26%.06 MeV)

STcu(-41. 97+ 04 MeV), together with those of the
correspondlng T=3/2 states in the T, =+ 3/ 2 and
+ 1/2 members of each multiplet, are used in the iso-
baric multiplet mass equat101} (IME), the predicted
mass excesses for °SNi and °/Zn are -29‘:.18 MeV- and
-32.63%.13 MeV, respectively. For 93Ni, good agree-
ment between this prediction and the Kelson-Garvey
type mass prediction9 of -29.69 MeV or the Coulomb

energy calculation of -29.65 Mev10 is found. Simi-

- lar agreement is obtained between the IMME result’

for the mass excess of °2/Zn and the Kelson-Garvey
prediction (described earlier) of -32.77 MeV.

Surveying the B-delayed proton decay of the
J"=7/2", T,=-3/2 nuclei_from *°Cr to >/In, we see
that only J_n the case of °/Zn has 1sosp1n-forb1dden
proton decay from the analog state (in the emitter)
to the ground state of the T,=0 residual nucleus
been observed, a result wh1cﬁ may largely bg due to
the enhanced stability of the doubly magic
On the basis of penetrability calculations alone, an
intensity ratio for proton.decay from the S7Cu’
(T=3/2) state to the ground state (0*) relative to
the first excited state (2*) in SONi of ~28/1 would
be expected. The observed ratio of ~ 0.6/1 indicates
that the reduced -width for (isospin-forbidden) pro-
ton decay to the ground state is ~1/45 of that for
decay to the first excited state. Such a reduced
width ratio is consistent with the limits observed?Z,3
in the proton decays of the analog states in
4%, and °3Co, which indicate Yp (0+)/y 229 <1/8
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8'Ge: A NEW BETA-DELAYED PROTON PRECURSOR

D. J. Vieira, D. M. Moltz,
M. 8. Zisman, and Joseph Cerny

Further efforts to extend the series of A=4n
+1, T,=-3/2 B-delayed proton precursors have suc-
ceedeé by observing B-delayed protons from 61Ge
produced via the 40Ca(24Mg,3n) reaction.

As in the S3Ni and 57Zn experiments! discussed
in the previous report, B-delayed protons emitted
from precursors retained in the target were detected
by a counter telescope protected by a slotted rotat-
ing wheel as illustated in Fig. 1. These precursors
were produced by emploging a recently developed
pulsed beam of 85 MeV 24Mg*4 (~50 particle-nA) from
the 88-inch cyclotron in irradiations of a 1.5 mg/cm
nzéomral calcium target rotated to a target angle of
7

Figure 2 shows the identified proton spectrum
observed in 25,000 uC of integrated beam using a
15-ym AE and 250-um E detector telescope. A proton
group at an energy of 3.15%,07 MeV (c.m.) was ob-
served at a yield of ~30 nb with a half-life of
4015 ms. A much weaker group at 1.81%,07 MeV was
also observed, but this activity exhibited a half-
life much longer than the counting period of 120ms.
This latter proton group is consistent with a large
fluctuation occurring at 1.7 to 1.8 MeV obsglsfved in
the continuum R-delayed proton spectrum of °°Ge
(Bp (c.m.) = 1.0-2.3 MeV, Tq/2=130.8 sec?), which
could be produced by (2%Mg,Xn) reactions with heavi-
er isotopes present in the natural calcium target.
Repeating the experiment at a bombarding energy of

SN
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Fig. 1. Diagram of the slotted, rotating wheel.

Photodiodes control pulsing of the cyclotron beam
and provide timing signals for the counting
period. A detector telescope backed by a reject
detector is protected by the 1.5 mm thick Ta wheel
when the beam is on and allowed to view the target
through a large slot in the wheel when the beam
is off. (XBL 743-606)
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Fig. 2. The proton spectrum observed fgllowing
the bombardment of calcium with 85 MeV 24Mg.
Dashed vertical arrows indicate the energy region
over which protons could be reliably identified.
The precursor and the center-of-mass energy are
labeled above each proton group. For the possible
source of the 2.12 MeV group, see text.

(XBL 764-2739)

78 MeV produced similar results with the 1.81 MeV
activity increasing slightly in yield (supporting
65Ge as its probable source), while the 3.15 MeV ac-
tivity decreased in yield.

The 3.15 MeV activity is most reasonably ex-
plajned as arising from the B-delayed proton decay
of 61ge produced via the 40ca(2 Mg,3n) reaction
(threshold ~61.3 MeV assuming a mass excess of -34.7
MeV for 0lGe estimated from Coul?mb energy system-
atics discussed below). Since 6lge is sufficiently
far from stability that the only previously known
member of this isospin quartet was the °'Cu ground
state, it is necessary to estimate the expected ex-
citation energy of the analog state in 61Ge from
Coulomb displacement energy data3,4 adjusted for the
mass 61 system. These calculations predict that the
analog state should be near 3.53 MeV, which agrees
well with an excitation energy of 3.47 MeV obtained
when the 3.15 MeV activity is attributed to proton
decay to the ground state of 60Zn (see Fig. 3). De-
cay Sf this analog state to the first excited state
of 0070 would be expected at an energy of 2.15 MeV.
Weak evidence for such a proton group is observed
at 2.12 MeV, but dug to poor statistics and possible
interference from © Ge, the source of this group is
uncertain. If attributed to ©lGe, this branchwould
correspond to an upper limit of ~20%. Additional
experiments on separated’ isotope 40Ca targets will -
be necessary to confirm the origin of this 2.12 MeV
group.
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Fig. 3. The preliminary decay scheme of 61Ge.
Decays which have not been directly observed are
indicated with dashed lines. All energies are
given in MeV relative to the predicted mass excess
of -47.22 MeV for the grownd state of 61Ga.4 Pre-
dicted .energies, assume spin, parity isospin
values, and estimated branching ratios are shown
in parentheses. (XBL 764-2740)

References

1. D. J. Vieira, D. F. Sherman, M. S. Zisman, R. A.
Gough, and J. Cerny, Phys. Lett. 60B, 261 (1976).

2. J. A. Macdonald, H. Schmeing, J. C. Hardy, H.R,
Andrews, J. S. Geiger, R. L. Graham, and K. P.
Jackson, Chalk River Nuclear Laboratories Report
(1975) AECL 5226 and J. C. Hardy, private commmica-
tion. :

3. W. J. Courtney and J. D. Fox, Atomic Data and
Nuclear Data Tables 15, 141 (1975).

4. M. Harchol, A. A. Jaffe, J. Miron, I. Umma, and
J. Zioni, Nucl. Phys. A90, 459 (1967).

REVISED SINGLE-PARTICLE ENERGIES IN N = 83 NUCLEI"

P. Kleinheinz,+ M. R. Maier,t R. M. Diamond,
F. S. Stephens, and R. K. Sheline

The single-neutron states in N =83 nuclei have
been extensively jnvestigated,l mainly by deuteron
stripping on targets of the stable isotones with
N=82. The data suggest the systematic occurrence
of three states in each nucleus populated by high-
angular momentum transfers; these levels vary
smoothly with proton number and lie below 2 MeV ex-
citation. The (d,p) angular distributions for these
states were assigned as I=75 transfers, and the
levels therefore were ‘interpreted as hg/, fragments.
More recently, radioactivity* and (u,ny§ experiments
ex%ended the systematics of these high-j states to
147G3 which is not accessible in single-neutron
transfer. Except for 139Ba, where a recent (d,p)
study4 conflicts with the earlier investigations,
none of these studies located the ij3/p single par-
ticle excitation which, from systematics, is ex-
pected to lie within the range of excitation covered
by these experiments.

We have used the following compound nuclear
tfeactions followed by particle emission to populate
levels in the N =83 isotones of Ce, Nd, Sm, and Gd:
139La£7Li,on)141Ce and 139La(7Li,3n)1‘1‘3Nd at Bpi=30
MeV, 144Nd(a,3n)145sm at E, = 40 MeV, and 147Sm(c,4n)
147Gd at By=57 MeV. The experiments were carried
out at the Berkeley 88-inch cyclotron, using stand-
ard in-beam y-ray spectroscopy techniques® with
various combinations of 8 cm3 planar Ge, 30 cm3 and
50 and coaxial Ge(Li) detectors. Measurements of y-
ray excitation functions and two-point angular dis-

tributions as well as two-detector four-parameter
coincidences were used to establish the level
schemes of Fig. 1. In each of these nuclei essen-
tially the entire decay intensity proceeds through
the previously known lowest-lying high-j level, but
our measurements show these levels to be isomeric
with nanosecond half-lives. They decay via single
v-transitions to the well establishedd £y /2 ground
state of each nucleus. This fact is clearly incon-
sistent with a 9/2° assigmnment for these states.

The half-lives were extracted from the yy-time
spectra. They are listed in the table.® Comparison
with the single-particle estimate’ classified the

Table 1. Half-lives of i13/2 states in N=83
isotones.

Nucleus Tq Enhancepent
energy (keV) (né§ T%’z /T%&%
1416, 1370.8 4+2 9+4
145 1230.0 6+2 1244
145qn 1105.8 1242 1242
14764 997.4 2043 1543
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Fig. 1. Partial level schemes for N=83 isotones as deduced from the present

work and from Ref. 4.

deexcitation transitions as E3, whereas Ml transi-
tions, as required by the previous assignments,
would have to be 100 times retarded in all cases.
The life-times, together with the observed strong
transfer intensities, argue for the identification
in all these nuclei of the first high-j state as an
i3/ single-neutron state. We have also included
in Fig. 1 the i3/ state in 139Ba. The angularmo-
mentum transfer to this level has been measured as
1=6 in a (d,p) experiment with 20 MeV deuterons,4
a vresult which has been ignored' in more recent
work. 4»

The proposed iz, assignments in the N =83
nuclei remove a number’ of discrepancies connected
with the earlier 9/2 assigmments. The stripping
data into the N =83 isotones of Ba, Ce, Nd, and Sm
quoted in Ref. 1 consistently gave spectroscopic
strengths for 7=15 transfer in excess of the sum-
rule limit for hg/p, in Nd and Sm by as much as 70%.
With the ij3/, assignment for the lowest state, the
remaining observed 7=5 strengths become compatible
with the sum-rule limit, and the reported cross
sections to the high-j state of lowest energy are
consistent with a Eredominant itz {xz configuration.
M%eover, in the 8" decay of the hyy/; iﬁxyer of
1 Tb(Ref. 2), two high-lying states iIn Gd were
found to be populated with log ft values <4.4 and
assigned 9/2°. The third high-j level (the one
presently being considered), which from (o,n) data
was also assigned as 9/27, is Lonly populated with
very small intensity in the B decay and this fea-
ture is explained by our 13/2% assignment of this
level.
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TRIAXIAL SHAPES IN LIGHT La NUCLEI"

P. A. Butler,t J. Meyer-ter-Vehn,+ D. Ward,§ H. Bertschat,” =
P. Colombani,7 R. M. Diamond, and F. S. Stephens

The yrast levels of the light odd lanthanum
isotopes have been identified' as a decoupled band
in which an hqq/, proton has its spin maximally
aligned with the rotation axis of a prolate core.
A number of such examples have since been: observed,
but in some cases it has been shown? that the data
available on additional states indicate deviations
from axial symmetry. As a test of the triaxial de-
scription we have measured lifetimes for the 15/ 2"
and 19/27 levels in s+24la.

We have used the recoil-distance method to

T%sure 1ifet1'me51111§ing %ge reaigaons 119sn( 4N,4n)

La aS 67 Mf‘ﬁ Sn( +Y0,4n)*°"Ce at 82 MeV and
116Cd(1 F,4n)~"La at 72 MeV. The heavy-ion beams
were provided by the LBL 88-inch cyclotron. The Sn
targets were stretched self-supporting foils of (}.75
mg cm”“ thickness. The Cd target was 0.6 mg cm “ of
enriched Cd evaporated on 0.2 mg cm “ nickel. Gamma
rays were detected in a planar Ge detector placed at
0° with respect to the beam direction. For the low-
est transitions in the yrast sequence, recoil-dis-
tance decay curves were derived by integrating the
stopped (Ig) and moving (I) y-ray peaks and plot-
ting the ratio Ig/(Ig* 1y ) versus plunger setting
(Fig. 1). The average recoil vélocity was derived
from the centroid shifts of stopped and moving y-
ray components, and after correction for the finite
solid angle of the Ge detector was found to be 0.87%
of ¢ for +29.a, 1.03% for 130ce and 1.05% for 1311a,
For each nucleus, lifetimes for the 19/2° (47) and
15/27 (2%) 1evels were obtained by fitting simultan-
eously the two decay curves using a least-squares
fitting procedure. The behavior of the feeding
ahead of the 19/2" state, approximated by two or
more levels whose lifetimes were free parameters,
could be determined partly by the shape of the 23/2~
+ 19/27 decay curve and partly by the constraint that
all the curves pass through a common origin. Where
the experimental relative intensities of the cascade
transitions markedly decreased with increasing spin,
feeding into the band from other levels was also
taken into account. The results are shown in Table
1, where it can be seen that for 130Ce, the only case
where other measurements are available for comparisom,
the present value for the 2 - 0 transition is in ex-
cellen% agreement with that measured by Dehnhardt
et al. :

Calculated B(E2) values for transitions be-
tween the lowest yrast states of an hyq /2' quasipar-
ticle coupled to an asymmetric core are shown in
Fig. 2. For the 11/27, 15/2, and 19/2 states the
total angular momentum tends to localize about the
intrinsic Z-axis (oblate symmetry axis at y = 6Q°).
If .the total angular momentum points along the 2
axis the E2-transition probability can be approx-
imated by

B(E2) =

L 5 (2)52
class ~ Térm @ 22)

U

)
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Fig. 1. Recoil-distance decay curve for La.

(XBL 753-2430)

where Q(2)= Qq * sin(y-60%)A/Z is the u=2 compo-
nent,of %}Zle in1Q.rinsic quadrupole tensor related to
the 2-axis (lower dashed line in Fig. 2). The exactly
calculated B(EZ)'s for the 15/2° + 11/2" and the
19/2" ~ 15/2" transitions clgsely follow this class-
ical 1limit over the range 10°% <y< 35° (Fig. 2). .
For states with I > 19/2 the total angylar momentum
of the system tends to_align with the l-axis prolate
symmetry axis at y = 0°, since this axis has the
largest moment of inertia in the triaxial region, and
thereby minimizes the core rotational energy. This
tendency now dominates over the preference of the
particlie for the 2-axis. The B(E2)'s of higher tran-
sitions (e.g., 27/2° - 23/2 ) thergfore peak near
v =30° where Q ;) =Qp* sin(y+60°)/+vZ has its-
maximum (upper d4shed line in Fig. 2).

The B(E2) values calcula;L;Sd from the asymmet-
ric_rotor model with y=22° (}4°La) and y =23°
(131La) are also shown in Table 1 together with pre-
dictions of the symmetric rotor model and the weak
coupling model. The experimental results for the
15/2" > 11/2" and 19/2 ~ 15/2  transitions in 12%La
and 1311, plotted also in Fig. 2, are seen to fol-
low closely the predictions of the asymmetric model.
The prediction of weak coupling for the B(EZ; 15/2




Table 1. Lifetimes and B(E2) values in 129’131La1 and their respective core nuclei. The experimental
results are compared with predictions from various theoretical models. References are given in paren-
theses. .

BED - ) v
Nucleus E, . xp- Strong Weak Rotation aligned
(keV) (psec) , (eZbZ) coupling coupling - (triaxial core) -
K=1/2 K-=11/2 Y =0 Yexp
128,
2 >0 279 140+30(4) 0.33:0.07
130¢, 254 225+19(3) 0.33:0.02 E
2 0 21192
129, v =22°
15/2+11/2 269  130:62 0.42+0.02 0.53 0.07 0.33  0.50 0.37¢
19/2+15/2 475  8.7+1.32 0.380. 06 0.55 0.22 0.52 0.42¢
1305, .
2 50 357 , 0.24:0.08(5)
1326, 325  67.949.5(3)  0.32:0.05
she , y = 23°
15/2+11/2 336  55:28 0.340. 02 0.49 0.06 0.30 0.45 0.32d
19/2+15/2 533 5.8%0.62 0.3340.03 0.50 0.20 . 0,47 0.37d

3present results.
1

bEstimated from the systematics of the 2+, 2" , and 4" levels in the core nuclei.

“Model parameters: B-A2/3= 6.8 derived from B(EZ; A 0+) of core nuclei, Fermi energy A= (e +aZ)/Z

estimated from Nilsson level scheme (e, s.p. energies of hy1/2 shell), A=1.0 MeV from odd-even mass

differences. ‘ '

dModel parameters: B-A2/3 = 6.4, >‘F = (al +ez)/2, A = 1,0 MeV derived in the same way as for 129

La.
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Fig. 2. Calculated transition probabilities as func-

The calculations
for a range of
< 7 and a range of Ap

tions of the core asymmetry Y.
are %curate to within a gut 5%
B-AZ given by 4 < BeAZ

given by €1 < Ap < g2. The broken lines give clas-
sical limits for B£E2). Shown also are the exper-
imental data for 1%9La = 230). The transition
probabilities are given in terms of Tg— Q(Z) is given
by T .

3 a.2)% 2 aA¥3 )2,
/o

Q =
(XBL 751-4646)

"tematically smaller in magnitude,

+ 11/2") values are next best, but they differ sig-
nificantly from the experimental results, being sys-
The lack of pre-
cise experimental data on the core 4~ 2 transition
makes further quantitative comparison with the weak
coupling model difficult, but with the additional
assumption of a simple rotational or vibrational
core one would obtain a value of respectively 1.4
and 2.0 for the ratio B(E2 ; 19/2 ~ 15/2 ): B(EZ;
15/2° » 11/27) in contradiction to the experimental
evidence. :
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HIGH-SPIN STATES IN '27,12%_a: A TEST OF BACKBENDING
IN THE EVEN Ba AND Ce NUCLEI*

D. Ward,+ H. Bertschat,+ P. A. Butler, P. Colombani,§ -
R. M. Diamond, and F. S. Stephens

The rotation-aligned coupling schemel has had
considerable success in describing the collective
bands in a number of weakly deformed odd-mass nuclei
It has also been pointed out that the presence of
backbending in an odd-mass rare-earth nucleus is an
important clue as to the cause of backbending in the
adjacent doubly-even nuclei. If a particular rota-
tion-aligned particle delays or prevents the occur-
rence of backbending in the odd-mass case, it is’
likely that this particle is involved in the struc-
ture of the band whose intersection with the ground
band causes the backbending in the doubly-even nu-
cleus.4 Conversely, if the odd-particle band does
backbend, this garticle must not be such an impor-
tant component.> Application of this idea has shown
the importance of i13/ neutrons in the backbending
behavior _observed in tﬁe lighter deformed nuclei
Dy,4 Er,2 and Yb.®> Very recently the importance of
rotation-aligned h9/2 protons in the backbending of
the heavier deformé&d Hf, W, and Os nuclei has been
demonstrated by studying 167146 and 18 Re,181,18305 7

In this paper we repor7t algstudy of the high-
spin decoupled states of 127,129 1 from which we
can draw conclusions concerning the causes of the
backbending observed in the neighboring Ba and Ce

nuclei. Previous studies of high-spin states in
126,128838 and 1300e9 have shown that the ground bands
backbend around spin 10*% Thiscorresponds to a spin
of 31/2 19 E?S 11/27 band in La, but the earlier
work on 12751291410 only assigned levels as high as
27/27. In the present work we have identified levels
to spin 35/2 , just beyond the critical region. To
obtain as complete a comparison # possible, we have
also studied the %round band in 8Ce, since it was
previously knownl! only to spin 8*.

The experiments were performedl%; the LBL 88-
iggh cyclotron, using the reactions Sn (14N, 4ny)
1271 with Zi MeV 14N1 119?@(14N,4?%g129La with 67
and 75 MeV 1N, and 11650 (100, 4ny)1%8Ce with 88 Mev
160. The targets wer§ made by evaporating the tin
isotope to ~ 50 mg/cm® of lead. Gamma rays were de-
tected both in-singles and in coincidence mode using
two 45 cc coaxial Ge(Li) detectors. The 0°to 90°
anisotropy of the y-rays was measured to test the
main cascade sequences were indeed stretched E2 tram
sitions.

Typical coincidence spectra for 129La are
shown in Fig. 1, and the cascade sequences deduced
from individual gates set on the known ground-band

4x10°F

per channel

Counts

("*N, 4n) '"*°La 69 Mev

Coinc.

+coinc.

mlg vig
g ™l

100+ X
Coinc. with
31 27
ey

50 Galfe (b)

0 L | : L 1 | L I ) L L I I | L ! f L
300 500 700 900 1100
Energy (keV)

Fig. 1. Coincidence spectra for 129La, spectrum (a) is for the sum of gates

set on the lowest two rotational transitions,
Spectra corresponding to background events have been subtracted

transition.
in an appropriate way.

(b) is for the 31/2 > 27/2
(XBL 7412-8448)
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transitions are sumarized in Table 1. The Ay val- even barium and cerium nuclei. In fact it seems

ues derived from the anisotropy measurements assum- likely that the backbending is caused by an inter-

ing A4 =-0.05%0.05 are consistent with stretched E2 section of the ground band with a band composed of

assignments (Table 1). The level schemes are in Fig.2. two hll{Z protons maximally aligned with the rota-
s.

tion aX It is of interest not only that the
To compare the systematics of the core states backbending is caused by protons rather than neu-
in 27,1295 with those of the corresponding Ba and trons in this region, but also that itis most likely
Ce nuclei we have calculated the moments of inertia, due to a rotation-aligmment effect like that ob-
and the rotational frequencies, w, according to served in the rare-earth region, rather than to a
the formulae given in [3]. Plots of & vs. w”_are shape change as is the case for the neutron-deficient
shown in Fig. 3. It can be seen that the 11/2 de- Hg nuclei. It appears that the technique of study-
coupled band in La does not backbend, even for ing an even-even case by observing its behavior with
rotational frequencies appreciably higher than those  Vvarious particle orbits blocked, is applicable to
for which the Ba and Ce nuclei do backbend. This this Ba-Ce region, as well as to the deformed rare-

fact suggests that a rotation alignment of two such earth region, and can probably be applied rather
hi1/2 protons is involved in the backbending in the generally.

Table 1. Summary of the rotational cascades in 127’129;3 and “28Ce observed in
this experiment. Assignments in La nuclei to spin 27/2° (8%) have Eign made pre-
viously 10" values for 126,128p3 and 130ce are from previous work; Ce assign-
ments®s? to spin 8* have been made previously. Uncertainties in the relative
intensities and Ay coefficients are shown in parentheses.

130

Spin 128552 129, (75 MeV) Ceb
I 1-11/2 E J
(or / Y (keV) EY Int A, EY
2 284 269.3 100 0.35(3) 254.1
4 479 474.8 81(8) 0.32(3) 456.7
6 644 641.9 55€(16) 0.35(3) 614.2
8 782 785.6 29(3) 0.31(4) 729.6
10 894 910.5 11€(2) 0.26(15) 757.0
12 906 1013.5 8¢(2) 0.02(30) 503.3
14 549.0
16 693.5
Spin 12658 1271, (76 Mev) 12800 (88 Mev)
I (or 1-11/2 EY (keV) EY Int A, EY Int A,
2 256 252.4 100 0.19(3) 207.3 100 0.26(3)
4 455 458.6 73(7) 0.28(3) 399.6 88(9) 0.23(3)
6 621 630.8 48(5) 0.23(3) 550.6 88(9) 0.32(3)
8 757 780.3 31(4) 0.13(4) 662.6 50(5) 0.26(4)
10 852 908 8(2) 0.10(15) 711.1 33(3) 0.31(6)
12 805 1003 5(1) 0.16(30) 576.5 28(3)  0.25(6)
14 672 . 560.6  -22€(2) 0.24(6)
16 825 689.9 14¢(2) 0.38(10)
a. Ref. 8.
b. Ref. 9.
c. Not single lines in the direct spectra. Relative intensities taken from

spectra in coincidence with the 2* + 0+ (15/27 » 11/27) transitions.
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REDUCED TRANSITION PROBABILITIES FOR
HIGH SPIN STATES IN 2%2Th*

M. W. Guidry, P. A. Butler,+ P. Colombani; 1. Y. Lee, D. Ward,#
R. M. Diamond, F. S. Stephens, E. Eichler.g N. R. Johnson,s and R. sturml!

The measurement of lifetimes, or equivalently,
reduced transition probabilities, for high-spin
states is of considerable interest because these mea-
surements provide a stringent test of nuclearmodels.
These lifetimes normally lie outside the range of
conventional electronic methods, but are often ame-
nable to determinations by three complementary tech
niques: 1) the Doppler-shift recoil-distance method
(RD), 2) the Doppler-broadened lineshape method
(DBLS), and 3) multiple Coulomb excitation methods
(COULEX). We have applied a variety of these meth-
ods to measurement of the lifetimes and reduced tran-
sition probabilities for §g}ns 6" - 18" of the ground

In Fig. 1 the reduced transition probability
/B(E2)Rpot determined by all techniques dis-
cussed in this report are displayed. For complete-
ness we have also plotted ratios from previo%ly
published recoil-distance measurements with *"VAr pro-
jectiles.! The mutual consistency of the results and
their agreement with the rotational model isstriking.
In Fig. 2 we plot the weighted average of all B(E2)
ratios determined by lifetime measurements in the
present work. For all states that have been studied,
the average B(E2) values are those of a good rotor,
within the limits of experimental uncertainty.

B(E2)

state rotational band in “°“Th. Insofar as was practical, the various analyses
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represent the B(E2) ratios expected from simple cen-
trifugal stretching and B-band mixing models, as dis-
cussed in the text. (XBL' 765-1803)

described here were carried out independently. There-
fore the results displayed in Figs.1l and 2 provide
criteria for judging the mutual consistency of the
methods employed, which is seen to be quite good.

Phenomenologically, the moment-of-inertia for
deformed nuclei is known to be spin dependent.# The
variation of the moment-of-inertia with angular mo-
mentum manifests itself in the rotational energy-
%ggel spacings. Thus the energy of the 16" state in

Th is ~ 15% below that of the rigid-rotor predic-
tion using the energy of the 2% state. The smooth
deviations of the energy levels from those of a pure
rotor have generally been described with a formalism
employing some combination of 4th-order cranking,
Coriolis anti-pairing, centrifugal stretching, or
band-mixing calculations. These suggest that the
moment-of-inertia depends both on the pairing and the
deformation, while we expect the transition probabil-
ities, to first order, to be sensitive to the defor-
mation only. Therefore non-rotational energy spac-
ings need not be attended by non-rotational transi-
tion probabilities.

If one considers a lst-order band-mixing mod-

el, the B(ES) values for the ground band can be
written as

B(E2,I~+1-2)= B(EZ, I+I—Z)Rot

1+1/2a I+1)+ (1-2) (I-D{2
{ +1/20, +1):(30L ).( )} ) )

The parameter o may be specified if explicit assump-
tions are made about the nature of the bands being
mixed into the ground band.3 Thus, if we assume the
mixing of a pure B-vibration into the ground band,

£ P

the parameter o is fixed by two E2 matrix elements
connecting the ground and B-bands. Using B(EZ,
Og + 2g) and B(EZ, 2, » Og) of McGowan, et al.,* we

deduce o = 1.1><10'3.g

Similarly, if one attributes deviations of the
ground band moment-of-inertia to centrifugal stretch-
ing, o may be approximated from the energy spacings
in the ground band,3 and has a value in this case of
¢ ~ 1,4X1073, In Fig. 2 we plot the B(E2) ratios ex-
pected from lst-order mixing of the ground and B-
bands using values of o determined from the ground-
to-B matrix elements and from the energy spacings.
Clearly neither curve is consistent with the exper-
imental data.

The failure of the curve determined from the
centrifugal-stretching model to fit the lifetime
data is not difficult to understand, since the
moment-of-inertia is sensitive to other than centrif
ugal-stretching effects. TFor instance, alterations
in the pairing interaction brought about by Coriolis
anti-pairing effects will have significant effecton
the moment-of-inertia, but should have little in-
fluence on the-nuclear deformation and on the tran-
sition probabilities, which are determined primarily
by the deformation. In addition one must consider
the possible admixture of bands other than the 8-
band, such as higher-lying X = 0 bands and the K=2
v-band, into the .ground band.

The o parameter derived from the matrix ele-
ments is less model-dependent than that derived from
the energy spacings since it is related directly to
transition probabilities between the ground and
higher-lying band. In Ref. 4 it is concluded that
the lowest excited 0% level is of B-vibrational char-
acter. The matrix elements used to derive o only
comnect the lowest two members of the ground and B-
bands. Therefore, our results are consistent with
admixture of a pure B-band at low spins since the
small deviations of the B(E2) from rotational values
at low spins lie within experimental uncertainty.

At higher spins our results are incompatible with
continued admixture of a single band with the same
characteristics as that determined by the matrix
elements of Ref. 4,

We may use Eq. (1) and the experimental B(E2)
values ghenomenologically to set upper limit of |a]
< 2X10-% for the higher-spin region. Assuming the
collective B(E2) values to depend only on the nu-
clear shape we have

88, (1)
B, (0)

~ o I(1+1) 2)

and on the basis of the present data we conclude
AB,(16%)/8,(0) < 0.06. This lack of softness
against further quadrupole deformation for well-
deformed nuclei is consistent with the behavior of-
many rare-earth nuclel in recent deformed shell-
model calculations.

Footnotes and References
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COULOMB EXCITATION OF HIGH-SPIN STATES IN 238+

E. Grosse,t J. de Boer,+ R. M. Diamond,

F. S. Stephens, and P. Tjoms

The strong electromagnetic interaction pro-
duced in the encounter of a deformed target nucleus
by a heavy projectile excites high-spin states in
the ground-state rotational band and in rotational
bands built on collective states coupled to the
ground-state band. Such multiple Coulomb excitation
is a powerful tool for investigating collective nu-
clear properties at high rotational frequencies. Of
special interest are the rotational bands of the
strongly deformed actinide nuclei, which cannot be
studied by (HI,xny) reactions due to the strong fis-
sion competition. We have studied levels in the
ground-state and octupole-vibrational bands of 238y

excited by Kr and Xe ions up to I ~ 20h.

Thick metallic targets, enriched in 238U, were
bombarded at ghe LBL SuperHILAC with beams of 84Kr
(3855 MeV), SOKr (394+6 MeV), 132Xe (60520 MeV),
and 136Xe (640+40 MeV). The decay y-rays were ob-
served by two (~ 40 cc) coaxial Ge(Li) detectors, at
6y = 0> and 8y = 90° with respect to the beam direc-
tion and 4-5 cm from the target. Singles, y-back-
scattered projectile and y-y coincidences were
simultaneously stored. The low-energy portion of
the singles y-ray spectrum and the y—g coincidence
spectrum is shown in Fig. 1 for the 136Xe bombard-
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Portions of the y-ray singles spectrum (top) and y-y c?incidence spectrum
U target Coulomb excited with 640 MeV 36x,

e ions. The

v-y coincidence spectrum is the sum of spectra gated by the 6-4, 8-6, 10-8, 12-10,

and 14-12 transitions.
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grgund—state and lowest-energy octupole bands of
38y, The resulting decay scheme is shown in Fig. 2.

The moments-of-inertia of the ground and octu-
pole bands are shown as a function of the square of
the rotational frequency in Fig. 3a. This type of
plot corresponds to that generally made to display
backbending behavior of nug%gi in the rare-earth re-
gion. The ground band of U does not backbend up
to spin 22 (tentatively 24) even though the moment-
of-inertia increases by ~ 50%. It is obvious that
the octupole band has a larger apparent moment-of-
inertia than the ground band, and behaves in a some-
what unusual manner with increasing rotational fre-
quency. The nature of this band has been of inter-
est for some time. The very general occurrence of
collective octupole vibrational states, having a
frequency w~15/A1/3 MeV, is well known and the
sharp drop in energy of components of this state at
the beginning of the rare-earth and expecially the
actinide deformed regions is understood and has been
qualitatively reproduced in recent calculationigl,2
Four low-1lying octupole bands are expected in 8y
having K values 0,1,2, and 3, and three collective
negative-parity bands are known3 below 1200 keV
which may correspond to the K=0,1, and 2 bands. The
lowest observed band is the one shown in Fig. 2,
which has (initially) a predominant K value of zero.
There are at least three plausible types of behavior
for these octupole bands at higher rotational fre-
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Level scheme for %@e ground and lowest-
energy octupole bands of 238y,
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“octupole-shaped rotor (one-band) prediction.
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quencies. If the other rotation-vibration interac-
tions are weak, then the Coriolis force will align
the vibrational angular momentum along the rotation
axis, producing a lowest band with energy spacings
identical to those of the ground band, but having
spins 3h higher. Or, the octupole deformation might
be stabilized by the rotation, resulting in the even
and odd spin states merging into one band having the
usual I(I+1) energy spacings. A third possibility is
that the collective octupole character of the band
might be destroyed, for example by independent align
ment of its particle (and/or hole) components, lead-
ing to irregular level spacings.

The experiment%% level energies of the lowest
odd-parity band in 238y are compared with these
possibilities in Fig. 3b. The plot is constructed
such that the rotation-aligned vibrator prediction
is unity; whereas, the dashed line is the stable
The
data are very regular and converge rather convinc-
ingly to the rotation-aligned limit. This resultis
in excellent accord with explanations that have been
given for the compression (large moments-of-inertia)
of the lowest few states of this octupole band, ex-
planations involving Coriolis mixing of the K=0,1,
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2, and 3 octupole component.l It is also interest-
ing to consider the effect on the E3 transitions.

At sufficiently high spin values each rotation-
aligned state has a nearly unique value of core an-
gular momentum, R. The E3 transitions camnot change
R, so that the Ipng » (I+3)yc¢ transitions to the
aligned (lowest) band pick up all the E3 strength,
and the other transitions between these two bands
become small. The previous Coriolis galcula‘cionsl’2
have shown this tendency in the 0*» 3~ transitions,
in agreement with the experimental data.

The present Coulomb excitation experiments
provide much the highest spin values known in acti-
nide-region nuclei. The data show that 238y does
not backbend up to spin 22h (probably not to 24h);
though it is not yet clear that it will not back-
bend at still higher spin values. The evidence sug-
gests that at the higher spin values observed, the
octupole band aligns its angular momentum (3h) with
that of the rotating core. This concept of the
Coriolis force aligning an angular momentum vector
along the rotation axis has previously been applied
to one-particle states in weakly deformed nuclei,4
and to two-particle states in strongly deformed
even-even nuclei.® One sees from the 238U case that
this idea may apply to any angular momentum vector
in a rotating system, including, in some circum-
stances, collective angular momenta.
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HIGH-SPIN STATES OF '74,76Yp STUDIED IN COULOMB EXCITATION
WITH Kr AND Xe BEAMS*

D. Ward,+ P. Colombani 1. Y. Lee, P. A. Butler,§

R.S.Snnonﬂ

The availability of beams of Kr and Xe at en-
ergies up to 8.5 MeV/nucleon has opened up the pos-
sibility of Coulomb exciting high-spin states in
stable and near-stable deformed nuclei. In the ac-
tinide region, states up to spin 18* for 232Th and
22" for 238U have been observed by Coulomb excita-
tion with Kr and Xe beams.l-3 In ricent studies of
the rare-earth region, Kearns gtal. have identified
some 12% and 14% states using 4r ions at about 350
MeV. Coulomb excitation of rare earth nuclei with
projectiles sufficiently heavy so that states of an-
gular momentum larger than 16 are populated isquite
interesting since: (i) the method of populating
states is different than from a (HI, xn) reaction,
so that additional states may be seen (of particular
interest in this region is the study of backbending
nuclei) and (ii) some nuclei that cannot be reached
by (HI, xn) reactions can be Coulomb excited. Ex-
amples of this latter type would be the actinides
and the neutron rich rare earth nuclei, including
178 and 176Yb. Also the high recoil momentum of
the target nuclei following Coulomb excitationwith
heavy ions makes them ideal for lifetime studies
using analyses of the doppler-broadened line shapes.

In addition to studying the y-spectrum in
singles with a Ge(Li) detector, we have used a new
type of annular particle detector and have detected

R. M. Diamond, and F. S. Stephens

y-rays in coincidence with specified ranges of the
particle scattering angle. A description of this
apparatus has_been given in the more complete report
of this work.® The sensitivity of the method was
improved further by demanding an additional y-ray
event to be detected in either of two 7.5X7.5 cm
NalI(T1) detectors placed at +90°, All events in
the range 100 < < 900 keV were accepted from the
NaI(T1l) detectors. This additional y-ray condition
had the effect of suppressing low-multiplicity
events, whilst y-rays in paths of high multiplicity
(e.g, 207 + 18*3 were not affected. The spectra
for 176yb and 172Yb are shown in Figs. 1 and 2.

Dctails for the extraction of lifetimes can
be obtained from the full report of this work.? A
summary of the experimental lifetimes is shown in
Fig. 3 where they1§£e compared to the rotational
values. For the */"Yb 8* + 6%, 10* » 8 and 12% »
10* transitions, the present measurements agree with
the second set of Manchester values® within their
combined errors; however, the present adopted val-
ues tend to be systematically about 8% higher. The
Manchester data were obtained using a °“Kr beamwith
y-rays detected in singles, and if we make the com-
parison with the present 8oy singles data only, the
systematic discrepancy is reduced to +5%, of which
about +3% can be attributed to the different choice
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of stopping powers. To within an accuracy of ~13%
the averagf ngthe measured transitions in both

74Yb and are consistent with the rotational
model However, there might be a systematic trend
for the measured ratios to decrease with increasing
spin.
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There is now considerable interest in high-
spin states, due to the pronounced anomalies (back-
bendings) that have been observed around I=16 in
the ground state rotational bands of some rare
earth nuclei. At least three explanations have been
considered for these effects: 1) a collapse of the
pairing correlations;’/ 2) a change in shape of the
nuclei;® and 3) an alignment of the angular momenta
of two particular high-j nucleons (ijz/2 neutrons in
the light rare earth region) with the rotational an-
gular momentum of the core.9 Most of the informa-.
tion on these high-spin states has come from studies
of the gamma-ray de-excitation of (HI,xn) products.
The present work has, however, provided the first
data on neutron-rich rare earth nuclei. The infor-
mation on the high-spin states of the Yb nuclei from
mass 164 to 176 is shown on the usual backbending
type of plot in.Fig 4. Two interesting features

apparent in these plots. The first is that
Yb showi 8Y§s backbending than its neighbors,
66Yb and This has been previously noted by
Faessler10 and ascribed by him as a pairing effect
due to the lower level density at just this neutron
number (98). f kind of pairing effect was pre-
viously suggested to be responsible for the some-
what larger moments of inertia (compared with the



28,

160
140
120
100
80
60
40
20

160
140
120

100

80
60
40
20

I74Yb

1 i 1 1 ! 1 L 1 1 | 1 i

! L 1 1 1 |

. H
A0 .4

.06

Fig. 4.
for the Yb isotopes.

neighboring nuclei) of the 98-neutron HF and W iso-
topis 8o This explanation of the reduced backbending
in 16%Yh is still consistent with.the generally ac-
cepted idea that the backbending in this mass region
is caused mainly by the aligmment of two ij3/2 neu-
trons; since, in the alignment mechanism; the mo-
ment of inertia plays a strong role, and a larger
ground band moment of inertia would certainly go in
the direction of weakening the backbending. Thus a
pairing explanation for the weak backbending of 168,
seems likely to be correct, al%gugh it is not clear
whether the weaker pairing in Yb prevents the
alignment of the ijg,, neutrons in the yrast states
or just modifies it Somewhat. .

The other interesting feature in Fig. 4 is the
\{;Xyﬁﬁlar behavior of the high-spin states in =
> compared with that of the lighter Yb iso-
topes. This behavior is easy to understand in the
alignment model, and was predicted to occur.9 It
happens because the alignment requires the low-Q
components from a j-shell, ‘and (for a prolaté shape)
these essential components lie higher in energy as
the shell fil}s. For example, the Fermi level is
near the Q= 5/2 component of the i shell in :
167Yb; whereas, it is up to Q= 9/21%/12177Yb. - Thus
one can easily understand why the ali%nment of ;g)(()b
i13/2 nmeutrons would be difficult in 4yb or 170vb.
However, backbending does recur in the W and 0Os nu-
clei having neutron numbers similar to 174,176yp,
In these cases; it has been shown that the align-
ment of two hg/y protons play a major role in the -
backbending d this process is less likely to oc-
cur in 174:17%% because: 1) Yb has fewer protons;
2) the moment-of-inertia is larger in the Yb region;
and 3) g4 is less positive (B4 less negative) for
tI'he Yb isotopes.l? ‘Thus the lack of backbending in
74,176yp seems quite consistent with our present
understanding of this process.

b4

o
(MeVz)

hY

Plots of the moment-of-inertia versu's’*’{roté._’qiohél' fréduency (squared)

(XBL 765-1802)
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TRANSITIONS BETWEEN HIGH-SPIN NUCLEAR STATES*

M. V. Banaschik,t R. S. Simon,t P. Colombani,g
F. S. Stephens, and R. M. Diamond

Studies of transitions between high-spin nu-
clear states can give information about moments of
inertia, shapes, and other structural features of
such nuclei. High spin values (up to 80h) can be
brought into compound nuclei following heavy-ion re-
actions; however, y-ray studies following such re-
actions have thus far produced information mainly
on states having spins below ~20h. The reason is
that all the transitions between higher-spin states
are too weak individually to be resolved, and thus
comprise an apparent continuum. There were some
early attempts to study this continuum,l’2 but these
studies have only recently been resumed.3 0 In ‘the
present work, the energies, angular correlations,
and number of continuum y rays have been measured,
and the information obtained from these quantities
has been related directly to nuclear moments of iner-
tia at angular momenta up to 6Ch. '

We have studied mainly reactions 82Se (*0ar,
xn)122-XTe "and 126Te(40Ar,xn)}Eg'be by using 183-
MeV Ar beams from the Lawrence Berkeley Laboratory
SuperHILAC. In addition, a limited survey over taér—
get [{Al, Cu, As, Ag, Sn, and Sm) and projectile (I: 0
and OAr) at several bombarding energies was made.
The targets were ~Img/cm“ thick, and were evaporated
onto 25-um Pb backings, which stopped the beam and
recoiling nuclei with very little background. To
measure the continuum vy rays, we used three 7.5-cm
X7.5-cm NaI(T1) detectors at angles of 0, 45, and
90° to the beam direction. Each detector had an
absorber of 0.32-cm Pb and 0.32-cm Cu, and was
placed 60 cm from the target. This long flight path
to the Nal detector permitted an almost complete sep-
aration between neutrons and y rays in the time spec-
trum. The three Nal spectra were recorded event by
event in coincidence with pulses from a Ge detector which
was 5 cm from the target at an angle of 225° to the
beam direction. The Ge singles spectrum was stored
simultaneously. To obtain the true Nal y-ray spec-
trum, N(E,), the pulse-height distribution must be
corrected for the detector response(unfolded). The
raw and unfolded 0° Nal-detector spectra in coinci-
dence with the full Ge-detector spectrum are shown
for three targets in Fig. 1.

For the heavier product nuclei (Z > 50 or A
2 110), two features of the continuum spectra are
clear. Above ~3 MeV the intensity falls of approx-
imately exponentially with increasing energy, where-

50 10 30
Energy (MeV)

Fig. 1. The raw (dots) and unfolded (triangles)
continuum spectra in coincidence with the full Ge-
detector specg"trum for 183-Mev 40ar projectiles on
natural Cu, 54Se, and 126Te targets. The straight
lines are fitted to the unfolded spectrum between
3.2 and 6.2 MeV (solid portion) and extrapolated to
lower energies (dashed protion). The upper plots
show the 0°-90° ratios for the raw data (dots) and
for the unfolded data corrected for recoil motion
(triangles). The error bars indicated statistical
errors only. (XBL 751-2146)

as somewhere below this energy a prominent bump oc-
curs. These features seem very likely to result
from the statistical and yrast cascades as has been
%edictedﬂ and recently observed in Yb nuclei with
0 projectiles.® The slope of the exponential part
of the spectrum is rather similar for all the tar-
gets we have studied and corresponds to "temper-  :
atures'' ranging from 1 to 1.5 MeV (T=-dE/d 1nN) in
good agreement with the expectations for a purely
statistical cascade.® The bump is shown by the angu-
lar correlations to be camposed almost completely of
stretched EZ transitions whose energies are rather
low and decrease with increasing product mass in a
very systematic way, suggestive of a moment-of-
inertia effect. Also, the energy and the intensity

of the stretched-E2 component of the bump generally
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increase with angular-momentum input. These proper-
ties strongly suggest identification of this bump
with the yrast cascade, though there is not yet any
direct experimental evidence that this cascade oc-
curs close to the yrast line. The yrast bump is
generally less prominent for products below Z~ 50
as is illustrated by the curve for a Cu target in
Fig. 1.

More detailed information about yrast energies
comes from studies of the individual reaction chan-
nels. This is illustrated in Fig. 2, which_shows
raw agg unfolded spectra from the reaction 825e @ 0r,
xny)l “XTe, where coincidence requirements _in the
Ge detector allowed selection of the 4n (118Te; 606,
601, 615, and 753 keV) and 6n(116Te; 679, 681, 643,
and 771 keV) reaction channels.® These spectra each
have a rather sharp drop, but at quite different en-
ergies: 2.4 MeV for the 4n reaction and 1.7 MeV for
the 6n reaction. An estimate of the angular momen-
tum in each chanmnel can be made from the N, values,
which are 29, 20, and 13, for the 4n, 5n, and 6n
reactions. Assuming that the few missed tramsitions
below 0.6 MeV compensate for the dipoles present, we
can estimate the average angular momentum in these
chamnels to be ~2 Ny, or 58, 40, and 26h. This pro-
cedure has been shown in other cases® to be consis-
tent with estimates of the channel angular momentum
based on cross-section measurements. Since the high-
est value of the angular momentum having appreciable
intensity, rather than with the average value, we
must estimate this ""highest' value. For the 6én re-
action, a point midway between the 6n and 5n average
values (33) seems unlikely to be in error by more
than ~15%. The 4n value should be rather near the
measured average, and 64h (the Bass-model” dynamic
1imit for this reaction) seems likely to, be correct
within ~15%. These estimates giv? 24 /a2 values
of 75 MeV-1 for I~33 and 110 MeV™! for I~64. For

T T T T T T T T T

10%F "8Te (4n) eTe (6n) ¥ _,'°%Yb (4n) 3
F . 1

Net counts

| 2
Energy (MeV)

Fig. 2. The histograms show the raw continuum

spectra in coincidence with the (background-corrected)
_ y-ray lines from specific reaction products (1abeled).

Negative or zero counts are plotted at the bottom of
the figure. The dots show the unfolded spectra in
regions where the statistical variations are not

- too large. (XBL 752-2239)

comparison, thg valwﬁ of 24 /2 is 39 MeV-1 for the
8+6 transition® in 118Te, and 85 MeV™! for a rigid
sphere of mass 118. The liquid-drop estimatesl

for T = 33 and 64_in 118Te are 91 and 104 MeV-1.
The spectrum for 162Yb from the 40Ar+126Te reaction
is also shown in Fig. 2, and an estimate similar to

" those above gives 2 4/h2~140 Mev-1 at 1~48. The

rigid-sphere value for this case is 141 Mev-1 and
the liquid-drop estimate is 154 Mev-1. There is,
no doubt, much yet to be learned about extracting
moments of inertia from these spectra; however, it
seems likely that these transition energies and as-
sociated spins are roughly correct.
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MOMENTS OF INTERTIA IN '62Yp AT VERY HIGH SPINS*

R. S. Simon,+ M. V. Banaschik,z P. Colombani,g
s D. P. Soroka, F. S. Stephens, and R. M. Diamond -

The purpose of this work was to obtain nuclear
moments of inertia at very high spins by studying the
Y-ray spectrum followm (HI,xny) reactions leading

to the fmal cle 0 reactions were in-
veitigated: 5'180 4 Y?E’ZY‘D T%Te( Oar,4n)
162yh. e measured the contlnuum spectrum in three

7.5X7.5- cm NaI(T2) detectors at 0°, 45 and 90°with
respect to the beam direction and 60 cm from the tar-
get. These detectors were gated by coincident pulses
from a Ge detector at 225° to the beam and 5cm from
the target. The energy distribution of the contin-
uum gamma rays was obtained from the observed Nal
pulse-height spectra by an unfolding procedure1 us-
ing a carefully adjusted response function and the

measured total efficiency curve of the Nal detecotors,

with a small correction for the motion of the recoil-
ing product nucleus. By normalizing to the number of

singles events in the gating lines of the Ge detector,

the isotropic unfolded spectrum can be given in abso-
lute events per decay and may be integrated to yield
the average gaJXJaa ray multiplicity, Ny, of the reac-
tion. For the *YAr reaction at 181 MeV, raw and un-
folded spectra are shown in Fig. 1, as well as the
ratio of events at 0° to those at 90°.

The anisotropy (Fig. 1) suggests that most

of the bump transitions are of stretched E2 charac-
ter, so that an estimate of the average angular mo-
mentum, %, in the channel can be obtained. -Assum-
ing no angular momentum is carried off by neutrons
or the statistical cascade, we subtract the statis-
tical transitions (all those in the exponential tail
plus an estimated background underneath. the bump—a
total of ~4 transitions in all cases) and multiply
the rest by Z. Both this estimate% 2 and the total

are given in Table 1. For the Y0 and low-energy
46 cases, these ¢ estimates are in excellent agree-
ment with average values obtained from measured re-
action channel cross sections, 2(c), using the sharp-
cut-off model. Therefore, in these cases the upper
boundary angular momentum, %;, given by the cross-
section measurements seems very likely to be the
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Fig. 1. Raw (O and unfolded (e ) continuum gamma

spectra from the 126Te(40Ar,4n) 162Yb reaction at
181 MeV. The larger solid dots represent 5 channel
averages. Also shown is the 0/90 ratio for the un-
folded spectrum. At the bottom are s¢ ematlc spec-
'1%% for thlS case (solid line), the 12 Te (40Ar ,4n)
Yb reac on at %57 MeV (1onger -dashed line) and
the 1 O 4n) Yb reaction at 87 MeV (shorter-
dashed lme) (XBL 7511-9561)

Table 1. Data used to obtain moments of inertia.
7 8 a TP
Reaction Eproj NY z B, dge o (4n) XZ o (xn) %, (4n)  T(0)
MeV h MeV mbarn mbarn h h
150g, + 164 87 17 26 1.2 540 760 36 27
12606 4+ %00r 157 17 27 1.16 220 280 39 28
12606 + 40y 181 235 390 1.40 220 620 63 56

4Includes 15% for charged-particle channels.

In the 5n reaction the measured

113/ band population was increased by 35% to allow for other bands.

b2 =

0.671 1131(411) - zi(Sn)l /I 1121(411) - ZIZI(Sn)].
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maximum angular momentum in the yrast (collective)
cascade. For the 181 MeV 40Ar case the two T val-
ues do not agree, possibly indicating a net angular
momentum carried by the neutrons and/or the statis-
tical cascade. For our purposes the ¥ based on the
unfolded spectrum is more relevant, and the maximum
angular momentum in the yrast cascade is estimated
(based on the other two cases) to be about 11k larg-
er than this %, giving a value of ~50h. This mm-
ber, however, is less certain than that for the
other two cases.

There are two methods for obtaining effective
moments of inertia, § , from these data. One de-
pends on relating a transition enmergy, Et, to the cor-
responding spin, I, according to the approximate rela-
tion: E¢= (hz/Zg )(41-2). Both the raw and unfolded
spectrum of Fig. 1 show a rather sharp upper edge 105
the bump. This Sdge is found to be lower for the -0
and low-energy 40Ar cases (shown schematically in the
bottom part of Fig. 1) where less angular momentum is
brought into the system. This suggests that the ener-
gies of the edge can be associated with gamma transi-
tions between the highest spin states in the yrast
cascade (estimated above). Three values for 24 /h2
can be obtained in this way and are plotted on Fig.

2 against (hw)? in the usual backbending type of
plot, where hw is taken to be Ei/2. Also shown are
the m%ments of inertia of the known low-spin states
in 162vp and,1 &?r comparison, the low-spin data for
the isotone Er.

The same method can be applied for transitions
in a region of the spectrum corresponding to £ val-
ues below which there is no appreciable direct pop-
ulation into the channel of interest. This region
is 1likely to he below 30-35h for the 4n channel in
the 181 MeV ““Ar case (Fig. 1) since most of thepop-
ulation with lower spins goes into the 5n or ?101 chanr
nels, but it would be less than 20h for the ~°O and
low-energy 0Ar cases. Provided there is a mono-.
tonic increase of transition energy with spin (no
backbending), a spin value for each transition en-
ergy can be obtained by summing all the transitions
(less the estimated statistical cascade background)
up to that transition energy and multiplying by two.
This method is applicable between ~ 0.7 and 1.0 MeV
in Fig. 1, leading to moments of inertia given by
the dots connected by a solid line in Fig. 2.

The preceding method is an "integral" one, and
thus is not very sensitive to local variations in
the moment of inertia. The second method is a "'dif-
ferential” one, and can show such local variations.
Each point on the unfolded spectrum of Fig. 1 gives
the number of transitions per 40 keV energy interval.
The reciprocal of this is the difference, AE, be-
tween transition energies and is related to the
moment-of-inertia by

2
& dend
ABy =~ PV B¢ qT
t
vhere E, is the tramsition energy for which AE_ is
evaluated. This method also requires the full pop-
ulation in the chamnel, and thus can only be applied
below 30-35L for the 181 MeV 40Ar case.” For the
region 0.7-1.0 MeV in Fig. 1, 4 is nearly constant,
so that the last term of Eq. (1) can be neglected,
giving 2 4/ hZ ~8/AEt. This procedure leads to the
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Fig. 2. Backbending plot for 162yp, The small
sol%% dots correspond to the known low-spin states
of 2Yb, whereas the open circles are for the iso-
tone 160Er. The large dots correspond to values
derived by the integral method from the 181 MeV
40ar dat% The triangle_and square come from the
157 MeV OAr and 87 MeV 160 spectra using the same
method. The diamonds are values fr%l the differen-
tial method applied to the 181 MeV "“Ar case. The
horizontal dashed line is the moment-of-inertia of
a rigid sphere with A = 162. (XBL 7511-9562)

diamonds and dashed line in Fig. 2. The results are
in good agreement with those of the integral method
and suggest that there might be a_local increase in
the moment of inertia around (hw)Z~0.2 MeVZ or
Er~0.9 MeV. This possible rise can be seen direct-
iy in both the unfolded and raw spectra of Fig. 1,
but it is not clearly outside the present uncertain-
ty limits.

The effective moment-of-inertia values mea-
sured by the techniques described above are com-
pared in Fig. 2 with that of a rigid diffuse sphere
of mass 162, having an equivalent rms. radius of 6.71
fm.2 . The deformed rigid-body value for the moment-
of-inertia would be roughly 10% larger than this
rigid-sphere value. It will obviously be of interest
to improve these methods in order to see more details
of these moments of inertia and to extend the measure-
ments to other nuclei.
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EXPERIMENTAL STATUS OF HIGH-SPIN STATES*

~ 'F. S. Stephens

' High-spin nucléar states are interesting at
the present time, both because they are experimen-
tally accessisble, and because there have recently
been several rather dramatic changes observed at’
high spins, and others even more dramatic are pre-
dicted. I want to describe very briefly just what
these are, what we now know about them, and what we
are trying to find out about them. ,

One of the changes occurring in high-spin
states is the reduction and. eventual quenchingl of
the pairing correlations. There is now stron ev- .
idence? that the pairing is, indeed,- decreasing with
increasing spin even at the lowest spin values. How-
ever, it is also reasonably clear that it has not
disappeared by spin 20% in many rare-earth nuclei.
It is certainly an interesting experimental problem
to. determine just where and how the pairing is
quenched, and we. have recently obtained some ev-.
idence that suggests there may still be some pairing
left at ~35h in at least one case.

Changes in the nuclear shape are a second type
of effect expected to occur with increasing spin.
Small increases in deformation are known3 to occur at
low (Z124) spin values in a number of nuclei with
moderate or small deformation, and a rather sudden
change from slightly oblate to rather strongly pro-
late shapes has been observed4,5,0 in several light -
Hg nuclei. The liquid drop model (with rigid-body
moments of inertia) predicts’ oblate shapes to be
most stable up to high spin values (50 to 70t for
A =~ 160) and then triaxial shapes with increasing
deformation leading to fission (at 70-80h ), Ac-
cording to recent calculations®:9 the shell correc-
tions do not change the basic liquid-drop tendencies.
The prolate-deformed rare earth nuclei, for example,
are predicted to become (or tend to become) oblate
via triaxial shapes at moderate spin values (30-50h)
and then follow the liquid drop estimates. Two in-
teresting conclusions from both the liquid-drop and
the rotating-deformed-oscillator calculations are
that there should be very high-spin isameric states
in the oblate region and also rapidly increasing mo-
ments of inertia in the triaxial region preceding
fission. These effects are being searched for at the
present time.

A third phenomenon that is expected to occur at
high-spin values is the aligmment of individual par-
ticle angular momenta. This is the dominant struc-
ture of the low-energy high-spin states in spherical
and near-spherical nuclei, as is well known, and this
process should compete with collective motion at high-
er spin Xalues in the more deformed nuclei. Recently
a mode1! involving the alignment of the angular mo-
mentum of an odd nucleon with that due to the core
rotation has had considerable success for many weakly
deformed nuclei. However, it is not yet entirely
clear to what extent the core motion must be purely
rotational in such a medel. Also, itnow seemsrather

likely that the '‘backbending" which has been observedl
in some of the light rare earth nuclei is due to the ;
alignment1Z of two particular nucleons (ijz /2 neutrons
in this mass region) with the core rotation. If the =
oblate shapes predicted by the liquid drop model are
reached, all the angular momentum would be carried by
aligned particles. This would be signaled rather
unambiquously by the occurrence of the high-spin iso-
meric states mentioned above. Thus, at least three
effects--loss of pairing, shape changes, and align-
ment--are known to be occurring in nuclei as the
spins increase, and the interplay and competition of
these (and.perhaps still other) processes makes the
study of high-spin states rather exciting at the
present time, o
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CONTINUUM GAMMA RAYS FOLLOWING (HIxn7y) REACTIONS*

R. M. Diamond

From simple considerations one can estimate
the angular momentum brought to a reaction by a
heavy ion,

B = GGV 2 R+ R

where u is the reduced mass, E and V are the energy
and Coulomb barrier in the center-of-mass system,
and R, and Ry are the projectile and target radii,
respectively. To estimate the angular momentum ac-
tually retained in the compound system and to what
extent it is formed requires a model-dependent ap-
proach. But whether limited by entrance-chamnel re-
strictions! or by fission,4 nuclei with upto 70h are
expected in the mass region 100-180 with Ar or Kr
projectiles of the appropriate emergy. Such avalue
is far more than can be accounted for by the dis-
crete y-ray transitions. A very large amount of an-
gular momentum must be carried off by the continuum
v-rays that precede the discrete transitions.

By the use of a coincidence system,s'8 usually
NaI-Ge, the reaction product can be specified by
gates in the Ge detector spectrum,and the average num-
ber of gamma rays in the cascades passing through
the gates, the average -y-ray multiplicity for that

reaction chamnel, can be d?ggrmined. Results of our
early measurement on the Yb compound-nuclear sys-
tem are given in Table 1. Listed are the values of
the average y-ray multiplicities of transitions above
0.6 MeV; for the total average y-ray multiplicity,
one must add the number of -coincident y-rays below 0.6
MeV, meaning essentially the average mumber of dis-
crete ground-band transitions observed.

The striking feature of Table 1 is the great
variation in the value of N,q  for different reac-
tions. We believe this is a natural result of angu-
lar momentum considerations. Nuclei with a large
amount of angular momentum tend to emit fewer neu-
trons and have a longer yrast cascade, while those
with 1little angular momentum emit more neutrons but
fewer cascade y rays. The average multiplicity,
N>g., should then be proportiongl to the average
angular momentum of the nuclei leading to that prod-
uct. Figure 1 shows that there_is such a rough pro-
portionality with the value of 2 determined from the
cross section for that reaction, and that the angu-
lar momentum is far more decisive in determining the
value of Ny g than is the nature of the projectile
or the number of neutrons emitted. We believe that
this is the most important conclusion to come outof
our first study; a secondary conclusion is that there:

Table 1. Average mumber of continuum y-rays above 0.6 MeV.
347 Mev SHkr+32se 88 Mev 100+1°0sn 26 Mev “H+%%Ho
E(keV) T, ~1Ig N.0.6 N, o6 B(keV) I, > I N.o6
162y (an) 1635y (3n)
166 20 11 8 127 13/2%» 972" 1.2
320 452 14 10 165  15/2%»13/2" 2.2
437 6~ 4 12 9 171 13/27»11/2° 2.3
521 8 6 12 9 190 9/2™>7/2" 1.3
579 10 + 8 9 213 15/2%-11/2" 1.3
218 17/2%»13/2" 1.7
163y}, (3n) 236 11/27 7/2 1.6
202 17/27+13/2° 20 14
345 21/2%17/2° 19 9 1645, (2n) |
208 42 3.7
161yy, (5n) 314 6+ 4
232 17/27-13/2" 10 , 5 410 8 > 6 3.2
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Fig. 1. Average number of continuum y-rays with
EX > 0.6 MeV coincident with the lowest observed
discrete transition (2¥+0% or 17/2%+13/2%) vs. the
initial average angular momentum of the compound
nucleus 1eadin% to that reactio? The cross is for
the reactions 65Ho(1H,xny)163’ 64Er, and the cir-
cles, triangles and squares are for the 5n, 4n, and
3n reactions from 100+150sm (open), 84xr+82se
(closed), 40aAr+126Te (half-closed). The parenthe-
ses on the °“Kr data indicate that considerable un-
certainty in the values of ¥ is introduced by the
target thickness in this case. (XBL 746-3366)

does appear to be some fractionation by spin into the
different xn reactions.

The points in Fig. 1 determine a curve with a
slope of ~ I/2. Such a value with the known cascade
feeding times of <10 picosecond is consistent only
if the majority of the continuum y-raysare stretched
E2 transitions. To check this, we have measured the
angular correlation of the y-rays absorbed in the
Nal counters in coincidence with the entire spectrum
in the Ge counter. The results for three nucleimade
by irradiating the listed targets with 183 MeV 40pr

are shown in the top of Fig. 2. The ratio W(0%)/
W(90°) for the raw pulse height spectra is given as
solid lines, but after unfolding and correcting for
Doppler shift at 0°, these points are replotted as
dashed lines. At the lower y-ray energies, where
most of the transitions are concentrated (note log-
arithmic scale for bottom part of figure giving the
spectra) the anisotropy does indicate mostly stretch-
ed E2 transitions.

The spectra in Fig. 2 also illustrate that
there is a gross structure in the continuum spectra,
namely a division into a high-energy, nearly expo-
nential tail, and a low-energy bump containing most
of the intensity and consisting predominantly of
stretched E2 transitions. It seems most natural to

A ]
AT o

{ MeV)

Energy

Fig. 2. The raw (dots) and unfolded (triangles)
continuum spectra in coincidence with the full Ge-
deteg%or spectigg for 183 MeV 40Ar projectiles on
Cu, ®“Se, and Te targets. The straight lines
are fitted to the unfolded spectrum between 3.2 and
6.2 MeV (solid.portion) and extrapolated to lower
energies (dashed portion). The upper plots show
the 0°/90° intensity ratios for the raw data (dots)
and for the unfolded data corrected for recoil mo-
tion (triangles). The error bars indicate statis-
tical errors only. (XBL 751-2146)

associate the exponential tail with the first 3-4
transitions that follow neutron emission and consti-
tute a statistical gamma-ray cascade. But after a
few such y-rays, of a few MeV each, the yrast re-
gion is reached and now the nucleus is hard-pressed
to lose angular momentum with a minimum loss in ex-
citation energy. So the nature of the transitions
changes to stretched E2 y-rays of moderate (~1 MeV)
energy; this is the yrast cascade. If only a single
sequence of vy-rays were involved, they would have
enough intensity to be seen as discrete lines so
there must be a number of such sequences. And be-
cause of the short de-excitation times for the
whole cascade, the E2 transitions must be enhanced
and form members of (several collective bands. We
have made preliminary studies of the dependence of
the yrast bump on the projectile size, projectile
energy, and compound-nuclear mass number.

Although much is yet to be learned about the
dependencies just mentioned, information of another
type can be extracted from the data to give some
clues as to the nature of the high-spin states that
are at the top of the yrast cascade. In particular,
values of effective moments of ingrtia can be deter-
mined from the expression, Et=-J§T (41-2), if corre-
sponding values of I and the trgnsition energy, Et
can be determined. With the assumption that the
transition energies increase monotonically with spin
(no backbending) the break in the curve indicating’
the end of the yrast cascade for a particular reac-
tion channel is the highest energy transition, and
corresponds to the highest spin. state. An estimate
of a spin can be obtained from the multiplicity, and



so yields a value for Jlg. Three values so obtain-
ed in 1062Yb made by an ™ 160 and two 40Ar bombard-
ment are shown in Fig. 3 plotted against (hw)2 as
in the usual backbending figure, along with the
values determined from the g{g d band and from the
ground band in the isotone Er. Such measure-
ments seem capable of giving very useful informa-
tion on the nature and properties of these high-
spin states, that cannot be reached by any other
method at present.
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Fig. 3. Plot of %fg— Vs, (hw)z for 162Yb. The
filled square and triangles are determined as de-
scribed in the text; the circles are the discrete
transitions in the ground band. The open circles
are the discrete ground-band transitions in the iso-
tone Er, which backbends; it seems likely that
162yh will also backbend at higher spin. The dashed
line is the rigid-sphere value. (XBL 756-3235)

Footnotes and References

% .
Shortened version of LBL-4081, lectures given at
the Eighth Masurian School in Nuclear Physics,
Mikolajki, Poland, Nukleonika 21, 29 (1976).

1. J. Wilczynski, Nucl. Phys. A216, 386 (1973).

2. S. Cohen, F. Plasil, W. S. Swiatecki, in Pro-
ceedings of the Third Conference on Reactions be-
tween Complex Nuclei, ed. by A. Ghiorso, R. M.
Diamond, and H. E. Conzett, (Univ. of Calif. Press,
Berkeley, Calif., 1963) p. 325.

3. E. der Mateosian, O. C. Kistner, and A. W.
Sunyar, Phys. Rev. Lett. 33, 596 (1974).

4, G. B, Hagemann, R. Broda, B. Herskind, M.
Ishihara, S, Ogaza, and H. Ryde, Nucl. Phys. A245,
166 (1975).

5. M. Fenzl and O. W. B. Schult, Z. Physik 272,
207 (1975). - '_"_

6. P. O. Tjém, F. S. Stephens, R. M. Diamond,
J. de Boer, and W. E. Meyerhof, Phys. Rev. Lett.
33, 593 (1974).

7. M. V. Banaschik, R. S. Simon, P. Colombani,
D. P. Soroka, F. S. Stephens, and R. M. Diamond,
Phys. Rev. Lett. 34, 892 (1975).

8. J. 0. Newton, J. C. Lisle, G. D. Dracoulis,
J. R. Leigh, and D. C. Weisser, Phys. Rev. Lett.
34, 99 (1975).

40Ar BOMBARDMENTS OF TARGETS AROUND THE
N =126 Z = 82 CLOSED SHELLS

A. Ghiorso, J. M. Nitschke, and R. E. Leber

To assess the impact of shell closure and
shape excursions on compound-nucleus excitation and,
m8re specifically, (H.I., xn) reactions, a series of
40ar + 208pp and A0ay + "209p; experiments have been
performed. Oganessian et al.,! reported recently
that the magicity of lead isotopes coupled with the
dissipative shape transitions to deformed compound
nuclel provide reaction Q values of sufficiently
greater magnitude to substantially lower the excita-
tion energy of the compound intermediate.

Through detection of spontaneous-fission
events, the Dubna group concluded that two-or threer
neutron evaporative decay is the most likely (H.I.,
xn) process in this regime, with charged-particle
emission being neg}%gibly small. Their work includes
the produg&%on of Fm with a 7 nanob%ag crzas sec-
tion and Fm with 1.5 nanobarns via Pb ("VAr,xn)
reactions, where xn=2n and 4n, respectively. (The

product of the xn=3n reaction, 245Pm, was not ob--

served since it lacks a fisii n branch.) Also re-

ported is the formation of 6104 2n-evaporation

ggsidue from the bombardment of 208Pb with magic
Ti.

Clearly, obtaining nuclei comparably ''cool' to
these systems has important implications for the
heavy/superheavy element search; however, the Dubna
observations differ appreciablg from calculations.
The model presented by Alonso,“ for example, pre-
dicts (for R,= 1.208 fm) that the cross section for
the xn =3n reaction will be roughly two orders of
magnitude larger than that for xn=2n. To attempt
resolutign of this discrepancy, it was decided to
bombard 208Pb with 40Ar.

The procedure for this investigation was, as
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detailed elsewhere,’ to do alpha spectroscopy on re-
coil products transferred to a low-background count-
ing area through a helium-jet capillary. The activ-
ity is deposited on a vertical wheel which is step-
ped at a determined rate to position the activity
spots in front of gold surface-barrier silicon de-
tectors. Data are passed through a CAMAC interface
to a PDP-9 computer for on-line sorting and magnetic
tape storage for subsequent off-line sorting on LBL's
CDC 7600 computer.

In these experiments 246y (xn=2n) could not
be see% above a detection limit of about 1 nb. How-
ever, SPm was observed and characterized by half
life and excitation function; moreover, the agree-
ment between empirical and predicted excitation func-
tions is relatively good (Fig. 1). (Some difficul-
ties were encountered in specifying projectile ener-
gies due to straggling and possible local helium
density variations from beam heating.)

Therefore, we tentatively conclude that, inso-
far as the two-neutron evaporation cross section is
not at approximate parity with the 3n-out process,
the extent of '"cooling" imparted to the compound nu-
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24§Fm reaction [solid line is theoretical (Rp=1.208
fm) functionl]. (XBL 766-8247)
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cleus through shape changes may not be of the degree
claimed elsewhere.

of particular interest in the 209Bl + 4QAr

experiments is an alpha line at 7.90%0.05 MeV with
a half 1ife of 214 secs, good evidence for 243Es

% = 7.90 MeV, Tl/Z 20 secs). Produced in a

05Bj (40Ar,02n) reaction, this activity--while not a
direct contradiction of the above mentloned state-
ment in Ref, 1, since the mass defect of 208Pp ex-
ceeds that of 209Bi by some 3.5 MeV--indicates that
charged-particle emission cammot be easily assumed
negligible or disregarded in this transuranium re-
gion.

Transfer products near the lead and bismuth
targets were produced in abundance 1 theie exgem
iments. Nuclides observed were: 11 Po,
2l2mpg | 11at, and 2 1Zmat, 1In smaller ylelds
221Ra and 222Ac were prodgsgd——ev1dently through. 3
transfer--from 208Ph and Bi, respectlvely ’

Restricting the helium flow through the target
chamber so as to limit recoil collection to an ac-
ceptance angle of about 10°with respegt to the beam
axis gave an interesting result: for 41lPo, popula-
tion of the ground state tended to be more forward
peaked than the distribution of the isomer, Po.
This may be evidence for different entrance-channel
mechanisms {qua51 elastlc vs. a deep-inelastic pro-
cess for 211po and 211mpg, respectively).

Noteworthy, too, is the propensity for 13C
transfer, res on51b1e for 21Ra with the 208py tar-
get and 22mpc with 209Bi. "These activities,
identifled by time correlation with their respective
daughters and granddaughters, were reproducible and
mutually exclusive. Further, there was no apparent
evidence for +*C transfer.

Because the melting point of lead metal (328T)
is too low to use the elementally pure material as
a target, a lead compound from which to make a suit-
able, chemically and mechanically stable target had
to be found., Initial trials were with natural and
separated Pbs. Prepared by precipitation with hydro-
gen from the nitrate solution, PbS could be obtained
in good yield as a finely divided black powder. As
a target, however, the sulfide proved inadequate
when beam heatlng caused the target temperature to
exceed 490°C. At temperatures in excess of about
450°C, the sulfur atoms tend to leave their lattice
sites and diffuse out of the crystal.4 Such a vari-
able stoichiometry is untenable for our application
since the target composition continuously changes
and the lead metal residue is relatively volatile.

Lead monoxide proved a more suitable alterna-
tive. Precipitation of the hydroxide from a nitric
acid solution followed by dehydration of the Pb(OH),
in a vacuum furnace gave either one or both of the_
allotropic forms of PBO. The thermodynamics of this
material, however, were such that it was subject to
reduction by the molybdemum backing foil at elevated
temperatures. Effective solutions to this problem:
include convective cooling of the target by helium
flow through a double window and vapor depositing
onto the Mo a thin (~ 250 ug/cm ) Pd film onto whlch
the PbO is evaporated
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SEARCH FOR SPONTANEOQOUS FISSION IN NEUTRON DEFICIENT
' ISOTOPES OF Pu, Cm, AND Cf

Kimberly Williams and Matti Nurmia

The systematics of the spontaneous fission
half-lives for even-even isotopes of elements from
plutonium to nobelium are shown in Fig. 1. Not only
does the 152-neutron subshell produce a well-known
effect on the spontaneous fission half-lives, but it
also shows up as a characteristic kink in the alpha
energy systematics with an alpha energy minimum
around 152 neutrons (Fig. 2). There is a similar
kink at 145 neutrons (which suggests there may be
another neutron subshell at 144 neutrons, 8 neutrons
below the 152-neutron subshell.

Since a subshell manifests itself as a gap in
the Nilsson diagram at a particular value of nuclear
deformation, it is "valid'" over only a limited area
in the nuclide chart. Thus, the assumed 144-neutron
subshell should no longer necessarily affect the Fm
isotopes, just as no effect is seen of the 152-neu-
tron subshell in the spontaneous fission systematics
of the heavy Pu isotopes. The spontaneous fission
half-1lives of the light Pu, Cm, and Cf isotopes,
therefore, may not decrease as drastically as those
of Fm.

Figure 1 shows purely systematic predictions
fitting a parabola of the form Log Tl/QSF:=A+B(N—N@2
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to known points for Pu, Cm, and Cf. These predic-
tions do not take into account the fact that the
light isotopes, Pu in particular, are expected to
approach spherical shape and, therefore, probably
do not have spontaneous fission half-lives as short
as these. In fact, it is not unreasonable to ex-
pect to observe a minimum spontaneous fission half-
1ife somewhere between 130 and 135 neutrons, the
spontaneous fission half-lives beginning to increase
again as the 126-neutron subshell is approached.

In an effort to observé the spontaneous fis-
sion decay of some of these light isotopes, the ex-
periments listed in Table 1 were performed at the
88-inch cyclotron using a rotating drum system
equipped with mica detectors.- Experimental upper
limits for the percentage of spontaneous fission
pranching for the listed isotopes are obtained by
assuming a production cross-section. Lower limits
for the spontaneous fission half-life are based on
the experimental spontaneous fission branching ratio
and an estimated total half-life obtained by extrap-
olation of the known alpha and electron capture
half-lives for the even-even isotopes. With the
possible exception of the 40Ar+Hg bombardment, no
fissions other than a normal background were de-
tected. Future work will include repeating the
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Table 1. Spontaneous fission (SF) oflight isotopes of Pu, Cm,
and Cf.
- 9 N
Reaction Isotope Oca1c? %SF b T1 /ZSF—Exptb T /2SE-Pr edc

3,..233 228

Expt’

1.5y

he+233y Pu  1.24 b <49% >1.93 m

2hgepb %8py 11ub <0.88% 1.8 h

Se23%y  230py 140 mb <0.3435 >1.84 2.1X10° y
Bsiapp 23%cn 220 b <159 3.3 s 28 m
SOpring  2Bce 20 nb <808 >~ s 260 ns

3These calculations are based on the model used by J. R. Alonso,
Gmelin, Handbuch der Anorganischen Chemie, Band Fb, Teil Al.

p. 28.

bThese limits are based on the assumed cross section and

assumed total half-life.

CThese values are obtained from the parabolic fits shown in

Fig. 1.~

40ar+ Hg experiment and usihg other target/projec-
tile combinations to produce the 1light Cm and Cf
isotopes.

Reference

1. For a description of the equipment, see E. K.
Hulet et al., Phys. Rev. Lett. 26, 253 (1971).

A 51-SECOND SPONTANEOQUS FISSION ACTIVITY IN THE
REACTION 22Ne + 209B;

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

The one-minute spontaneous fission activity Spontaneous .
produced from the reaction ““Ne_+ 9Bi by Dubna Fission Ne beam
experimenters Kuznetsov et al.,- has been verified 22
Ne beam

at the Bérkeley 88-inch cyclotron, where 115 MeV
ZNe ions struck a rotating Bi target mounted over
the entire Sircumference of a brass wheel (see Fig.
1). The 22Ne jons struck the wheel at 72° from
normal incidence, instead of at normal incidence, to
deposit the recoils in a thin layer of the target so
that a calculated spontaneous fission detection ef-
ficiency of 90% could be obtained. Spontaneous fis-
sion events were recorded by fixed 3.1-cm-wide mica
detectors about a millimeter from the spinning Bi
target wheel, rotating at 1.14 cm/sec. A total of
138 spontaneous fission tracks were recorded by the
mica detectors for an exposure of 8.3 pA-hrs
2INe* 5 with an inherent detection efficiency of ~
100%. The tracks were enlarged to a few microns in
size by chemical etching in 48% hydrofluoric acid
for about one hour at 60°C. The mica sheets were
scanned for fission tracks using a X100 power micro-
scope with ~70% measured efficien%9 The beam in-
tensity was measured by using the Bi target wheel
as a Faraday cup. Using the width of the excitation
function (corrected for energy loss in the target)
obtained by the Dubna group of about: 3.5mg/cmé of
9Bi, a cross section of 0.66x0.33 nb at the peak
of the excitation function was obtained. This value

14 mila

)
detectors 72°

Rotating thick
? i target

5 10

7 8
Front view

Side view

1 2 3
%&&g%%go colo ol ©
{
\

Fission tracks

Milas

Fig. 1. Rotating drum assembly for detecting
spontaneous fission. The beam intensity was mea-
sured by using the target as a Faraday cup.

(XBL 7611-4380)
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compares with the Dubna measurement of 0.45:0.08 nb.
The half-life of this spontaneous fission activity
was obtained by least squares fit of the decay points
in Fig. 2 to be 51*15 seconds with no background sub-
tracted. The Dubna value of 60£5 seconds is in agree-
ment within experimental error with this result.

The Dubna group concluded on the basis of the-
oretical arguments that the observed fission activ-
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Figure 2. Decay curve for the spontaneous fission

activity. (XBL 766-8224)

the longest-lived known fission isomer,

ity was due to 228Np or 227Np which %5 ays by g:l/ec_—
tron capture to a fission isomer of §U or 247y1-3
This hypothetical decay mode was called '"delayed fis
sion." They excluded the possibility of a primary
production reaction in which a proton is emitted by
showing that the sponta.neg;zts fission activity is not
produced in the reaction ““Ne + Pb. A reaction in
which an alpha particle is emitted was also excluded
based on the absence of spontaneous fission activity
from the reaction 180 + 209Bi,

Future experiments may be attempted in Berke-
ley to look for rare u}z"iugitm x-ra);s from the elec-
tron capture decay of Np or 2z Np followed by -
coincidence counting of spontaneous fission events.
Such a direct verification of ''delayed fission' has
not yet been accomplished. Upper limits on the
spontaneous fission branching ratio have been set
by the non-obsgryation of spontaneous fission from
the reactions SggU(B,6n)228Np-La{5'—-> (<4X10'3) and
232y (p,5n)248Np _S:E. [ (<2x10°3).4

Population of a fission isomer state of a nuclide

elsewhere in the region of atomic numbers near the
target produced by a noncompound nucleus reaction
is also a possibility. However, no such fission
isomers have been found in react%Bgs 20Ne + 209Bi
(<.1 nb), 160 + mat.pp  20Ne + 207pp, 28Ne + nat.pp,
and 2%Mg + nat.pp, The possibility of a 51-second
fission isomer of 44°Np has not been ruled out, but
2MAm | has
a half-1life of only 13.7 milliseconds.
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1. V. I. Kuznetsov, N. K. Skobelev, and G. N.
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2. N. K. Skobelev, Sov. J. Nucl. Phys. 15, 249
(1972).

3. E. E. Berlovich and Yu. P. Novikov, Sov.
Physics-Dok. 14, 349 (1969).

4, R, L. Hahn, Oak Ridge National Laboratory,
private communication. :

NEW ATTEMPT TO FIND THE DUBNA "0.1-s 260104" ACTIVITY

A. Ghiorso, P. A. Baisden, I. Binder, R. E. Leber, D. Lee, D. Morrissey,
J. M. Nitschke, M. J. Nurmia, R. J. Otto, L. P. Somerville, K. Thomas,
K. E. Williams, E. K. Hulet,* R. W: Loughheed,* J. F. Wild,*

J. H. Landrum,” R. J. Silva,+ C. E. Bemis,+ and M. Fowler

The followng paper details recent experiments
designed to settle with finality whether or not the
isotope 104 is a spontaneous-fission emitter with
half-life of about 0.1 sec as claimed by the Dubna
heavy elements group.t These experiments were con-
ducted at the 88-inch cyclotron by a team of scien-
tists from Lawrence Livermore, Oak Ridge National
Laboratory, Los Alamos Scientific Laboratory, and
Lawrence Berkeley Laboratory. More details are
available in LBL reports.

The principal reaction used in our recent at-
tempts to groduce the Dubna ~0.1-sec SF activity
was 249Bk( 5N,4n)2,60104. As in the earlier exper-
imentsZ which were also unsuccessful, the.reaction
recoils were caught in vacuum on the periphery of a
rotating drum. These products were quickly carried
next to thin mica sheets so that spontaneous fission
events could be spatially detected. A completely
new apparatus was built for these experiments with
an important difference being the use of a longer
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drum to spread out the lohg-lived SF background ac-

tivity from S6Fn groduced in_the bombardments from
its e.c.-mother, 2°0Md. The 249Bk target used con-

sisted of about_85 ugm/cm2) vacuum evaporated as Bk
onto 2,08 mg/cm* Be in a circle 4.8 mm in diameter.

The target was placed 21 mm from the surface of a

254-mm diameter water-cooled drum, which was rotated

typically at 60 revolutions per minute. The nuclear
reaction recoils passed in vacuum through an opening
20-mm square to strike the drum surface. The 360

mn long drum was scanned axially, usually at a speed

of 7.7 mm/sec. The mica fission-track detectors, 31
mn wide and 50 mm long, were held in a curved holder

about 0.8 mm away from the drum surface and complete-

1y surrounded the drum in a 31-mm slice.

The 15N ion energies used were obtained by
three settings of the 88-inch cyclotron and the use
of Be-foil degraders. The nominal values of the en-
ergies out of the cyclotron, calculated from the cy-
clotron frequencies and fields, were 91.6, 93,6 and
‘105 MeV, thought to be accurate to better than 0.5
MeV. In the 93.6-MeV case, a special analysis was
made by D. Hendrie using the large beam analyzer mag
net and the energy was found to be 93.74%0.01 MeV.
The Be degraders used to obtain lower energies were
weighed and the final energies at the 0.5 mg/cm

Bk target were_ obtained by calculation. The drop
in energy of the 15N ions through the Bk itself was
about 0.5 MeV.

for maximum beam current,and indeed we melted small
holes through two old targets with currents in the
vicinity of 3-5 charge microamperes. A three-phase

The early experiments showed that the
beam profile attained a needle-sharp focus when tuned

i 4
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at the Lawrence Livermore Laboratory after being
chemically separated from its californium daughter
just a few days before the first bombardment. This
timing of the_separation is important because the
half life of 249Bk is only 314 days and it very soon
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Fig. 1. Excitation function for 256Mcl. Cross sec-
tion in nanobarns. (XBL 766-8241)

60-Hz wobbler was installed about 5 m upstream follow-

ing the last beam quadrupole magnet.

in moving the beam in a small circle at a 60-Hz rate
with the loss of about 15% of the beam intensity.
With this arrangement, we were able to use beam
currents as high as 4 pA, but normally we limited
the beam to about 3 wA to have a margin of safety.
An infrared detection system was installed to guard
against any unusual excursions of the beam and was
similar to the one used in the Berkeley element 106
experiments.

We found it advantageous to put a very thin
(26 ug/cm?) aluminum foil between the target and the
drum to prevent any of the target material frombeing
knocked out by the beam anto the drum surface and
thus increasing the spontaneous fission background.
This also served as a rough monijz'o of the beam cur-
rent,since as much as 5% of the SgMd that was pro-
duced stopped in these foils.

In addition to the regular drum experiments we
made measurements of the long-lived recoil products
directly. This was accomplished with a special hold-
er mounted next to the target. In these experiments,
an external Faraday cup was used to give accz*gaa}lte
beam readings. An excitation function for d
which is made with a large cross section, is shown
in Fig. 1 and was obtained by stopping its recoils
in 1.0 mg/cm? Al and counting the foils directly in
a fission counter. The growth and decay in one of
these runs, a 1.65 pA-hr bombardment at 88 MeV for
2.0 hrs shown _in Fig. 2, shows quite clearly that
very little 256pn is produced directly since the
data can be fitted by a curve, assuming that only

50Md is produced. The berkelium target was prepared

The wobbler was
simply the stator of an induction motor and succeeded
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Fi%l\./l 2. Growth and decay curve of 256Pm (from
258vd). (XBL 766-8243)



42

becomes, contaminated by its 360-yr daughter. The
series of bombardments were then carried out with
the chief objective being the attempt to see whether
an ~ 0.1 -sec SF activity was produced. It was not
and we decided to make as many cross checks as we
could so that there would be no question of the va-
lidity of our attempts.

Bombardments were made with 78, 82, 86, 88 and
100 MeV 15N ions entering the target. There is gen-
eral agr%ement that the cross section for the 249Bk
(15N, 4n) 60104 reaction should peak at about 82 MeV
so this series adequately covers this range. Approx-
imately 40 uA-hrs of beam were devoted at each of
these energies in the search for the 80-msec activ-
ity. The results of the bombardment at 82 MeV are
shown in the decay curve in Fig. 3. A calculated
computer fit is also plotted. As can be seen, the
maximum amount of a hypothetical 80- msec? activity
that can be extracted from these data is very small.
It corresponds to a cross section of less than 0.5
nanobarns if an excursion 2 ¢ higher than observed
is allowed.

These decay curves were extracted from the raw
scanning data by 5& following method. An early test
run with a thl%% Am target to produce the 2Z.3-sec

52No via the 1°N,4n reaction at 82 MeV gave us an
actual situation of recoiling nuclei made by com-
plete fusion. The angular distribution of these re-
coils is very narrow, being broadened mostly by neu-
tron boil-off and multiple scatterlng within the tar-
get. When the tracks were summed in slices along
the direction of rotation of the drum, the distribu-
tion shown in Fig. 4 was obtained; such a distribu-
tion indicates that most of the fusion-produced'
nuclei can be measured by selecting a relatively
narrow "window'" in the transverse direction. Be-
cause in the case of the berkelium bomng&meggg the
background activity is the long-lived d-
which is spread out on the entire drum surface, we
gained about a factor of 2 in signal-to- background
ratio.

To make sure that our track counting efficiency
was normal, % few test exposures of our mica were
made from a iource with and without an alumi-
mum foil 250 ug/cm in thickness, which is equal to
the calculated CN-recoil range. Our average effi-
ciency was 90%.
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Fig. 3. Decay curve for spontaneous-fission events
detected at 81.6 MeV. Solid lines represent com-
outer fit to the data. (XBL 766-8243)
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Though our decay curves show no hint of the
so-called 80-msec SF activity, they very clearly
show one with a half life of ~ 20 msec. This same
activity was first reported by Ghiorso at the Welch
Conference in 1969 (Ref. 2, p. 148).

The max1mum cross section for producing the
"~20 msec" act1v1t§ is about 10 nb when made by 1N
ion bombardment of 249Bk and has the excitation func-
tion shown in Fig. 5. However, on the basis of this
data alone we cannot exclude the possibility that
the yields include some fission from the 13.7-msec

SF isomer, Am, produced by some sort of transfer
1 | |
Excitation function for
20- and 13-ms S.F. activities
_ 10— —
2 of E
<o ]
mr E
6r .
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Fig. 5. Excitation function of the '~ 20-msec"

spontaneous-fission activity. (XBL 766-8245)
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or other reaction. The transverse track distribu-
tion for the ' ~ 20-msec' activity is remarkably
narrow at 83 MeV (see Fig. 6). These data would
seem to point to a complete fusion reaction except

3

that its production ¢ is somewhat lower than. expected

(see below). Just prior to undertakln§ the berkelium
bombardments we bombarded 248Cm with ions and
46Cm with éO ions at about 93 MeV and once again
observed the '~ 20-msec' SF activity without observ-
ing the hypothetical 80-msec Dubna activity. No ex-
citation function was measured because of lack of

time. It_is possible that the "~ 20-msec" activity
includes 200104 since it passes some of the tests
required. It may take some time before we can state

with certainty whether or not we have observed this
nuclide since there is the distinct possibility that
this activity is due to ¢ Or similar nuclide.
This situation points up again the greatdifficulties
that are encountered when working with spontaneous
fission activities when the only parameter that is
measured is half-life.

Although we set a maximum cross section for
the 15N, 4n reaction on 249Bk to produce the 80-msec
activity which was more than an order of magnitude
less than the 5 nb claimed by Dubna,” it should be
remembered that the actual cross section to produce

60104 by this mechanism is expected to be as much
as 25 nb. The reasoning is as follows: % 8ross
section for the. 1dent1ca1 reaction to make 290105 in
bombardments of 249Cf has been found experimentally
to be ~ 12 nb. This new value was obtained by a re-
evaluation of the old Berkeley data by Pirkko Eskola

Physical window
2.0cm

I window I
cut

Distance (cm) .20 .40 .60 .80 1.0 1.2 cm
o o, o,_.,0,.0 o
Angle 6.3 12.518.4 24" 29" 33.7

{degrees)

Fig. 6. Transverse track distribution of the
" ~20-msec" spontaneous-fission activity at 81.6
MeV. (XBL 766-8246)
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and appears in her recent thesis at the Unlver51ty
of Helskinki. The cross section to make 200104 by
the same reaction should be larger since the values

of T/ (T +Tf) and R, are more favorable Indeed
a calculatlon adjusteg to the 260105 production
cross section shows that the production of 2 2607104

will be about twice as large. Our limit on the
amount of the 80-msec activity that is made in the
249pk plus 15N reaction is thus almost two orders of

magnitude below that expected if it is due to 200104,

.There is no escape from the conclusion that
can be drawn on the basis of our data. The mass 260
isotope of element 104, rutherfordium, does not de-
cay by spontaneous fission with a half-life of '0.3
sec," or "0.1 sec," or ''80 msec.'

We extend our thanks to the staff and oper-
ations crew of the 88-inch cyclotron. Their help
was invaluable to the success of these experiments.

We would like to acknowledge with gratitude
the concentrated effort by many colleagues that went
into the task of making these latest experiments so
definitive. In particular, we would like to thank
Glenn T. Seabdrg for following developments very
closely and providing inspiration and scientific
guidance.
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NUCLEAR REACTIONS AND SCATTERING

1. Microscopic

a. Light Ions

POLARIZARION EFFECTS IN THE FINAL-STATE INTERACTION REGION
OF THE p-d BREAKUP REACTION*

F. N. Rad+t H. E. Conzett, R. Roy,+ and F. Seilers

Among the experimental observables in the
three-nucleon system, the elastic cross section, in-
elastic cross section, and e¢lastic analyzing power
have been intensively investigated.! Inelastic ana-
lyzing powers comprise one class of observables
which has received very little attention. That is,
only a few experiments have been done which even
show the presence of polarization effects, and the-
oretical interpretation and predictions via exact
three-body calculations have not, as yet, been made.
The three-nucleon calculations based on the Faddeev
equations with separable potentials for the 180,

S1-3D1, and P-wave camponents of the nucleon-nucleon
interaction, 4:2 have provided predictions of the
vector and tensor polarizations which are in good
agreement with the experimental data in the elastic
channel,4-0 whereas the S-wave forces alone had been
sufficient to give agreement with the differential
cross-section data. Similarly, calculations which
have been successful in fitting inelastic cross-
section data, have been restricted to two-nucleon
S-wave interactions’ and, thus, cannot predict ana-
lyzing powers for incident polarized protons or deu-
terons. It seems that experimental evidence of sub-
stantial polarization effects, such as reported here,
are required in order to encourage or even compel the
addition of the tensor force and P-wave contributions
to three-body calculations.

The polarized proton or deuteron beam from the
Berkeley 88-inch cyclotron was passed through a gas
" target in a 36-in. diameter scattering chamber. A
description of the experimental arrangement and of
the data acquisition procedure has been given else-
where. >

Our experimental resylts for the proton analyz
ing power Ay(e) in the 2H(,p)d* reaction at E,=22.7
MeV are shown in Fig. 1, where the errors indicated
are purely statistical. Here, d* denotes final-state
np pairs with relative energy Epp < 1 MeV, in both
singlet and triplet states. For comparison the
smooth curve represents the elastic scattering ana-
lyzing powers measured in the same experiment. As
can be seen, Ay(8) in the breakup reaction reaches
substantial values at angles greater than 6. , = 70,
and its angular distribution is quite similar to that
of the elastic analyzing power. Figure 2 shows our
experimental resu%ts for the deuteron vector analyz-
ing power in the H(ﬁ,p)d* reaction at Eg=45.4 MeV,
corresponding to the same center-of-mass energy as
in the 2H(p,p)d* reaction. Again the errors indi-
cated are purely statistical and the solid line is a
smooth curve drawn through the elastic scattering

0'30"I"!'v_'l"“l"l"v
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Iziig_; 1. The proton analyzing power Ay(6) in the

H(p,p)d* reaction at E,=22.7 MeV for the transi-
tion to the FSI region with relative energy E,,<1
MeV. . The smooth curve represents the elastic scat-
tering analyzing powers measured in the same exper-
iment. ° (XBL 753-2612)

results.” Here also, the similarly between the in-
elastic and elastic analyzing powers is quite def -
inite.

This similarity between the angular distribu-
tion of the analyzing powers for the elastic and in-
elastic scattering is rather unexpected in view of
the results rep?rted by Briickman et al. ,8 in the ana-
lysis of their *H(d,pp)n cross-section data at the
slightly higher energy of Eg =52.3 MeV. In their
analysis they used the Watson FSI factorization as-
sumption® to determine the separate contributions
to the 1H(d,d*)p cross section from the production
of singlet and triplet np pairs.

(d0/d2) 4o = (do/d) 34 + (0/dN) G- (1)
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Fig, 2. The deuteron analyzing power Ay(e) in the
1H(ax,d*) H reaction at Ed= 45.4 MeV for the transi-
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MeV. The smooth curve represents the deuteron elas-
tic scattering analyzing powers of Ref. 5.
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They found that between 6 =85 and 150° the pro-
duction of singlet pairs ékcéeded that of triplet
pairs for Epp < 1 MeV, with the ratio R = (do/dS) §=/
(do/dR) §» reaching a value of about 10 near 8¢ . =
120°. The angular dependence of (do/dQ)Ys was ‘sim-
ilar in shape to that of the elastic cross sectionm,
and their Born approximation calculation, in which
the final-state np wave function used was effec-
tively that of a deuteron with binding energy

Ep = 0, was in excellent agreement with (dc/dﬂ)g*.
However, (do/dR)§s was quite different, with the
result that the combined singlet plus triplet cross-
section showed little resemblance to the elastic an-
gular distribution. The more recent exact three-
body calculations of Kluge et al.,10 using spin-
dependent separable potentials for the relative S-
state of the two nucleons, substantiate the earlier
findings of Briickman et al. in the determination of
the separate singlet and triplet d* production cross
sections, Furthermore their calculated ratio
|T5]2/]Tt|2 = (do/d2) §x / (do/dR)§x for Epp=0 is in
good agreement with the ratio R deduced gy Briickman
et al., from the analysis of their data. This ratio
was shown to be as high as 20 in the backward angu-
lar region.

We can, in the same way, express our analyzing
power results as the incoherent sum of the singlet
and triplet d* production contributions,

A (@0/dn)G + K (do/d) s

Ad* o
(o/dDe +  (@do/am 5y

y

where A3 and Ai are the analyzing fowers for pro-
duction of np pairs in the 1Sy and 351 states, re-
spectively. If triplet d* production were the ma-
jor contribution to the cross section, one could
expect the similarity between the elastic and in-
elastic vector analyzing powers seen in Figs. 1 and
2. However, it is the singlet d* production which
is the major contribution to the cross section in
just the backward angular region of maximum analys-
ing power. In view of the fact that the ratio, R,
is found to be quite large over a considerable re-
gion of backward angles, Eq. (2) there reduces to
AX S, implying that the angular distribution of
the veCtor analyzing power in the elastic chamnel is
similar to that in the breakup chamnel with the np
pair in the singlet state. This condition is quite
unexpected, especially in view of the marked dis-
similarity between (do/dQ)§x and (do/dR)§s for d*
production. Although the exact three-body calcula-
tions very nicely reproduce the singlet and triplet
d* production cross sections, there is an obvious
need to include the more realistic nucleon-nucleon
tensor and P-wave interactions in an effect to ex-
plain the measurements of the analyzing power re-
sults presented here.

~
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VECTOR ANALYZING POWER IN THE 3He(a,3He)np REACTION*

R. Roy,t F. N. Rad,t H. E. Conzett, and F. Seilers

During the past decade, substantial investiga-
tions of polarization effects have been made in the
three-nucleon system.* The polarization in nucleon-
deuteron elastic scattering has received the prin-
cipal attention of both the experimental and the
theoretical effort, while the study of such effects
in the breakup reaction has received very little at-
tention. The exact three-body calculations using
the Faddeev equations have shown a remarkably good
agreement with the proton and deu%eron analyzing
powers in p-d elastic scattering.- However, in the
breakup channel the theoretical calculations® have
been restricted to the use of nucleon-nucleon S-
wave forces and, therefore, cannot predict any polar-
izations. Until recently, experimental measure-
ments of polarization effects in the breakup reac-
tion had yielded values which were very small or
consistent with zero.® The first evidence of sig-
nificant polarizations was seen by Rad et al.®5 in
their measurements of the vector analyzing power A
for the transition to the np final state jnterac-
tion (FSI) region. The 1H(d,p)np and ZH(p,p)np Te-
actions, studied at the same center-of-mass energy,
showed not only significant values of the vector
analyzing powers, but also a definite similarity of
its angular distribution with that of the elastic
channel.

Since_the spin structure of the deuteron
breakup on “He and 14 is the same, the nondynamical
properties of the two reactions are identical. Thus,
it is of interest tg look for similar polarization
effects in the SHe(d,SHe)d* reaction, where d* de-
notes final-state np pairs with low relative energy
Enp, in both singlet and triplet states. We report
here measurements of the vector analyzing power A
in this reaction at Eq = 30, 35, and 40 MeV for
Enp < 2.0 MeV. Our results are shown in Fig. 1.

The statistical errors are smaller than the symbols.
For comparison, the analyzing powers in d-“He elas-
tic scattering at the same energies are shown as_the
smooth curves. It is seen that Ay in the 3He (d, He)d*
reaction reaches substantial values and follows that
of the elastic chanmnel at d* production angles be-
yond 90°c.m. The peak values near 6. p = 135 and
155° are quite constant in magnitude and position
over the 10-MeV energy interval studied. In a com-
parison of our results with the previous measure- -
ments,4 near 8c.m. =135 the gatio Ay (ela ti%)/A
fd*) is ~ 3 in both the 3He(d,d*)3He and lH(d,d*
H reactions, and the ratio is =~ 1.4 and ~ 1.9,
respectively, near 6. y = 155°. We are presently
involved in a comparison of these data with DWBA
calculations of Ayge) in transitions which produce
both the 180 and “°81 final state d*.

' L 1 .
150 80 120 150

ec. ]

1 1
120 150 120

Fig. 1. The Vegtor analyzing power, Ay(e), in the
reaction 3He(a, He)d*. The smooth curves represent
the analyzing powers in d-°He elastic scattering at
the same energies. (XBL 756-3182)
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POLARIZATION PHENOMENA IN FEW-BODY SYSTEMS*

H. E. Conzett -

My intention is to survey the recent develop-
ments in the study of polarization effects in the
two, three-, and several-nucleon systems.1:2 Be-
cause these measurements or calculations essentially
have to do with cross sections for particular se-
lected spin states, it is clear that these studies
provide more detailed information and test more de-
tailed calculations than is possible with the usual
spin-averaged cross sections.

One of the nucleon-nucleon discussion sessions
at the Quebec conference considered experiments for
the next decade, with a stress on polarization ex-
periments.”® Included among the several suggestions
for future experiments were: (1) a need for more ac-
curate p-p cross-section and polarization data below
20 MeV because of significant discrepancies among
the existing data; (2) measurements of the neutron
to proton polarization transfer (Dt) or the spin-
correlation coefficient, Cy, in n-p scattering at
50 MeV, in order to make a substgntlal improvement
in the determination of ey, the “§;- Dl mixing pa-
rameter, since the available data 1eft g1 undeter-
mined between -10° to +3° at 50 MeV; 4 and (3) a gen-
eral request for measurements above the inelastic
threshold of total cross sections for various spin
orientations of both beam and target, and for mea-
surements of the analyzing powers and spin correla-
tion coefficients, at the higher energies above the
inelastic threshold. I am happy to report the sig-
nificant progress that has already been made in
these three areas at just the beginning of that de-
cade.

Hutton et al.,® have recently reported on mea-
surements of the analyzing power in p-p scattering
at 10 MeV., Their results are shown in F1g 1. Note
that the maximm (negative) value is 2X10~3 and the
typical error is 10% of that, or 2X10™%, so these
are accurate data, with more than an order of mag-
nitude better precision than had been attained pre-
viously. Traditionally, the low energy p-wave phase

P-P POLARIZATION
100 MeV

) 30 60 90
ch (deq)

Analyzing power in 5—p scattering at 10
(XBL 7512-10054)

Fig. 1.
MeV (Ref. 5).

shifts have been obtained with phenomenological ex-
trapolations from higher energies. The dot-dash
curve in Fig. 1 is the analyzing power calculated
from the phase shifts resulting from the 1-27.6
MeV analysis of Arndt et al.,® in which the overall
normalizations of the cross-section data were kept
fixed. That is clearly inconsistent with these
data, whereas an analysis with the normalizations
taken as adjustable parameters resulted in calcu-
lated analyzing powers that are in reasonable agree-
ment with the data. The solid curve is the calcu-
lated analyzing power from a phase-shift analysis
of these and nearby 9.9 MeV cross-section results.
The s- and p-wave phase shifts determined in this
analysis® are the first model independent determina-
tions made below 25 MeV.

With respect to the n-p mixing parameter ei,
Johnson et al.,” reported at Ziirich on their mea-
surements at 50 MeV of the n-p spin correlation
parameter Ay (equal to Cp, for parity conserving
or time-revérsal invariant interactions). Their
results are shown in Fig. 2, along with curves cal-
culated from phase-shift solutions with the indi-
cated values of €1. The -8 value seems to be
ruled out, but an additional overall normalization
uncertainty of ~ 25% leaves the error on ¢ consider-
ably larger than the *=1° envisioned by Binstock and
Bryan. Their calculations,® in fact, whith €1 =2.8
gives A i.e. Cyy) = 0.38 at 6oy, = 120°, which is
a value” 35% larger than that shown as the calculated
result in Fig. 2. This discrepancy between the two
calculations must certainly be resolved, but these
measurements, requiring both a polarized neutron
beam and polarized proton target, clearly demon-
strate an impressive experimental achievement.

1 i 1 i 1 |

150°
9c.m.

l .
1no° 130°

Fig. 2. The n-p spin correlation parameter Agg
at 50 MeV (Ref. 7). (XBL 7512-1005
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Hopefully, this experiment will be further pursued
in order to reduce the experimental errors and thus
reduce the uncertainty in gq.

Concerning polarization effects in the N-d
breakup reaction, there have been recent noteworthy
reports of both theoretical and experimental results.
Rad et al.,® have reported on measurements, at =
22.7 MeV, of both the proton and deuteron (vector)
analyzing powers in the p-d breakup transition to
the np final-state interaction (FSI) region of the
three-body spectrum. These data are shown in Fig. 3,
where the smooth curves represent the elastic p-d
proton and deuteron analyzing powers. The substan-
tial values of these inelastic analyzing powers demr
onstrated a clear need for the exact N-d breakup cal-
culations to include more than the simple s-wave
N-N interactions that had been sufficient to fit the
cross-section data. Such calculations are now under-
way. The first of these at Bn=22.7 MeV, is report-
ed in a contribution to this conference by Bruinsma
and van Wageningen.”? Their work shows that the ten-
sor force affects the cross section in the region of
the FSI peak but has little influence in the quasi-
free scattering region. Their calculated deuteron
tensor analyzing powers show very substantial val-
ues, an example is shown in Fig. 4. In particular,
Too exceeds 0.35 in the FSI region for the partic-
ular 61,62 angle combination chosen here. These
predictions of substantial tensor analyzing powers
will certainly encourage experimentalists to measure
them. The calculated deuteron vector analyzing pow-
ers are less than 0.05 for this angle combination,
so the situation seems to be comparable to that of
the elastic N-d case, where the 3Sp - 3Dj tensor
force was chiefly responsible for the observed ten-
sor polarizations while the N-N p-wave interactions
were the source of the vector polarizations. It is

0.30

0.20—

0.10

Ay

-0.10 —

- [T TR N S TN U SN N N SO NS Y N (N NN RN O

,0'200 30 60 9’0 120 150 180
Bc.m.

Fig. 3. The proton and deuteron analyzing powers

Ay in the p-d breakup reaction at 22.7 MeV (Ref. 8).
(XBL 753-2664)
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Fig. 4. Calculated deuteron tensor analyzing

powers Tzq in the n-d breakup reaction at 22,7
MeV (Ref. 9). (XBL 7512-10060)

planned to next add the p-wave N-N interactions in
these breakup calculations. There is now a real
promise that the very fruitful interchange which oc-
curred between theory and experiment with respect to
polarization observables in elastic N-d scattering
can now be repeated for the breakup reaction.

There have been two rather recent developments
that show the consequent effects on polarizations
that follow from particular symmetries of the nu-
clear interaction. The first of these involves
charge-symmetrg or isospin congervation. Experiments
on the 3H(p,n)3He and 7Li(p,n)’Be reactions 10 had
shown that the neutron polarizations and the pro-
ton analyzing powers Ay were essentially equal, with
limited exceptions. Tzis equality was seen to re-
sult from charge-symmetry,ll and it is an approx-
imate equality because of the presence of the Cou-
lomb interaction. However, it is in just those re-
gions of significant difference between and A
that useful information can be derived on” the struc-
ture of the nuclei studied. Recent studies of py
= Ay in (p,n) reactions on other nuclei were re-
ported at Ziirich. Figure 5 shows the data of

Lisowski et al.,13 on Be. At 8.1 MeV the older Py
values {crosses) are quite different from those re-
ported here (dots), and the latter are close to the
measured A, values (triangles). Final corrections
to the Ay values from background subtractions are
expected to improve the agreement. As is suggested
by the comparison at 9.1 MeV, new measurements will
be made there of Py as a check on the old values
(crosses).
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Fig. 5. Polarizations and analyzing powers Ay

in the 9Be (p,n) 9B reaction at 8.1 and 9.1 MeV

(Ref. 13). (XBL 7512-10061)

The second development shows that for reac-
tions with identical or charge-symmetric particles
in the initial state, the angular-distribution sym-
metry of the analyzing powers can provide a clear
signature of the reaction mechanism.

In summary, recent polarization studies in
N-N scattering at and below 50 MeV have provided
specific and significant improvements in the phase-
shift parameters. High energy investigations with
both polarized proton beams and targets have. shown
unexpectedly large spin effects, and this provides
a challenge for theoretical effort to explain these
results. Experimental and theoretical work on the
three-nucleon problem continues to yield new and in-
teresting results, with the emphasis now shifting
to polarization studies in the breakup reaction.
Ongoing work on several-nucleon systems continues
to provide polarization data for general analyses,
nuclear structure information, or specific resonance
effects. Finally, the basic. interaction symmetries
continue to have unique and important consequences
for polarization observables.
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VECTOR ANALYZING POWER IN ELASTIC DEUTERON-DEUTERON
SCATTERING BETWEEN 20 AND 40 MeV

H. E. Conzett, W. Dahme,t R. M. Larimer,
Ch. Leemann, and J. S. C. McKeef

The subject of d-d.elastic scattering has not
received very much attention in the past. The cross
sections are quite smooth functions of energy in the
region up to 20 MeV where there are the most data
available. However, the complexity of the spin
structure and the low threshold for inelastic pro-
cesses has made any meaningful phase-shift analysis
impossible because of the large mumber of parameters
involved even with the restrictive assumption of
chamnel-spin conservation.- A resonating-group cal-
culation? has obtained good agreement with the cross-
section data between 5 and 20 MeV, but the use of a
purely central nucleon-nucleon potential precludes
the prediction of any spin-polarization observables.

From an experimental point of view, the polar-
jzation experiments in elastic d-d scattering have
raised a qualitative question. Previous meagure-
ments of the vector analyzing power iT11 in d-d
scat'te'ring have been made at several energies below
12 MeV,1,3 and at 21.4 MeV.# Nonzero but very small
values of iTq; were obtained, reaching a maximum
value of about 0.04 at 21.4 MeV. These values are
almost an order of magnitude smaller than the nu-
cleon and deuteron vector analyzing powers found in
other elastig¢ procesges iawolving few nucleon sys-
tems, e.g., P * 2y, 3He, He and d + 3He, 4He.

Since sizable contributions of S, P, _and D-waves
were required to fit the d-d data,’» the rather in-
significant polarization effects could not be ex-
plained as a consequence of a predominance of S-wave
scattering. Thus, its Teason remained unexplained.

We have extended the measurements of vector
analyzing powers in d-d scattering to 40 MeV to
examine whether or not its anomalously small value
persists at these higher energies. Also, another
determination near 20 MeV was desired, since the
older measurement at 21.4 MeV was rather uncertain
because of lack of knowledge of the beam polariza-
tion. We used the axially injected vector-polarized
deuteron beam from the Berkeley 88-inch cyclotron.
Left-right asymmetry data were taken simultaneously
at two angles separated by 20°, using pairs of AE-E
silicon detector telescopes. A polarimeter, con-
sisting of a gas target and a pair of AE-E counter
telescopes, was placed downstream of the main scat-
tering chamber and provided continuous monitoring
of the beam polarization. The analyzgr used was
4He, whose vector analyzing power in -4He elastic
scattering has been measured in detail.> The dif-
ferential cross section for vector-polarized deu-
terons is given by

o(8) = o (8) [1+2 (it )Tyl (1)

where 9 (8) is the differential cross section for
unpolarized deuterons and ity is the beam polar-
ization. A left-right asymmetry measurement gives

e(0) = 2 (ity;) (i), @)

and the simultaneous determination of the beam polar-
ization yields the vector analyzing powers iTjj.
Figure 1 shows our data at Eg = 20, 30, and 40 MeV;
the particle symmetry requires that iTy1(0) =-1iT11
(m-6). Our 20-MeV values are a factor of 2 larger
than the previous results at 21.4 MeV, and clearly
the vector analyzing powers increase rapidly with
increasing energy. These,values, when compared with
the analyzing powers in d-p elastic-scatterjing mea-

sured at comparable center-of-mass energies,® canno
longer be considered anomalously small.
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Fig. 1. Vector analyzing power, iTqj, in d-d

scattering between 20 and 40 MeV.
(XBL 728-3846)
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THE VECTOR ANALYZING POWER IN THE 2H(?i,p)3H REACTION AT 30 MeV*

H. E. Conzett, J. S. C. McKee,t
R. M. Larimer, and Ch. Leemann

The 2H(d,p]3H reaction has been studied at
energies up to 12 MeV by a number of groups.
Grilebler etal., in particular have measured the dif-
ferential cross sections and the deuteron analyzing
powers at 9 energies between 3.0 and 11.5 MeV, and
have analyzed their data in terms of possible res-
onances in “He. Their analysis of the coefficients
in a Legendre expansion fit to the data showed that
no simple isolated state of this system exists be-
tween 24 and 30 MeV excitation of #He since rela-
tively strong interference effects were observed.

The present experime&t was undertaken at Eg=30
MeV in order to study the “H(d, p) H reaction in a
region of considerably higher excitation of He.
Also, it is to be expected that the direct nucleon
transfer mode should be enhanced with respect to the
compound-nucleus reaction mechanism at this higher
energy. Measurements were made of the differential
cross-section and the vector analyzing power iT7{.
The iTqq results are shown in Fig. 1, and the sur-
prising feature is the approximate antisymmetry of
the data with respect to 8.p=90°. The degree of
symnetry observed is quite remarkable because the
iT17 data at Eg=11.5 MeV show little symmetry of
any kind and are almost uniformly positive in sign.

The entrance channel particle identity re-

%ulges Ehat o(®)=0(w-6), and in the inverse
H(p,d)“H reaction the exit-channel particle iden-
tity requires that Ay(8) =-A (w—e) for the proton
analyzing power. ere is,” a priori, no such sym-
met ndition imposed on the analyzing powers in
the H(g,p) 3H reactiomn. However, it can be shown
that if the reaction mechanism is entirely that of
direct nucleon transfer, the indistinguishability
of the neutron transfers between the two deuterons
results in exact symmetries in the deuteron analyz-
ing powers.” In particular for our purposes

so the near antisymmetry of our data is clear ev-
idence of a predominantly direct nucleon-transfer
reaction mode at this higher energy. Of course, the
certain conclusion is that deviations from Eq. (1)
show that other than the direct nucleon-transfer
process is contributing to the reaction. It is pos-
sible, in principle, for the compound-nucleus reac-

tion mechanism to give the result (1) if the reac-
tion should proceed entirely through a single state
or through states of the same parity so that only
the even-L terms would contribute in the Legendre
expansion

c(e)iT11(6)=j£:aL pi (cos 8).

In view of the data and analysis of Griiebler at al.,
this circumstance is most unlikely in this reaction.
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Fig. 1.

Vector analyzing power, iTqq, in the
2H(d,p)3H reaction at 30 MeV.

(XBL 728-3848)
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In sumary, we have found in the 2H(a’,p)SH
reaction that the entrance-channel particle iden-
tity imposes definite symmetries on the polariza-
tion observables that are clear signatures of the
direct-reaction process. We know of no other ex-
ample of a condition by which this process can be
identified so clearly. 2. We follow the Madison convention, Polarization
Phenomena in Nuclear Reactions, eds. H. H. Barschall
and W, Haeberli (Univ. of Wisc. Press, Madison,
1971) p. xxv.
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VECTOR ANALYZING POWER IN THE 2H(d,p)*H REACTION
BETWEEN 15 AND 25 MeV*

H. E. Conzett, R. M. Larimer, F. N. Rad,+
R. Roy,+ and F. Seilerg

The charge-symmetric reactions 2H(d,p)BH and
ZH(d,n)3He have been studied in considerable detail
at energies up to 15 MeV.1,2 Differential cross
sections, nucleon polarizations, and deuteron vec-
tor and tensor analyzing powers have been measured,
and differences in these observables for the two
reactions have been examined for evidence of a pos-
sible deviation from the charge symmetry of the nu-
clear interactiops. The more recent comparisons
and calculations® have been able to explain the ob-
served differences between the two reactions in
terms of the Coulomb effect, including the Q-value
difference.

The reactions, in addition to being charge
symmetric, each possess the additional symmetry of
entrance-channel particle identity. This requires
that o(8) = o(r-6) and p(6) =- p(m-6) for the dif-
ferential cross sections and the nucleon polariza-
tions, respectively. In general, no comparable
symmetry is imposed on the angular distributions of
the deuteron analyzing-power components, and, indeed,
no suggestion of symmetry is seen in the data at
deuteron energies up to 11.5 MeV.2 However, recent
measurements of the vector analyzing power in the
2H(d,p)3H readtion at 30 MeV -have disclosed the sur-
prisng result that, there, the symmetry

Ay(8) = - Ay (m-0) €y

is approximately fulfilled.? Also, it has been
shown that the condition (1) holds exactly if the
reaction should proceed entirely by way of the di-
rect nucleon-transfer process.2 Thus, in this par-
ticular case deviations from the symmetry (1) con-
stitute clear qualitative evidence that the reac-
tion proceeds (also) via the intermediate (compound)
4Hs. Thus, at the lower energies analyses of the
data in terms of states in “He are certainly appro-
.priate.

We report here on measurments of Ay (8) in the
ZH(H,p)3H reaction at 15,20, and 25 MeV which were
made in order to examine the transition from the
complete lack of symmetry at 11.5 MeV toward thatof

(1) at 30 MeV, Our results, which are displayed in
Fig. 1, show that the transition is a gradual one.
Thus, the change from the compound-nucleus reaction
mechanism to the predominantly direct nucleon-trans-
fer reaction mode is correspondingly gradual, and
at 30 MeV and above analysis in terms of the direct-
reaction process is clearly appropriate.

0.2 n > Y 3
ot e 2HEPH
0.l 25MeV *¢ b
. M } v
T H
oa} ’4, ‘+*+* o2
Ay(6)| 20MeV +§+++*+“ Jo
L)
0 *’ + i *.’ [o]
L byt b ?
$ ¢
0.2} -40.!
15 MeV N
o} Vb b ,*’ o !
t by
0 " +,
ty
0.l ; s L L '
30 60 90 120 150 180
Bc.m. (deg.)

Fig. 1. Vector,analyzing power, Ay(= 2/v3 ilyp),
in the 2H(a,p) H reaction between 15 and 25 MeV.
(XBL 756-1551)
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CROSS-SECTIONS AND VECTOR ANALYZING POWERS IN THE
3He(d,d)®He AND ®He(d,p)*He REACTIONS BETWEEN 15 AND “°MeV*

R. Roy,t F. Seiler,t H. E. Conzett,
F. N. Rad,§ and R. M. Larimer

Differential cross-sections and angular dis-
tributions of the vector analyzi§§ power iTj7 were
obtained for the SHe(d,d)3He and 3He(d,p)%He Teac-
tions at intervals of 5 MeV between 15 and 40 MeV.
At each energy data_were taken at 25-35 angles.
Figure 1 shows the 3He( ,p)4He results. The statis-
tical errors are shown wherever they are larger than
the symbols. The scale of the cross-sections is sub-
ject to a systematic error, estimated to be less
than 6%. The data at 15 MeV join smoothly-to mea-
surements of lower energies.l Fits were made to
these data in terms of Legendre polynominals,

do _ °1OT 2
EG; 7 X ‘VT:' dgo@) Py (cose)

i ao\ _ 9TOT 2
(1T11)X<d—9)— ek Z:dllcl) PL,l(Cose).

Plots of the energy dependence of the coefficients
dgo(L) and d11(L) are shown in Fig. 2.

The coefficients of the cross-section for um-
polarized particles dpg(L) for even degree L show
some evidence of a broad structure near 20 and 40
MeV, while the odd-degree coefficients repeat only
the 20 MeV structure. This coincides with a shift
away from a predominance of the coefficients djq(2)
to d11(1). The latter indicates large interference
terms between reaction matrix elements of opposite
parity. This is also visible in the angular distri-
butions of iT;l, which shift from antisymmetry with
respect to 90°, to a more symmetric distribution.
This observation adds support to the result of two
recent analysesé»° which postulate mostly interfer-
ence between d-wave levels below 11.5 MeV and a
strong dy/o+ - £7/2- interference at higher ensrgies.

Th Leg§ndre coefficients from an analysis of
the 3He(§,d) He elastic scattering data lend sup-
port to these tentative conclusions because similar
variations are found near 20 and 40 MeV.

In view of the quite smooth energy dependence
of these data, we are making optical model analyses
of the elastic scattering results and DWBA analyses
of the (d,p) data.
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Fig. 1. Angular distributions of (a) the cross sections and (b) the vector analyzing
power iT11 for the 3He(d,p)4He reaction between 15 and 40 MeV. The solid curves are
Legendre polynomial fits to the data. (la: XBL 7512-9207) (lb: XBL 7512-9209)
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MAXIMUM TENSOR ANALYZING POWER Ayy =1IN THE
3He(d,p)*He REACTION*

F. Seilert

Maximum possible values of the analyzing
power have been found in the elastic scattering of
both spin-1/2 and spin-1 particles from spin-O nu-
clei, and have rapidly become the basis for the
calibration of particle polarizations. Plattner and
Bacherl showed analytically that values Ay =21 must
occur at several energies in nucleon-4He’ and SHe-

He elastic scattering. In the elastic scattering
of deuterons from “He, a similar procedure was used
by Grilebler et al., to identify three points (Eg; 0)
below 12 MeV where the tensor analyzing power Ayy is
unity.2 It has thus been demonstrated that extTeme
values of polarization efficiencies do occur in elas-
tic scattering with the spin configurations 1/2+0 >
1/2+0 and 1+0 > 1 + 0. It is the purpose of this
letter to furnish considerable evidence for the first
Ayy =1 point observed in a nuclear reaction (as op-
posed to elastic scattering) and to point out that
such points are quite generally of importance in the
analysis of the process.

An inspection of the 3He (3,p) He data obtained
by Gniiebler et al.~ between 2.8 and 11.5 MeV shows
sizeable values for the spherical tensor moments
Tyq(6) but none approach the physical limits closely.
The Cartesian efficiency

1
A (0] =+ FVZ AT, (8)+V6 Ty ()1, )

as computed from the data of Griiebler et al., shows
latge positive values near 10 MeV for both forward
and backward angles (Fig. 1). Thus the data avail-
able show only that the largest values of AW(E,O)
should be found near Eq=9 MeV and 8¢y =27 and
should lie very close to unity.

For the spin space 1/2 + 1 » 1/2 + 0 of the
3He (d,p)4He reaction, the conditions for Ayy= 1 are

T T T & T T T T T T T
z'He(d.p) *He
- Ayy18) _

P |
T

—~—

—
~—

| 1 ’(} 1 1 1 1
He 120 130 140

ch' (deg)

for the 3He(a),p)

Fig. 1.
4He reaction between 6 and 11.5 M&V, calculated from

Tensor analyzing power A

the data of Reference 3. (XBL 753-2495)

M 1725172 = " Ma,17235102,

(2)
My /25172 = " Mg, -1/25172,
where the indices denote the spin projections of the
deuteron, 3He and proton respectively. It should be
noted that the proof, usually given for the exist-
ence of an extreme value of the analyzing power, does
not hold here. While only one complex amplitude
must be zero for the elastic scattering processes
discussed up to now,l’ Egs. (2) require that two
amplitudes must vanish simultaneously. Thus all that
can possibly be shown is that Ay is equal to unity
within certain limits. For practical purposes, how-
ever, it should be quite sufficient if a close ap-
proximation to the extreme value can be demonstrated.

Finally, it should be emphasized that the con-
ditions imposed on the transition matrix at an ex-
treme point of the analyzing power are linear in the
amplitudes. This holds independent of the spin
space of the process and the rank of the polariza-
tion observable., These linear constraints are
similar to those obtained by the requirement of
parity conservation or time reversal invariance, ex-
cept that they only hold for a particular energy
and angle. Of course, any value of the analyzing
power imposes constraints on the reaction amplitudes,
but these are usually highly nonlinear. At an ex-
treme point (Ep,80), however, simple linear condi-
tion result. These can be very useful in an anal-
ysis of the process, since they are additional to
the usual set of the bilinear equations. By anal-
yzing data taken at and near such a point, these
constraints can be imposed directly on the analysis,
considerably restricting the solution space. Even
in the simple cases, where t?e existence of the ex-
treme can be proven directly; »2 this may be of some
importance since the quality of the analysis needed
for that kind of proof is not very high. In view of
the difficulties encountered quite generally in the
analysis of nuclear processes between particles with
spin, this use of extreme points of the analyzing
power may well be more important than the more ob-
vious application as absolute calibration points for
particle polarizations.
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POINTS OF MAXIMUM ANALYZING POWER IN THE 3He(d,p)*He REACTION*

F. Seiler,t R. Roy,+ H. E. Conzett, and F. N. Radg

The 3He(a,p)4He reaction has been the first
process, other than elastic scattering, in which a
point (Ep,60) of maximum possible tensor analyzing
power =1 has been proposed.l An inspection of
the co$§¥ete deuteron polarization data of Griiebler
et al., 4 at 11,5 MeV and of the i Ty1 measurements
of Roy et al.,3 at 15 MeV indicates the possibility
of large positive values of both Ay, and Ay near
Oep =120° and thus of a point A, = vy = 1 between
tﬁgse energies. The necessary gut not sufficient
conditions Ayy = Ayy=- z{ 2 and Axz =0 are nearly
fulfilled at 11.5 Mev.ls Unfortunately these ten-
sor observables are not available at higher energies.
For the investigation and possible identification of
such a point, the relevant conditions on the M-matrix
have to be verified. Using the representation®,0,7

M=

vZ\ B-C V2E

1 -iA-D  V/2F -iA+D
B+C -iA+D V2F -iA-

-B-C V/ZE -B+C
D

they are A = B = 0 for an extreme value Ayy=1; for
Ay=t1 they are A=B=0, C=% iF. TImposing thege
conditions on the formulae for the observables0,”

gives the following

1%, =+ 1 oy
A, =A, =-1/2 (3
Ay =K, =Cy =0 0
K =K =K =K =0 (5)
S A A Y (6)
Cx,x = Cz,x = ny,x = Cy,zx =0, N
Corp =Cpp =Gy, =Cppp =0, (8)
p>‘" = Ay - K;’;, =Cpy = L, ©)
1(5 =-Cy’}', =t t, (10)
Coc,y = B Cppy =Ky, =12, an
K’;:X —-Kélz _— (12)
K’;Z - (Z)x - v. 13

Here o , A, P,
cross-section,

K, and C denote the unpolarized
analyzing power, particle polariza-

tions, polarization transfer coefficients and effi-
ciency correlation coefficients, respectively. The
first subscripted index stands for the beam, the
second for the target polarization. Thus 24 polar-
ization observables involving two or less particle
polarizations are numerically determined, while the
other 14 are given by the three parameters t, u,
and v. With the cross-section for unpolarized
particles there are thus four parameters that can
be detemmined experimentally. By a careful selec-
tion of the experiments, through an inspection of
the general formulae,5,6 a verification of an ex-
treme point of the components Ay and Ay, should be
feasible. The establishment of such a point would
be very important in an analysis of the precess,
due to the restrictions imposed on some elements of
the M-matrix.
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VECTOR ANALYZING POWER IN'd - “He ELASTIC SCATTERING
BETWEEN 15 AND 45 MeV*

H. E. Conzett, W. Dahme,+ Ch. Leemann,
J. A. Macdonald,t and J. P. Meuldersg

Phase shift analyses of d —4He elastic scat-
tering data below 17 MeV have led progressively to
improved agreement with the data and to the deter-
rgination of level parameters for those stites of

Li %h%t appear as resonances in the d + “He chan-
nel.t>% These data have shown substantial values
of the veitor and tensor analyzing powers, SO wWe
selected “He as a potentially good analyzer for the
higher energy polarized deuteron beams. Also, two
independent determinationsZ,3,4 of the absolute vec-
tor analyzing power Ay(Ed,ecm) have been made which
are in very good agreement. In the scattering of a
purely vector-polarized deuteron beam the measured
left-right asymmetry is given by

e(®) = (3/2) Py Ay(e), €y

where p, is the beam polarization. Asymmetry data
were taken at 5 MeV intervals from 15 to 45 MeV at
center-of-mass angles from 30° to 165°. At all
angles the elastically scattered deuterons were de-
tected with AE-E counter telescopes placed at equal
angles to the left and right of the beam axis. Par-
ticle identification served to separate deuterons
from protons which came from the deuteron breakup
reaction. A gas target of “He at = 1 atm pressure
was used with beams typically of 50 nA. A polarim-
eter, consisting similarly of a gas target and a
left-right pair of counter telescopes, was placed
downstream of the main scattering chamber, and it

provided continuous monitoring of the beam polariza-
tion during the course of the experiment.

Absolute normalization of our data to the cal-
ibration point A, (11.5 MeV, 118 )=-0.410+0.010
(Refs. 2,3) was achieved in the following manmer.
The beam of energy Eq (e.g., 15 or 20 MeV) incident
at the first target was degraded in aluminum to an
energy Ep=11.5 at the polarimeter where the asym-
metry €9 (11.5, 118°) was measured. At the same
time, €1 (E1,0) was measured in the main scattering
chamber, so from (2)

Ay(El,e) = Ay(ll.S, 118°) z-:l/i-:z, 2)

which gives A, (E1,0) in terms of the measured asym-
metries and tKe'Ay calibration value. At higher
energies for Eq a’previously determined value for
Ay(E2,62) served as a reference polarimeter anal-
yzing power. We also used the complete angular
distribution of Ref. 5 at 15 MeV for an independent
absolute normalization of our 15 MeV data. We
found this to correspond to a value of A,(11.5 MeV,
118 ) =-0.415+010, in very good agreement with the
other calibration value.

Our 20-45 MeV results are shown in Fig. 1, and
our 15-MeV data are in excellent agreement with
those of Ref. 5. It is seen that d - 4He elastic
scattering serves as a very good vector-polarization
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Fig. 1. Vector analyzing powers, Ay(e), in d - #He elastic scattering

between 20 and 45 MeV.
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analyzer over a wide range of deuteron energies.

Of particular interest is the fact that A
(155°) reaches values near 1.0 at 24.9 and 29.9MeV.
It has been shown recently that_at an energy and an-
gle for which A, (E,0) = 1.0 in d - %He scattering,
all the analyzing-power components are fixed and de-
termined.® This result has been extended to apply
to all two-body reactions with incident polarized
deuterons, and it is independent of the spins of the
target and reaction products.’ In view of our re-
sul%s, a point near 8.,= 155" between 25 and 30 MeV
in d - %e scattering 1s the best candidate for
reaching the extreme value Ay=1 (Ref. 8). The pos-
sibjlity of an Ay =-1 value at 9. =55 at 11,88
MeV? is not suppOrted by the Ay(g?e) data in that
region.
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TENSOR ANALYZING POWER Ayy IN d - “He ELASTIC SCATTERING
FROM 20 TO 45 MeVv

E. J. Stephenson, H. E. Conzett, R. M. Larimer,
B. T. Leeman, and R. Roy*

Even though tensor-polarized deuteron beams at
energies above 20 M&V have been available for some
time, there are no measurements of tensor analyzing
powers in this energy region suitable for use as a
secondary polarization standard. This paper re-
ports measurements of angular distributions of the
tensor analyzing power AK)C, in d - % elastic scatter-
ing from 20 to 45 MeV deliteron bombarding energy.
The target, “He, was chosen because it is a simple
system with analyzing powers that vary slowly with
energy and angle, and because “He has proved in the
past to have large analyzing powers for a variety of
polarized projectiles.

The analyzing powers discussed in this paper
are defined in accordance with the Madison Conven-
tion.! The tensor-polarized deuteron beam was pro-
duced by an atomic beam polarized-ion source that
injected the beam axially into the 88-inch cyclotron.
The tensor analyzing power was determined by compar-
ing the count rates measured with the polarizing in-
termediate-field v.f. transition alternately on and
off. Because of a vector-polarized component in the
beam, it was necessary to observe the count rate
simultaneously on either side of the beam to cancel
the effect of the vector analyzing power. From these
four count rates, Y, the tensor analyzing power is
given by

1 e e,
Ny "r (T
Pyy w 'ru

where L and R denote the two sides of the beam, P
and U denote polarized and unpolarized, and Pyy is
the tensor beam polarization. ’

In the experiment, the beam passed first
through the main scattering chamber where the angu-
lar distributions were measured and then through a
smaller chamber used as a polarimeter. Bach cham-
ber contained a 4He gas target. During the exper-
iment the beam energy was raised from 20 to 45 MeV
in 5 MeV steps. At each new energy, the polarim-
eter detectors were set at the angle and energy of
an analyzing power point measured previously at a
lower energy. The beam energy was reduced after
the main scattering chamber by placing an aluminum
absorber in the beam. Polarimeter calibration
points were chosen at 17, 25, and 35 MeV and at lab-
oratory angles between 80° and 90°.

The initial value of the tensor analyzing
power Ay, at 17 MeV was taken from Ohlsen's measure-
ments,2 which are accurate to within 0.02. (The
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accumulation of statistical errors in our method in-
creases this uncertainty to 0.03 at 35 MeV.) Figure
1 shows angular distributions of A, Ay, and Ay
measured at 17 MeV from this experiment and the
earlier measurements of Ohlsen. Using the angular
distribution of A,, as a calibration standard, good
agreement was obtained with the magnitude of all the
analyzing powers. The origin of the discrepancy in
Ay at forward angles is not understood. A compar-
ison with the tensor calibration point3 at Egq= 11.9
MeV where Ayy = 1 was accurate to within 5%.

The measured angular distributions from 20 to
45 MeV (see Fig. 2) show large values of A,y at all
energies. The last negative and positive &xcursions
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Fig. 1. Measurements of three analyzing powers in
d -4He elastic scattering at Bg =17 MeV. The solid
circles are measurements from this experiment and

the open circles are from Ref. 2. (XBL 764-2662)
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in each angular distribution are good candidates for
use in a polarimeter. The analyzing power varies
slowly in energy and angle, making the geometric
corrections small.

The efficjency of a polarimeter, given approx-
imately by Ayy“o, is shown in Fig. 3 for the last
two excursions’ as a function of energy. A polarim-
eter observing particles at the angle of the pos-
itive peak is more efficient over most of the energy
range, even though.the cross section there is smaller
by a factor of about 3. If instead one observes the
recoil a-particles from this positive peak, the ef-
ficiency increases for the same detection geometry
by a factor between 5 and 10. However, in this case
the energy resolution must be good in order to
cleanly separate o-particles which originate from
elastic scattering and the deuteron breakup reac-
tion.

From this experiment it is clear that the ob-

servation of deuterons elastically scattered from
He is suitable as a polarization standard in the
energy region from 20 to 45 MgV, Measurements of
angular distributions of the tensor analyzing power
Axx are planned. With these measurements and the
measurements of the vector analyzing power Ay,
enough data should be avai%able to perform a’ phase-
shift analysis of 4He(d,d)*He elastic scattering in
this energy region. Such an analysis would indicate
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Oc.m, = 150°.

reaches its
Eq= 35 MeV and
If it does, this point would become
a primary standard for the measurement of the ten-
sor beam polarization.

whether the tensor analyzing power
maximal value of 1 in the vicinity o
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EXTREME VALUES Ay = = 1 OF THE ANALYZING POWER
FOR SPIN-1 POLARIZATION*

F. Seiler,t F. N. Rad,t and H. E. Conzett

Maximum possible values of the analyzing power
have been identified at several energies and angles
in the elastic scattering of spin-1/2 and spin-1
particles from spin-0 nuclei,l»>2 and evidence for at
least one extreme value of_the tensor component A
=1 has been found in the 3He (d,p)4He reactlon
The recent analysis by Griiebler et al.2 of d- 4
elastic scattering data between 3 and 17 MeV has
proved the existence of points at which the compo-
nent A, of the spin-1 analyzing power reaches its
maxmuﬁ)ly possible value of unity. Also, for points
of maximum vector analyzing power, Ay =1, they ex-
amined the resulting conditions among elements of
the transition matrix M which connects initial and
final spin states, xf = Mxj. At such a point three
equations must be satisfied among the M-matrix ampli-
tudes, with the consequence, then, that all the re-
maining analyzing powers are determined:

‘1\/}’ =1 A}m:Azz:

In addition to its usefulness in an absolute calibra-
tion of deuteron vector polarization, the occurrence
of such a unique and restrictive point would clearly
be of great interest and value, since there the rel-
ative values of all the M-matrix elements are deter-
mind.

We show in this paper that the necessary, but
not sufficient, conditions (1) for the existence of
a point Ay =1 are valid for reactions with the gen-
eral spin’structure 1 + a = b + ¢, where a, b, and ¢
are arbitrary spins. This follows from a property.
of the spin-1 density matrix, and examination of the
3(2a+1) by (2b+l)(2c+l) M-matrix is not required.

Methods of specifying a "degree of polariza-’
tion"” for an ensemble of polarized spin-1 particles
produced in a nuclear reaction have been given by
Lakin,> Fanof and Minnaert.’/ They are based on the
fact that the density matrix of the ensemble is pos-
itive semidefinite. Its expansion in terms of an
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irreducible set of tensor operators Tkq imposes con-
ditions on the tensor moments tyg =<ty > °»/
Identical limitations apply for the p(}iqarization ef-
ficiencies Tyq due to time reversal invariance. They
are particularly simple in a transverse coordinate
system S' with the z'saxis perpendicular to the re-
action plane. '

~ 2 2
(T3, +/2)2>3(Ti0) +6]T3,| . 2)

In the space (T{g, v2|T3,/[, T% ), Eq. (2) de-
fines the interior of a cone %Eig. S) Points on the
surface or the base (Tiy= %vZ)of the Lakin cone
correspond to restricted combinations of the maximum
possible values of the Tf,. In terms of the observ:
ables Tyxq or Aij defined by the Madison convention,8
the T1'<q are:

1
Ty = /2Ty 3/ AL

.1 =1
Tyy = F (Tpo %6 Tpp) = 577 A,

_1. - s (33
Ty, =306 Ty 2Ty) -iTy

1 .
=5 V3I(A-AL) +12A. ).

Thus points with Ay, =1 lie on the base of the Lakin
cone. Only there,yzalues of Ay=+1can be attained
(Fig. 1), points A and B), and then only if |T4,|=0.
This results in the conditions of Eqs. (1). As
noted, this was shown for d-%He elastic scattering
by direct calculation with the appropriate 3 by 3
M-matrix.2 From the derivation given here, it is
clear that Egs. (1) are valid in general and are
independent of the spin space of the process. For
all reactions involving polarized spin-1 particles
they therefore provide a clear signature of points
where Ay =+1 is possible.

ﬂ\ 2 |15,]

2

Fig. 1. Cutaway drawing of the cone defined by Eq.
(2). The points A and B correspond to the extreme
values IS, = %1, (XBL 754-2652)

It should be noted that the agreement of the
experimental data with Egs. (1) are necessary but
not sufficient conditions for the existence of an
extreme value of the efficiency Ay. Any pointalong
the line AB in Fig. 1 satisfies Egs. (1). Using a
beam with calibrated tensor polarization,2? it is
possible to determine that a point on the line AB
is reached. However, the calibration of spin-1 vec-
tor polarizations is still so uncertain that it can-
not be shown experimentally that point A or B is in-
deed attained. Although such a unique and restric-
tive point is a priori quite unlikely, an exper-
imental value of Ay > 0.98 has been measured in
d-4He elastic scattering at Eq= 26.8 MeV near oy, =
135° (Ref. 4). Hence, these criteria are of prac-
tical interest.

611 (d,a) ‘He. Measurements by Griiebler et al 10
show values of Ay, compatible with unity near 6 MeV
and Oy = 30°and hear 8 MeV and 6., = 90° (Fig. 2).
Near 8 MeV only A, can reach unity, since the par-
ticle symmetry innéhe exit channel requires that
Ay(90°) =0, Near 6 MeV there are drastic changes
in the angular distributions of all efficiencies,
which makes a comparison with Egs. (1) difficult.

The component Ay near 30°varies rapidly from neg-
ative values at’ 4 MeV to large positive values at 6
MeV, decreasing again above 7 MeV.10 1t is thus
possible that the value Ay=1 is attained. The com-
ponent Ay, changes sign at forward angles between 6
and 7 MeV, while the values of A and A, are close
to - 1/2. In this region the cor)%itions necessary
for Ay= 1 may therefore be fulfilled.

ELi(d,a) “He
b
\(6

7/
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Fig. 2. Values of the efficiency Ayy in the

6Li(d,oc)4He reaction at 5, 6, 7, 8, and 9 MeV, show-
ing two points with Ayy = 1. (XBL 753-2614)

3He(d,p)%He. One point with Ayy=1 has been
tentatively identified near 9 MeV and 8¢ .= 27°.3
Since Agy =-1, Agx 0 and Axp =-1.1,107it is clear
that Ay, cannot reach the value -1. The situation
is different for the possible Ayy maximum above 11.5
MeV, where no measurements are available. At 11.5
MeV a value of Ay = 0.9 is found near Ocp =120°
(see Fig. 1 of Ref. 3). The vector analyzing power
Ay is large and positive both at 11.5 MeV and 15
M. 10,117 The values for Axx and Ayz below 11.5
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MeV are plotted in Fig. 3. Clearly Axx and, due to
the condition Ayxx + Ayy + Azy =0, also Az lie near
- 1/2 at 120°, while Ay, =0 obtains at angles moving
toward 120° as the energy increases. Thus the nec-
essary conditions for Ay =1 may be met near this an-
gle at some energy between 12 and 15 MeV.
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MEASUREMENT OF THE VECTOR ANALYZING POWER NEAR THE
VALUE Ay = 1.0 d-*He ELASTIC SCATTERING*

H. E. Conzett, F. Seiler,tF. N. Rad,+
R. Roy, $and R. M. Larimer

Points in energy and angle (E,0) at which a
component of the analyzing power for spin-polariza-
tion reaches its theoretical maximum are of partic-
ular interest and importance. Experimentally, they
provide valuable absolute calibrations. Theoret-
ically, there exist at such points important condi-
tions on, or relations among, the M-matrix ampli-
tudes. As a consequence, other polarization observ-
ables are determined, and in reactions with partic-
ularly simple spin structure it is possible that all
such observables are determined. "—

The simplest case is that with the spin struc-
tures 1/2 + 0 >~ 1/2 + 0, for which it has been
shown that _points for which Ay(E,e) =+ 1do exist in
N-4He and 3He-4He elastic scattering.l The result-
ing condition on the two M-matrix amplitudes £ and
g is that g= =i £, and the other polarization ob-
servable, the spin rotation angle, is determined.
Similar investigations in d-%He elastic scattering
(1+0 + 1+0) have led to identification of points for
which, the tensor analyzing-power component Ayy =1
(Ref. 2). The corresponding linear relations among
the M-matrix elements at points Ayy=1 and Ay=11
have been given,2,3 and it was shown2) that Ayy=1
is ainecessary condition for the existence|of a point
of Ay=+1. This latter result has now been proved
to be valid more generally, that is, it is valid for
all reactions with the spin structure l1+a-+b+c,
where a, b, and ¢ are arbitrary spins.* Relations
among, and determinations of, the other polarization
observables have also been given for several reac-
tions.

Since a point of A, =+#1 for spin 1 is so uni-
que and restrictive, and’ a priori perhaps so unlike-
1y, the location and identification of such a point
would be of considerable value. The best candidate
for such a point was suggested in the measurements
of Ay(6) in d-%He elastic scattering between 15 and
45 MeV.b There, values of Ay (8= 135 )>0.97 were
found near 25 and 30 MeV. Tﬁerefore, we have ex-
amined this energy region to détermine the maximum
value of Ay(E,0). The experimental details and the
calibration procedures are described elsewhere.

We find that A, reaches its maximum value near 28.6
MeV, and we show in Fig. 1 our preliminary results
for Ay(28.6 MeV, 61). Although finite geometry cor-
rections and polynomial fits to all our data in this
energy and angular region must be made before the
maximum value of Ay is determined, it is clear from
Fig. 1 that Ay does indeed reach a value very close
to unity near’ 9y = 135° at 28.6 MeV.

We have also measyred Ayy (E,0) over the same
regions, using the 4He( ,d)4l%yA data of Ref. 3 at
17 MeV for the determination of the tensor polariza-
tion of our beam. Again, our preliminary result is
that Ayy reaches a maximum value approaching unity

near 2§}.,6 MeV and 61, =135, as would be required to

IO T - * “ ’ ’ T T
] ¢
0.9} ‘ ‘ -
Ay
0.8 4
o7l 4 a 4
: He(d,d) He  28.6 Mev
125 I?;O IZ;>5 140 I4:5
9, (deg)

Fi%' 1. The vector analyzing power, Ay (6}, in
d-4He elastic scattering at 28.6 MeV.
(XBL 756-1531)

fulfill the necessary condition that Ayy=1 at a
point for which Ay = 1.
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EXTREME VALUES OF THE ANALYZING POWER IN THE °Li(d,w)*He REACTION*

F. Seiler,t F. N. Rad,t H. E. Conzett, and R. Roy§ -

Extreme valueg of the agalyzing power have
been_identified in p 4He anda% 4He elastic scatter-
ing.1>2 Recently it has been proposed that similar
points exist also in reactions.” A calculatlon of
the cartesian tensor Ayy from the 6Li(d,c)%He data
of Griiebler et al. Kyws experimental values with
Ayy =1 at two pomts (Fig. 1). Although more data
are clearly needed, extreme values A, =1 are pos-
sible. A definite identification reguires the el-

ements of the M-matrix to fulfill certain conditions.

For Ayy = 1 the M-matrix5

M=-% (a-e,/2f, ate; vZ h, -2k, - /2 h;
)
ate, V2 £, a-e)

must satisfy a=0. If an analysis is not available,
the influence of this condition on certain obsei'v
ables can be tested. Beside the efficjencies A:

for deuteron polarization and Ay for OLi polar—J
ization, only the efficiency correlation coeffi-
cients C are available. The 25 linearly inde-

pendent o%servables5 yield
1 2 :
A = =1 2
o T Ay @)
(?x,z Cx “Cx 6,0 ()
= = =C = O.
Cox T Sy,z T Gyz,x7 O,z )

Near 6 MeV all efficiencies undergo rapid changes
and near 30° Ay is large and positive. The possi-
bility Ay=1 (Ref. 6) should therefore be investi-
gated with closely spaced efficiency measurements.
If Ay=1 is found, the conditions
h = zie,

a=0, k =z if (5)

should be tested. Experimentally this yields

Al = ]
12 o,
Yoo Ty
Al =l =-1y2
Aylcz = sz,y - sz,xz - sz,zz =0
2C_Zz,y = * Cy’y
ZCzz,xz= - Cy,xz
2sz,zz= * Cy,_zz’
in addition to Eqs. (3) and (4). Since efficiency

correlation experiments are difficult, it is likely
that a verification of the conditions will be done
using the results of an analysis. The conditions
above may help in the selection of the data base
necessary, since measurements near a suspected

Rt */4// \\X

i(d,a) *He

1.00 /‘"\a/é

Q.70r
¢ 6 MeV
r A 7 Mev
060} 17 8 Mev N
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1 t ] 1 1 1 1 1 1 i I L ] L 1
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ec.m.
Fig. 1. Regions of A),y =1 in the OLi(d,0)*e re-

action (Ref. 4). (XBL 753-2614)

extreme point are a powerful tool in an analysis.‘7>
It is also very likely that similarly large values
of Ay, and Ay will be found for polarized OLi-beams,
since’ these maxima seem correlated with certain ex-
cited states in the intermediate system.
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POINTS OF MAXIMUM POLARIZATION EFFICIENCY IN “He(d,d)*He*

F. Seiler.t H. E. Conzett, F. N. Rad,t and R. Roy¥ -

Several points (E;,9i) of maximum possible
analyzing power have recently been identified in
d-4He elastic scattering. From an analysis of data
between 3 and 17 MeV, three points with =1 were
found below 12 MeV and another with A, =-T may
exist above that energy. An experimental indica-
tion that extreme values of the analyzing power A
may occur comes from measurements near Eq =28 Me
and 6c p, ~ 154°, where A, = A,y =1.2

Reaching an extreme value of some component
of the analyzing power imposes certain conditions

on the elements of the transition matrix M. In the
parametrization of Ohlsen et al.,
A-B VZ D -A-B
m=1l-vzp 2c 7D
-A-B -V/2 D A-B/,
an extreme value of =1 requires B=0. For an

extreme value Ay =#1, however, A=C=+iD and B =0
is necessary. Thus A,y =1 is a prerequisite for

Ay =2 1,1’4 and both components must peak at the
same critical point (E;,03i). A definite identifica-
tion of points with extreme values of the analyzing
power can be carried out by using a phase-shift an-
alysis to compute the amplitudes A through D and to
verify the validity of the relevant conditions.

In an alternate approachd these conditions are_in-
troduced into the formulae for the observables3 and
can then be checked experimentally. The requirement
B=0 for Ayy =1 yields

]

T4 t
A = py Y WY - 1 1)
Ayy _ X'X' _ ]gz,x' _ Ky'y' (2)
AX)( pz' Zl Ky‘y' )Zol(zl (3)
= p = =

K)Z(? ol K)Z(% = ]SX’)" 0 )
K)Z(' KZ' = KDZQ" - ;SZI% =0 (5)
Ki,y. i K’ZC'Y' ) KXX’.'},. ) K{?y. ©
X'z' ) 'Z' ;}"Z' Y%z'-_.

AR A K?Z =0. %

Equations (4) to (7) are particularly important,
since a value of zero at (Ei, 6i ) does not depend on
the calibration of any polarizations. For an ex-
treme value A=+1, the relative values of all M-
matrix elements are determined and the common con-
stant is given by the cross section o o at (Ei,04).
Thus all 51 polarization observables are numerically
determined, and in addition to Eqs. (4) to (7) the
following conditions hold

N AN AR e A
%f =p' =K = =+1 (8)
y Yy
! ' Tyt
A = p Y b4 = Ky = Ky y = (9)
vy 171 A 7
X'Z X'Z
Az =P = K =0 (10)
1
&R R e an
x'z! _ tzt _ ox'z' o ox'z'_
X = K);X = K = KZZ =0 (12)
z'z' _ oy S S A
Ky KZZ Ky KXX + 1/2 (13)
2tz oztzt XX XX
Kz =% =%z "Ry =14 as)
[ ] ] ]
Axx - AZZ = KY)OCY = K}z’zy = - 1/2 (15)
vaxv PZ'ZI - Kx'x' _ Kz'z':- 1/2. ‘ (16)

Yy yy

The quantities p, A and K denote the polariza-
tion of the scattered deuterons, the analyzing power
and the polarization transfer coefficients respec-
tively. With these conditions a straightforward ex-
perimental identification of a point Ayﬁ=i1 or An~l
is possible. Care should be taken to Verify eac
condition in several ways, choosing the observables
by an inspection of the general formulae and taking
into account the relations between observables re-
quired by other symmetries.
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DEVIATIONS FROM CHARGE-SYMMETRY IN THE REACTION *He(d,t)*He*

W. Dahme,t P. J. A. Buttle,t H. E. Conzett, J. Arvieux,°

J. Birchall and R. M. Larimer

For nuclear reactions in which the final nu-
clei belong to the same isospin multiplet, Simoniusl
showed that the concept of charge symmetry of the
nuclear forces requires the angular distributions of
the cross section to be symmetric and the vector an-
alyzing power to be antisymmetric with respect to
90° in the c.m. system. Experimental evidence of
deviations from this theorem was reported by Gross
et al.2 for the cross section of the reaction 2H(a,
t)3He. In order to provide additional information
for a more detailed study of the symmetry-violating
mechanism we measured the vector analyzing powers
iT11_of the mirror reactions 4He(d,t)3He and 4He(d,
3He)3H at Eq 1ap=32.0 and 41.0 MeV.3 The angular
distributions of iTyq for the He and triton channel
differ by as much as 0.08 (Fig. 1).

The simplest method of taking into account
Coulomb effects is a coherent superposition of
slightly different proton and neutron transfer am-
plitudes in a DWBA calculation, as alsg considered
by Gross et al.: T(kg)=Tp(ke) + Tp (-kf). Choosing
the coordinate system according to the Madison Con-
vention we get, using Satchler's# notation:

M,m Mm
TMA a(e,o) - TpMA a
B B

The reaction in question also is of a spin
type not usually treated in DWBA formalisms:
1+0~+1/2+ 1/2. Because of the similarity of
3He and 3H we assume their LS interactions to be
identical and use channel spin S in the final chan-
nel. The zero-range DWBA code DWUCK was modified
to sum over S=0,1 and to add the two transfer am-
plitudes coherently.

M,m
Aa
8,0) + (-1 T 1 (7-,0)-

The optical model parameters used in these
DWBA calculations were obtained by fitting to the

15 to 45 MeV elastic d+4He vector analyzing power
data of Leemann et al.? along with the cross sec-
tions of Willmes® and the 6 to 32 MeV elastic
He+3H cross section data of Bacher et al.” and
Batten et al.8 No SHe+SH analyzing power data are
available at present. The derived parameters are
listed in Table 1 for the two energies of interest
here. Good fits are achieved over the entire en-
ergy region of the d+dHe data. Fits of less quality
were obtained for the 3He+3H data. The bound state
form factors were calculated as by Gross et al.

Figure 1 shows a comparison of our preliminary
calculations with the experimental data. The struc-
ture is reproduced but the quantitative agreement is
not satisfactory. The fit to the cross section is of
similar quality. At present, the discrepancies
seem to be due to the uncertainties of the 3He+3H
optical potential.
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32.0MeV : aoMey &
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Fig. 1. Vector analyzing powers, iTyj, in the
4e(d,3He)3H reaction at 32 and 41 MeV. The curves
are -from DWBA calculations. (XBL 766-8273)

Table 1. Optical model parameters (rc = 1.3 fm).
B Vo .8 W WgoooTp 3 Vg Tig o A
d+4He 32.0 68.7 1.18 0.56 0.0 2.55 2.56 0.5 4.6 1.18 0.5
41.0 62.2 1.18 0.56 0.0 3.27 2.56 0.5 4.6 1.18 0.5
3H+3He 32.0 192.5 1.30 0.60 0.74 0.0 1.60 0.5 8.0 1.30 0.5
41,0 205.0 1.30 0.60 17.5 0.0 1.60 0.5 8.0 1.30 0.5




TFootnotes and References

*Proc. Fourth Int'l. Symposium on Polarization
Phenomena in Nuclear Reactions (Birkhduser Verlag,
Basel, 1976).

1LPresent address: Sektion Physik der Universitat
Munchen, Garching, Germany.

*Pemanent address:

University of Manchester,
England. :

§Present address:

France.

I.S.N., University of Grenoble,

l

Present address: University of Basel, Switzerland.

1. M. Simonius, Phys. Letters 37B (1971) 446.
2. E. E. Gross et al., Phys. Rev. G5 (1972) 602.

3. W. Dahme et al., Proc. Int. Conf. on Nucl. Phys.,
Munich 1973 (North Holland, Amsterdam 1973) p. 444,

4,. G. R. Satchler, Nucl. Phys. 55 (1964) 1.

5. Ch. Leemann et al., Bull. Am. Phys. Soc. 17
(1972) 562.

6. H. Willmes, private commmication.
7. A. D. Bacher et al., Nucl. Phys. A119 (1968) 481.

8. R. J. Batten et al., Nucl. Phys. Al51 (1970) 56.

POLARIZATION SYMMETRIES IN DIRECT REACTIONS:
SHe(t,d)*He AND 2H(d,p)3H*

H. E. Conzett

The observable consequences of particle sym-
metry or charge symmetry in reactions of the type
b(a,c)c' are well known. Here, the final-state
particles c and c' are the charge-symmetric members
of an isospin doublet or are identical particles,
c=c'. The symmetries imposed on the angular dis-
tributions of the cross section and the analyzing
powers have been given by Barshay and Temmerl and
Simonius: 2

o(8) = o(w-8) (18)
for a state of
definite isospin.

T @) = (1T (-6) (1B)

These symmetries are exact for c=c', but signif-
icant deviations from (1) have been observed in the
4He (d,t)3He reaction (or its inverse) at deuteron
energies ranging from threshold (21.5 MeV) to 41
MeV. Nocken et al.,3 have concluded that the lower
energy cross-section data from the inverse reactiorl
are explained in terms of the compound-nucleus re-
action mechanism, and they suggest that the devi-
ations from symmetry about & =7w/2 result from iso-
spin mixing in the 511 intermediate nucleus. At
the higher energies Ej =32 and 41 MeV, deviations
from the symmetries (1) in both the cross-section
and in the deuteron vector analyzing power® have, in
large measure, been explained via DWBA calculations
as resulting from the slightly different proton and
neutron transfer amplitudes.5,7,8 This explanation
in terms of expected Coulomb effects thus retains
the concept of basic charge-symmetry at these higher
energies.

There is no symmetry condition such as (1B)
imposed on the polarizationms, tkq(e), of the out-
going particle in the b(a,c)c’ reaction; so, it
follows that in a reaction a'(a,c)d, where the iden-
tical particles (a'=a) or isospin partners are in

the initial state, the condition (1B) on the anal-
yzing powers does, in general, not apply. However,
in this paper it is shown that if the reaction mech-
anism is a purely direct transfer process, conditjon
(1B) is imposed on the analyzing powers in thea'(a,d)
d reaction. This symmetry then becomes, inthis class
of reactions, a clear signature of the direct trans-
fer mechanism as contrasted with the compound-nu-
cleus, or intermediate state, process.

Figure 1 shows the two direct transfer ampli-
tudes which are added coherently; Ni and N, are the
transferred nucleons or nucleon clusters. As exam-
ples, in the 2H(d,p)3H reaction Nj=Np=n, and in
the SHe(t,d)%He reaction Nj=n and Nz=p. As is
noted in Fig. 1, the M-matrix amplitudengéicm my ! (m-6)
for the transfer of Ny, producing particle g4t the
angle m-0, is describe% in the coordinate system
with the y-axis along kijx(-kf). Rotation of the co-
ordinate system through an aggli 1 around the z-axis,
s 2ghat the y-axis is along kixke, gives? (-1)™
M Mgmengmg 1 (m-8) for the Np-transfer amplitude.
Here m=my+mgt -me -md and mg, ma', mc, mg are the
spin magnetic substates of particles a,a',c, and d.
The complete M-matrix amplitude is then

0+ UMM g g 6O

1

The particle identity or charge symmetry provides
that i

1)
M ©) =M(
Mg M Mmcmdmama '

8 - w2
M 8) =M 8). 2)
MR MMy v © Mg mammy 1 ©) (

In terms of the transition matrix M, the analyzing
powers are given by the expression
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Fig. 1.
a'(a,c)d reaction.

0(6) Ty, (8) = TH(8) quM*(e), (3)

are spherical tensor operators.9,10

where the Ty
g (2) in Eq. (3) it has been shownll

Using (1) amn
that

qu(e) = (-4 qu(n 8) for a'=a. )

The symmetry (10) thus provides clear indication of
a purely direct transfer process. Of course, if
the reaction should proceed through a single g
state or states of the same parity in the compound
nucleus, this symmetry condition could also result.
However, an examination of the energy dependence of
Tkq(6) should resolve any ambiguity. Also, the ex-
c1tat10n energles of the intermediate nuclei which
are accessible in this class of reactions with po-
larized beams would, almost certainly, be in re-
gions of overlapping levels.

As a clear example of these considerations,

Fig. 2 shows angular distributions of the vector
analyzing power Ay (e) =(2/v3) iT11(8) in the H(a,p)
H reaction at energles from 11.5 to 30 MeV. The
11.5 MeV data are from Ziirich, 12 and the other data
are from Berkeley.l3 The corresponding range of ex-
citation energies in 4He is 29.6 to 38.8 MeV, and
one sees the obvious transition from a complete
lack of symmetry in the angular distribution to one
of near antisymmetry with respect to ©6=1/2, as
ﬁiven by Eq. (10). The Ziirich data range down to
He excitation energies of 24.2 MeV, and all the
analyzing power components Tkq(6) are consistent in
that no such symmetry exists. Hence, analysis of
these data in terms of 4He intermediate states is
required at the lower deuteron. energies, whereas
analysis in terms of the direct nucleon-transfer
process is appropriate above 30 MeV. It should be
noted from the data of Fig. 2, that evidence per-
sists for some contribution from the compound-
nucleus process at energies above that of the high-

The two direct-transfer amplitudes which add coherently in the

(XBL 758-1867)
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Another case of interest is the SHe &,d e in reactions with identical or charge-symmetric
(or 3H(3He,d)4He) reaction. As was noted before, it particles in the initial state, can provide definite
has been reportedd that the lower energy Cross sec- identification of the reaction.mechanism, whereas
tion dat% suggest isospin mixing in the compound no such information is available from cross-section
nucteus ®Li. Support for this conclusion could be data alone.
provided by measurements at those epergies of the
analyzing power iTq1(8) in the 3He (t,d)4He reaction. Footnote and References

The lack of symmetry of the form (4) would be con-
firming evidence for the compound-nucleus reaction
mechanism. With respect to the higher energies, a
DWBA calculation has been made of the analyzing
power in the 3Pe (£,d)%e reaction at an energy
equivalent to Eg=32 MeV in the inverse reaction.

The parameter values were those used by Dahme, 12 (§§6§§r§}§§Y and G. M. Temmer, Phys. Rev. Letters
Buttle et al.,8 in their fits to o(8) and iTy;(6) 2= .

in that inverse reaction 4He(3,t)3He. The near anti- 2. M. Simonius, Phys. Letters 37B (1971) 446.
symmetry of Ay(8) about 6 =m/2 is distinct. ’ —
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DEPOLARIZATION PARAMETER INp - 1°B ELASTIC SCATTERING
AND THE SPIN-SPIN INTERACTION*

J. Birchall,t H. E. Conzett, F. N. Rad,;
S. Chintalapudi,§ and R. M. Larimer

Sherif and Hussein! have pointed out that the and a tensor term:
depolarization parameter D is a sensitive probe of
-the spin-spin interaction in nucleon-nucleus elastic _ . AVl e
scattering. Other parameters, such as the cross- Ust (r)=-1/2 VstFt @) {3 D) (D) o 8P

section and asymmetry, polarization and spin rota-

tion parameters, are relatively insensitive. where o and I are the spins of the incident proton

and the target nucleus, respectively, and ‘¥ is a
unit vector in the direction of a line connecting
the centers of the projectile and target. The

- ' . depth Vg5 and the form factor Fp(r) of the spher-
Uss (r) = VssFo(r) o-L ical term can be estimated from the nucleon-nucleon

Two types of spin-spin force have been con-
sidered. A spherical term: '



spin-spin interaction and the single nucleon wave
function in the target nucleus.4 The form and
strength of the tensor interaction have not yet been
estimated, so a phenomenological Woods-Saxon form
was taken for Fi(r) and the strength Vgt of the in-
teraction was treated as a free parameter in the
calculated fits to the available sparse depolariza-
tion data.3 It is clear that more measurements of
D(e) to good accuracy over wider angular ranges are
needed in a continuing study of the effects of the
target spin in nucleon-nucleus elastic scattering.

We have measured D(8) at several angles in
the elastic scattering of 26-MeV polarized protons
from 10B. The polarization of the scattered pro-
tons is given by :

p(8) = {A(8) +D(8)p,} /{ 1+ p A(®)},

where p_ is the beam polarization and A(8) is the
target gnalyzing power. The polarization of the
beim was continuously monitored by scattering from
a “He gas target downstream from the 10B, The po-
larization of the elastically scattered protons was
measured by a polarimeter with high figure of merit
and good energy resolution.* The polarimeter used
a 1-mm thick silicon solid state detector as polar-
ization analyzer and two side detectors at *27° to
the polarimeter axis. Protons which passed unscat-
tered through the analyzer detector were stopped in
a ""zero degree" detector. The zero degree collima-
tion had the same angular width as the analyzer,
with respect to the target center, but much reduced
angular height. The analyzing power of the target
was deduced from the spin up--spin down count ratio
in the zero-degree detector.

Geometrical errors in the determination of D
were minimized by careful monitoring and adjustment
of beam alignment during the runs, by deducing D
from spin-up/spin-down ratios in each side detector
and by obtaining results with the silicon polarim-
eter placed on each side of the beam. As a check
on these procedures the D-parameter of +4C was mea-
sured at a number of angles (D for elastic scatter-
ing from a spin zero nucleus should be identically
1.0). Values of D consistent with 1.0 were found
in each case.

Results of our D-parameter measurements are
shown in Fig. 1. The curves are not fits to our
data. They are calculations from Ref. 1, where the
values of V§t were chosen to reproduce a data point
from Saclay® at 65 c.m. and 19.8 MeV. It was pointed
out by Sherif and Hussein that the tensor strengths
Vgt extracted in their fits to the data were rather
large. As a result, very recent theoretical effort
- has disclosed another contribution to deviations
from unity of D(6), which has been termed the quad-
rupole spin-flip effect.® This effect can be pres-
ent for nuclei that have ground-state quadrupole
deformations, and, as such, I=> 1. Hence, further
investigations are required to determine the sep-
arate effects from the explicit spin-spin interac-
tion and from the quadrupole deformations.
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Fig. 1. Depolarization parameter, D(6), in 5—10B
elastic scattering at 26 MeV. The calculated. curves
are from Reference 1. (XBL 743-2523)
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CROSS SECTIONS AND REACTION MECHANISMS OF (p,pxn)
REACTIONS ON 298pb IN THE 24-52 MeV RANGE*

J. O. Rasmussen, R. Donangelo, H. Kawakami,+ M. Koike,t
K. Komura,+ M. Sakai,+ and N. Yoshikawat

T89 cross _section fogoghe reactions 208Pb
(p,pn) 207Mph, 208ph (p,p2n) 4" MPh have been measured
for 24, 28, 36, 44, 52 MeV incident protons. The
experimental results are shown to be consistent with
the clean knockout mechanism for the (p,pn) reaction
and with knockout of one neutron followed by evap-
oration of another for the (p,p2n) reaction. We
deduce a theoretical formula for the cross section
for these reactions.

The target used was metallic foil of an en-
riched isotope (99.9%) of 208Ph. A target foil of
8.3 mg/cmé thickness was prepared by electrodeposi-
tion. The ™ cyclotron pulse width of 0.078 ms was
used, with delayed gamma rays counted in the 1.06
ms interval between beam pulses.

The delayed 802.9 keV (ZI + O+) Y-rays were
counted from 0.053 to 0.352 ms (0.599 ms) in the de-
cay curve after the beam pulse. The prompt y-rays
completely decayed out earlier than 0.053 ms. The
cross section for f8rmation of the 0.12 ms 7- iso-
mer at 2.2 MeV in 2Y0Pb was calculated from the in-
tensity of the 802.9-keV gamma ray.

The excitation function for the reaction 208Pb
(p,pn)207Mph (13/2* isomer of 0.80-sec half-life at
1.623 MeV) was measured with the 1063.7 and 569. 8-
keV y-rays.

Singles y-ray spectra were also observed with
the debunched proton beam. The cross section asso-
ciated with the 2* state in 206Pb was estimated
from the 802.9 keV (21 ~0%) vy ray, and similarly
the 569.8 keV (5/27- 1/295transition in 207Pb was
used to calculate the 5/2 state cross section. The
numerical values for these cross sections are given
in Table 1.

We will classify the possible reaction pro-
cesses in two broad categories: (a) those in which
the incident proton interacts strongly with only one
or two nuclear neutrons which leave the nucleus with

Table 1. Excitation functions for 6 e reactions
208pb (p,pn) 207mpb and 208Pb (p,pan) 206mpp,
207mpy 206mpy,
E 13/2* 5/2 7- 2+
MeV) o (mb) o (mb) o (mb) o (mb)
24 2124 ' 241
28 4519 8+3
36 58+12 34211
44 58+12 120425 57+18 95+20
52 65+13 57+18

little or no excitation, and (b) those where the
incident proton leaves the nucleus in an excited
state above the neutron binding energy (after maybe
knocking out a neutron in the process). The ex-
cited nucleus usually decays subsequently by the
evaporation of one neutron.

Using the notation of Grover and Carettol we
will designate as Clean Knockout (CKO) the process
described in (&) and as Inelastic Scattering fol-
lowed by Evaporation of a neutron (ISE) the one de-
scribed in (b).

We conclude then that the isomer ratios for
isotopes one and two neutrons less than the target
are consistent with a reaction mechanism consisting
of one direct neutron ejection by the incoming pro-
ton with (CKO) knockout from orbitals in the first
shell below the Fermi energy leading to the (p,pn)
reaction and (KOE) knockout followed by evapora-
tion from the second shell below the Fermi energy

leading to the (p,p2n) reaction.

The fact that the isomer yield ratios suggest
certain processes does not imply that the others do
not occur at all, but only that their contribution
is small. For this same reason we have not consid-
ered other processes, such as compound nucleus for-
mation, which give a small contribution to the tota
cross section. :

The conclusions we reached here are in_agree-
ment with the analysis made by Rao and YaffeZ on
the proton induced reaction in 181Ta,

From our discussion on the isomer ratio ev-
idence in part 2 we reached the conclusion that
these reactions are peripheral. We now attempt to
formulate a quantitative expression for their cross
sections.

According to Wong,3 the total charged particle

nuclear reaction cross section can be expressed ap-
proximately as

oy (E) = (Rg hgo/ZE)an{1+exp[2n(E-Eo)/hwo]}

where E is the charged particle energy

E
0

hw, =h [dZV(r)/drleo/u] 1/2

is the height of the Coulomb barrier

u is the reduced mass

V(r) the effective (nuclear + Coulomb)
potential for the reaction

RO is the muclear radius, . calculated from

dV(r)/dr[R = 0,
0
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Using the facts that the reactions are peripheral
and that the cross section is dominated by the exit
proton penetrability we derive the expression for
the cross section:

o) = (AR/E; ) {Rohwo #n[1+ exp (2m (E-E ) /hw )]
+ 1 RE[1+ exp(2n (B-E ) /b )] '1} .

The energies Ejp and Eqy,y, proton energies be-
fore and after reactlon,are related through the
ejected neutrons separation energies

p,pn) - E, =E

n
tri

(P,p2n) > By +o'§ +§

out n1 2

a and o' (I <a,a' <2) are parameters included to
take into account that more energy than the thres-
hold binding energies is required on the average to
remove a neutron. R, and huw, were determined by
taking a potential

V(r) = (Zez/r) -V {14'exp[(r-R)/b]}-1.

The values taken for the parameters in this poten-
tial are

R = 1.25 AY3 m

b = 0.65 Fm

V = 30 MeV.
o}
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Fig. 1. Theoretical excitation curve for the
208ph (p,pn) 207Mpb reaction (13/2% isomer). The
data are from this work. (XBL 759-4075)

The parameters o, a'and AR were fitted to
the experimental results. Besides our 208pp data
we fitted the Rao and YaffeZ data for the 181Ta(p,

pn)180mTa reaction. The cross sections are plotted
in Figs. 1-3.
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Pig. 2. Theogretical excitation curve fof the
208 (p,p2n)206mph reaction (7 isomer). The data
are from this work. (XBL 759-4076)
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Fi%. 3. Theoretical excitation curve for the
181Ta(p,pn)180mTa reaction. Data from Rao and
Yaffe. (XBL 759-4077)
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That this simple expression fits the energy
dependence of the cross sections is mainly a con-
sequence of the dominant importance of barrier
transmission by the outgoing proton, which must be
at least lower in energy than the incoming proton
by the neutron binding energy, regardless of the
exact mechanism. -The excess of a or o' over unity
represents the finite kinetic energy carried off by
the neutrons(s) on the average. The fact that o is
as large as 1.5 for the (p,pn) reaction points to
several MeV average kinetic energy of the neutrons
and favors the CKO mechanism as dominant over ISE.
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THE (o,°’He) REACTION AS A SPECTROSCOPIC TOOL FOR
INVESTIGATING HIGH SPIN STATES*

R. Jahn,t G. J. Wozniak,
D. P. Stahel, and Joseph Cerny

Experimental systems capable of detecting nu-
clear reaction products in resonant final states
with good efficiency and energy resolution can open
up a wide range of unexplored nuclear reactions.
Although at present such sgudies are largely con-
fined to the detection of “Be nuclei, Robson! has
pointed out many other interesting resonant systems
which can be detected as reaction products. Addi-
tionally, the well known final state interaction in
the two-nucleon T = 1 system can be gtilized; in
particular, this interaction in the “He system local-
izes the two breakup protons into a narrow cone.
Thus ZHe can readily be detected with two proton de-
tectors arranged in an appropriate geometry.

A very interesting reaction which can be stud-
ied at reasonably high bombarding energies with such
a detection system is that of (a,zHe), potentially
a direct 2n-transfer reaction very similar to the
direct np-transfer reaction (o,d). _The demonstrated
selectivity of the (a,d) reaction?,3 makes it a val-
uable spectroscopic tool with which to investigate
high spin states in nuclei with Ty =T; (target), and
therefore one can anticipate that the (o,2He) reac-
tion might selectivity populate high spin states in
nuclei with T, =Tz (target)+1. This reaction is
particularly appealing due to the unavailability of
high energy triton beams, so that the analogous (t,p)
reaction has not been investigated under conditions
of large angular momentum transfer. We report here
the results of this initjal observation of the @,ZHe)
reaction on 12C,13C and 190 (as Si0) targets induced
by 65 MeV o-particles from the 88-inch cyclotron.
These data establish the expected high selectivityof
this reaction and its usefulness as an important spec-
troscopic tool.

Figure 1(a) shows the ZHe detection system,
consisting of two AE-E counter telescopes. The AE
detectors were phosphorus-diffused Si, 380 ym thick

and the E detectors were Si(Li), 5mm thick, all hav-
ing the same area of 1X1.4 cmZ Two collimator
slits separated by a post were employed, so that the
system subtended a 15 vertical and a 4° horizontal
acceptance angle. “He events were identified by us-
ing standard particle identification techniques as
well as subnanosecond fast timing between the two

AE counters, which drastically reduced random events.
In addition, fast pileup rejection was utilized so
that high singles counting rates (30 kHz) could be
tolerated in the AE counters.

Figure 1(b) shows the relative time distribu-
tion of observed proton coincidences from the reac-
tion 13C(a,2He)15C at 13° 1ab angle. The observed
maximum difference in the time-of-flight of the two
protons of 1.1 ns (FWHM) agrees with prediction
based on the assumption of 400 keV breakup energy.
The coincidence counting rate was measured at dif-
ferent geometries obtained by varying the distance
between the target and the collimator. Figure 1(c)
depicts the relative experimental efficiency versus
the calculated efficiency for three different 2He
energies at three distances. The experimental data,
normalized at 10 cm, are well reproduced by the cal-
culations. The agreement between the calculated and
experimental relative efficiencies and the narrow
ATOF peak (random coincidences from a single beam
burst would have spanned up to 12 ns FWHM) require
that the detected pp coincidences are from the break-
up of the unbound #4He system.

Figure 2 presents regresentative spectra from
the (a, “He) reaction on 12¢, 13C, and 160 at for-
ward angles. The experimental energy resolution of
350 keV was principally determined by kinematic
broadening due to the 4° acceptance angle. As can
be seen in the spectra, the (a,“He) reaction is ex-
tremely selective, only very few states in the re-
sidual nuclei are populated. In 14C strong transi-
tions were observed to a 37 level at 6.73 MeV and
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to 4% level at 10.55 MeV with weaker transitions to
the ground state and to a level at 14.67 MeV. The

5C spectrum shows only strong transitions to the
5/2% level at 0.74 MeV and to two states at 6.85
MeV and 7.35 MeV excitation energy, while in 180
only selective population of the 4+ level at 3.55
MeV was observed (weak transitions would be obscured
due to the reactions on the Si in the target).

Preferential population of high spin states
has been observed in the (a,d) reaction induced by
40-53 MeV o-particles on many light nuclei;Z»3 the
selectively populated levels [e.g., of (dg/7) £+ OT

(a) ®He detection system
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(f7/2)2 character] correspond to particular kine-
maticaﬁy-favored transitions in which the np pair
can be simply captured in a relative triplet state
about an undisturbed target core. Since similar
kinematic behavior and Q-values occur in the (a,zHe)
réaction, one also expects to observe predominantly
high spin states, but now those in which the nn pair
is captured in a relative singlet state. At 65 MeV
bombarding energy, the transferred angular momentum
in a surface interaction on these targets is about
4-5h and thus transitions to levels formed by cap-
turing the two stripped neutrons into d-orbitals
with configurations of (d5/2) [214. should be enhanced.

9 10

Distance (cm)

(a) Schematic diagram of the 2He detection

system. (b) Spectrum of the time of flight differ-
ence ATOF between the two breakup protons. (¢} Com-
parison of experimental (dots) and theoretical
(solid lines) 2He detection efficiencies as a func-
tion of the distance between target and collimator.
The experimental efficiencies have been normalized
to the calculations at a distance of 10 cm.

(XBL 766-2941)
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Fig. 2. 2He energy spectra obtained from the reac-

tions  (a) 12C(q,2He)1l4C; ) 13C(a,2He)15C; and

(©) 160(a,2He)180 at an o-particle energy of 65MeV.
: (XBL 766-2940)

The observed strong population of the 4% states in
14¢ and 180, which have substantial {ds /2)£+ charac-
ter,%950 is in agreement with this simple picture.

Noting Fig. 2(a), except for the weak popula-
tion of the 14C ground stﬂe, transitions to the
other observed states in -°C can be explained as
kinematically favored transitions to S=0 components
in the known 6.73 MeV (ds/» p71/2)3- state? and in the
14.67 MeV state [ possibly’ 4+ 7" of (dg/; d3/2)4+ Char-
acter? though without additional calculations (ds/2
£7/2)5- cannot be excluded.]

Since the 12C and 13C targets_only differ by
api/2 neutron, one expects the (o,“He) reaction on
13c™"to populate preferentially the same two-neutron

configurations originally observed in reactions on
12¢, but now coupled to_the 1/27 core. Thus the
states observed in the 14C sgec’crum should be split
into two components in the 15C spectrum, as_has ob-
served in the analogous (a,d) reactions on *+4C and
13c, Noting Fig. 2(b), then the doublet observed

at 6.85 MeV -7.35 MeV in ~°C can be interpreted ascon-
figuration {12 (0+)p1/2}1{2-® @5/2)%] 7/27,9/2"" Al-
though this model does not predict ‘the assignment of
spins to the two components of the split state, rel-
ative enhancement via the (2J+1)statistical factor
implies that the 7.35 MeV level might have the high-
er spin (9/27) because of its larger cross section,
Siinzce the 5/ 2}+ state at 0.74 MeV has a configuration
[{+4C(0%)p 1o~@ p1/2de /515 /9%, the P1/2 neutron of
13C and t}}e/ zt%éle'sfer}'éé g{;;ééutron muét couple to
spin 0 and no splitting can arise. Thes% three
I3C(a,2He)15C transitions and the 160(a,He)180 tran-
sition to the 3.55 MeV (dg /2)2+ state all show the
expected forward peaked, struétur_eless angular dis-
tributions. In addition, the observed cross sec-
tions of the transitions to the known 4% state in
14¢ (10.55 MeV), the sum of the split states in 13C,
and the 4% state in +°0 are all equal within errors,
which is further evidence for the assumption of a
common (dg /2)£+ configuration for these states.

These results clearly demonstrate the utility
of the (a,2He) reaction as a new spectroscopic tool
capable of locating many unobserved two-neutron
states of high spin in the 2s-1d and higher shells.
Furthermore, extension of this approach towards
studying resonant final systems as reaction products
to other cases seems particularly practical and
fruitful.
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THE (o¢,%Be) REACTION IN THE 1p SHELL*

G. J. Wozniak, D. P. Stahel,
N. A. Jelley,+ and Joseph Cerny

The existence and the importance of multinu-
cleon correlations in nuclei, and in particular of
a-like four nucleon correlations, has intrigued
physicists for decades. Recently, detailed theoret-
ical calculations have been made of the extent of
o= clusterlng in light nucleil>2 and the (d,611),
(3He,’Be) and (a,20) reactions have been employedto
verify experimentally these predictions.

To complement the information acquired with
the above three reactions, a very detailed study on
1p shell targets has been made with the (o, 8Be) Te-
action. This reaction has an a priori simplicity
because the 8Be ground state 1ooks ver very much like
two o particles weakly bound in a relative s-state;
further, since the projectile, the transferred o
particle and the SBe ground state all have zero spin,
simple selection rules result Although 8Be is
partlcle -unstable (ty/9 ~ 10-1 s), its ground state
is long-lived compared with nuclear transit times,
and one should be able to treat it as a single nu-
cleus in a direct reaction.

The present investigation was carried out at
moderately high bombarding energies (65-72.5 MeV)
where it was hoped that direct processes would dom-
inate and thus make possible the extraction of ex-
perimental spectroscopic factors. All stable Ip
shell targets were investigated and the data were
analyzed in the framework of the exact finite-range
distorted-wave Born-approximation (EFR-DWBA). :

In the distorted-wave Born approximation, the

diffgrential cross section for the reaction
B(0,°Be)A is given by:

%% ©) =z Sh(BA+0) S(Bevorta) op (6) (1)

where L runs over all the allowed angular momentum
transfers. The kinematic part of the cross section,
: , was calculated using DeVries' EFR-DWBA code
LOIA.S The optical model potentials needed to gen-
erate the distorted waves in the entrance and exit
channels were determined by fitting tabulfged
partlcle elastic scattermg data on
and 15N at 40.5 Me X and on 160 at 65 MeV7 w1th the
search code GENOA.® The scattering data foreach tar-
get were fittéd individually with Woods-Saxon poten-
tials havmg oth rea and imaginary volume terms.
For the 9Be, 10B and 1y targets no tabulated scat-
tering data were available in the appropriate re-
gion. Thus a potentlal from the literature
similar to 13C (see fPle 1), which reproduced 46
MeV a-scattering on B, was used.

In order to gpproxmate a potential for the
particle-unstable ®Be, GENOA was used to dete
an optical potential wh%cdh re}l)roduced 50 MeV Be
elastic scattering da%% 2 Z(potentlal AA in
Table 1). Since the 1%(a, Be) C reaction calcu-
lations were found to be relatively insensitive to

the exit channel potential and no “Be elastic scat-
tering data existed for the other exit channels, po-
tential AA was used to generate the distorted waves
in the °Be channel for all of the 1p shell targets.

The bound state wave functions, which describe
the motion of an o cluster in the target nucleus B
and in 8Be, were calculated in the usual way using
a real Woods-Saxon potential whose well-depth was
adjusted to give the observed o binding energy. The
radius of the Woods-Saxon well %scrlbmg the target
nuclei was chosen to be R = rOA An 1y of 2.0 was
used for all 'targets; this give a radius Wthh was
larger than the physical size of the core A. This
larger radius could. correspond to the transferred

L a~particle existing at the surface of the core.
Table 1. Optical model potentials used in the DWBA calculations.

. . o aa a a a .
Target Projectile E proj. v TR ap W 7 ar C Potential

MeV  MeV fm I MeV fm fm fm

164 o 65  89.3 1.56 .57 27.7 1.39 .72 1.2 AP
15y 40.5 279 1.22 .65 17.6 1.55 .65 1.2 B¢
14y 40.5 279 1.22 .65 17.6 1.55 .65 1.2 B¢
3¢ o 40.5 170 1.47 .55 20.8 1.56 .35 1.2 cc
12¢ M 40.5 36.7 1.80 .41 7.6 1.96 .66 1.2 ¢ .
11y 105 95, 46 194 1.38 .60 24 1.60 .60 1.2 gd
12¢ dBe 50 35.2 1.72 .92 12  2.65 .50 1.2 AAS




Decreasing r, from 2.0 to 1.2 had only a small ef-
fect on the shape of the fits but caused a strong
decrease in the magnitude of the cross section.

Although %Be is unbound by 92 keV, it is ef-
fectively bound by its Coulomb barrier during the
reaction time. To generate a bound state wave func-
gion for the calculations, it was assumed that the

Be internal wave function varied smoothly and slow-
1y when its binding energy was changed from -92 keV
to +10 keV. The 8Be internal wave function was cal-
culated for an o particle bound to a second one by
10 keV in a Woods-Saxon well with a radius of 3.2
fm. (Changing the binding energy from 100 keV to
10 keV produced no change in the shape of the cal-
culated cross sections and only a 7% decrease in
their magnitudes.)

In deriving experimental spectroscopic factors,
we:have tried to maintain consistent critévia for
choosing the center-of-mass angle at which to relate
experiment and theory, since the shapes of the cal-
culated and experimental cross sections are not iden-
tical. If an experimental maximum existed in the
angular distribution, the theoretical and exper-
imental yields were compared at this angle. For the
flatter angular distributions, the spectroscopic
factor was calculated at a data point between &.
= 25 and 35°. The values of the_ theoretical a- =
particle spectroscopic_factors sk (B*A+a) in Eq. 1
were taken from Rotter! and from Kurath.2 For
S(8Besa+n) the theoretical value of 1.5 was taken
from Kurath.4 The calculated cross sections and the
experimental data for all targets are given in Ref.
11 while only the “Y0 target data and fits are dis-
cussed below.

A comparison of the (a,SBe) experimental (sym-
bols) and absolute calculated (solid curﬁs) Cross
sections for transitions populating the +4C ground
state and several excited states is shown in Fig. 1.
The similar magnitudes of the experimental and cal-
culated cross sections demonstrate good agreement
between the theoretical a-particle spectroscopic
factors and experiment. The shapes of the theoret-
ical cross sections reproduce some of the features
of the experimental data - most notably the relative
spacing and magnitude of the two forward maxima in
the ground state angular distribution. Furthermore,
the damping of the oscillatory character observed
experimentally in the L=2 and L = 4 angular distri-
butions, compared to that of the L = 0 ground state,
is also reproduced by the calculations.

In Fig. 2 are shown ratios R"’1bs of experimen-
tal to theoretical Sy where R2PS is defined by:

S(exp) ) do/dn (e)e
S(theory) do/da () th

Rabs -

For consistency, Kurath's theoretical a-particle
spectroscopic factors“ are used for all targets. In
gegeral these ratios lie below the dashed line at
R&DS =1,0, but deviate from it by less than 50%.

(6f course this comparison is very sensitive to sys-
tematic errors either in the experimental data or
in the reaction calculations; an example of the lat-
ter is that the magnitude of the calculated cross
section is affected by the value of r, used in cal-
culating the bound state wave functions). The oLi
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Fig. 1.

Absolute experimental (symbols) and cal-
culated (solid curves) {(a,°Be) cross sections at

Ey =65 MeV_for transitions populating the 12¢(g.s.)

and several excited states. statistical error is
given if it exceeds the height of the data point.
In addition, the width of each data point corre-
sponds - to the angular acceptance of the 8Be identi-
fier used in measuring that point.

(XBL 7512-9930)

(g.s.) point is off-scale because of its very small
theoretical §,.

In order to minimize systematic errors, the
above ratio of spectroscopic factors, RaDPS, was di-
vided by the ratio for the ground state transition.
The ratio RT®! is defined by:

abs
R;je} _ R

(B>A+a) ]
© gabs (B>A(g.s.)+a)

Part b of Fig. 2 presents this relative ratio of Sy;
Rrel js again plotted against the final state pop-
ulated. Better agreement between experiment and 1
theory is seen in Fig. 2b in that the values of R°°
for R3PS in Fig. 2a
with only four values of R'®! farther than +50% from
unity; the YLi(g.s) point is again off scale.
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for each target (see discussion in text). Note that -
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parts (a) and (b), the 6Li(g.s.) point is off-scale
because of its very small theoretical S;.
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The selectivity and good quantitative agree-
ment with theoretical predictions illustrate that
the (o,%Be) reaction is a useful spectroscopic probe
with which to measure the extent of a-clustering in
nuclei. :
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THE (o:,®Be) REACTION IN THE 2s-1d SHELL

D. P. Stahel, G. J. Wozniak,
M. S. Zisman, and Joseph Cerny

In recent years, there have been several cal-
culations 1-5 of a-spectroscopic factors Sy of 2s-
1d shell nuclei with SU(3) shell model wave func-
tions.® A comparison of these theoretical values
with experimental ones should be a sensitive test
of these predictions and thus the validity of the
SU(3) shell model. Since the (a,8Be) reaction has
been successfully utilized to determine experimen-
tal Sy values for 1p shell nuclei,’ our study of
this reaction has been extended to 2s-1d shell tar-
gets.

Targets of 24Mg, 2881, and 40Ca were bom-
barded with 60 MgV a-particles from the 88-inch
cyclotron. The °Be detection systeg employed has
been described elsewhere.’/ Typical ®Be ener§y spec-
Ega are shown in Fig. 1. Spectra from the 43Mg and

Si targets exhibit preferential population of the
ground state rotational band and some menbers of
higher-lying bands in the residual nuclei. This is

consistent with the results of SU(3) shell model
calculations? which show that in a good SU(3) nu-
cleus the o strength can be highly concentrated in
a few rotational bands.

In the 20Ne spectrum, there is evidence for
population of members of the ground state rotation-
al band up to spin 8%, No population of the 2
state of the K= 2 band is observed at
this angle. At other angles, however, there is
some evidence for weak population of this umnatural
parity state, indicating that multi-step reaction
processes could be present.® In the “PAr spectrum
only the ground state and the first 2% and 4%
states are excited. There is no significant popula-
tion of higher members of this "ground state rota-
tional band" thdt were predicted in the SU(3)
scheme,” although the kinematics would favor transi-
tions to these high spin states. However, in the
upper half of the 2s-1d shell, SU(3) may not be a
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good symmetry.

Angular distributions were measured for the
transitions to the ground and several excited states
and are shown in Fig. 2. They show forward peaking
and diffraction structure that tends to be washed
out for the larger 2-transfers. Typical peak cross
sections of 1-5 ub/sr are observed. For the ground
state £=0 transitions, there is a rather large an-
gular momentum mismatch of about 4h for the Z4vg

80

and about 7h for the 2851 and 4%ca targets, which
causes the gross sections to be much smaller than
for the (a,°Be) reaction on even-even 1lp shell tar-
gets.” The distributions were analyzed using the
exact finite-range DWBA code LOLA,9 assuming a sim-
ple ground state a-cluster transfer mechanism. The
optical model parameters for the entrance channels
were taken from published elastic a-scattering data.
For the exit charme&s the parameters were deter-
mined from elastic “Be scattering data. The re-
sults of some preliminary calculations are shown in
Fig. 2. Although the shapes of the distributions
are reproduced fairly well, they are out of phase
with respect to the data, and the. extracted relative
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- 24Mg (a, 8Be) 2%Ne .

+
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‘ I
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e ¢
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163; 2%
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do/d)  (pb/sr)

6c.m, (deg)
Fig. 2. Angular distributions of8Be from the
(o, 8Be) Teaction on 24Mg, 28Si and 40Ca. The

solid curves are exact finite-range DWBA calcula-
tions. (XBL 766-8317)
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Sy, values are only in moderate agreement with the
SU(3) predictions, as shown in Table 1. This could
be due to the momentum mismatch which makes the cal-
culations rather sensitive to variations of param-
eters. Furthermore, in reactions involving de-
formed, collective nuclei, multi-step processes,
which cannot be handled by first-order DWBA, may
play an important role. Thus, a more elaborate (and
expensive) coupled-chamnels analysis may be required
before quantitative structure information can be ex-
tracted from data such as these.

Table 1. a-spectroscopic factors.
T Relative Su
Target Final Level J -
nucleus nucleus  (MeV) (a,SBe) SU(S)a
g e g5 o 1.00  1.00
' 1.63 2" 1.29 .13
4.25 * 1.62 .80
28g; g g.s. o* 1.00  1.00
1.37 * 1.27  1.20
40c, 0 gs. 0t 1.00 1.00
1.97 * 3.95  1.17
3Ref. 4 for “Mg and “8si; Ref. 3 for 40a.
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EXOTIC MASS MEASUREMENTS USING THE (*He,®He) REACTION

G. KeKelis, M. Zisman, D. Scott,
R. Jahn, and Joseph Cerny

The four neutron pick-up reaction (4He,8He)is
a valuable tool for reaching nuclei far from stabil-
ity.l The 88-inch cyclotron is ideally suited to
the measurement of these reactions for two reasons.
First, the cyclotron produces sufficientenergy alpha
beams to perform reactions with Q-values of -50 to
-60 MeV. Second, the magnetic spectrometer provides
the large solid angle and sophisticated detection
system required to measure cross sections in the
1-nb/sr region.

Most of the emphasis of the present experimen
tal program has been directed to reducing extraneous
background in the magnetic spectrometer to the sub-
nanobarn level. This background is produced by
three processes: First, y-rays and neutrons pro-
duced at the Faraday cup cause misidentification in
time-of-£light measurements by producing between-
beam-burst counts in the plastic scintillator
"start" signal of the focal plane and the NE111-

photomultiplier "stop" signal. The problem has been
gre%tly alleviated by using a gas proportional coun-
ter” as the "stop" signal since it is relatively in-
sensitive to y rays and neutrons. The second con-
tribution to the background is the intense elastic
scattering. ‘At small angles the elastics produce
count rate problems as well as scattering from the
walls of the spectrometer, thereby entering the fo-
cal plane detector with peculiar trajectories. The
last identification problem is due to high energy
protons, deuterons, and tritons which are lightly
ionizing and easily misidentified. These last two
problems have been eliminated by introducing a new
focal plane detector designed by B. Harvey3 which
allows double AE and double position (trajectory)
measurements,

The 58Ni(4He,8He)54Ni reaction was investi-
gated with the above system before the new focal.
plane detector and proportional counter time-zero



system were introduced. The resulting 8He spectrum
i's shown in Fig. 1. Background in this spectrum is
on the order of the cross section of interest, that
is 5-10 nb/sr. However, it does appear that a peak
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Fig. 1. Energy spectrum of the 58Ni(4He,8He)54Ni
reaction at Er, = 110 MeV. The predicted ground
state location was taken from Ref. 4,

(XBL 764-2744)
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with a cross section of about 8 nb/sr is located at
the expected position, as well as a possible ex-
cited state at 2 MeV_exc%Xation, The peak location
is based on the mass of °“Ni as predicted by Harchol
et al.,% This experiment is being repeated using
the new focal plane detector and time zero systems
in order to produce a clean spectrum.
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b. Heavy Ions

STUDIES OF “H AND °H BY THE TWO-PRONTON
PICKUP REACTION (6Li%B)

R. B. Weisemiller, K. H. Wilcox,* D. Ashery,t
G. J. Wozniak, and Joseph Cerny

Although the heavy hydrogen isotope 4H has
been the focus of mumerous theoretical and exper-
imental investigations, considerably less inforpa;
tion is available on the level structure of 5y.1,2
In an attempt to obtain further information on SH,
we have itudied and_com argd results from the OLi
(6Li,8B) H and 7Li(6Li, B)°H reactions. This two-
proton transfer reaction, which has been extensively
investigated in the 1p-shell region,3 offers a par-
ticularly simple way of probing these isotopes.

Lithium ions (produced in an internal PIG ion
source) were accelerated in the 88-inch cyclotron.
A 93.3-MeV beam energy was chosen for this exper-
iment because of the extreme kinematic conditions
and the highly negative Q-values (which for the sim-
plest particle breakup thresholds correspond to
~17.77 MeV for the 4H system and -25.02 MeV for the
5H system). 8B reaction products were detected in
a standard three-counter-telescope; adequate identi-
fication of the 8B isotopes was accomplished off-
line by cross-gating the ratio of the two indepen-
dent particle identification signals generated by
each of the two thin transmission detectors. At
each set of gnglei data were collected sequentially
from a ‘Li, “Li, 2C, and 160 target. Since carbon
and oxygen are major target contaminants, this pro-
cedure assured an accurate calibration of the spec-
tra from reactions induced on lithium.

An energy spectrum of the 6Li(6Li,8B)4H reac-

tion is shown in Fig. la. The smooth curve corre-
sponds to the phase-space distribution for the three-
body breakup OLi + 6li ~ 88 + t + n; the thresholds
for other multi-body breakup modes are indicated.
The observed enhancement above this phase-space dis-
tribution can be attributed to the knownl t + n final
state interaction cirresponding to transitions to the
2" ground state of “H with possible contributions
from.transitions to probable 1~ and 0 levels in “H
(these states are all broad). This enhancement was
seen with appropriate kinematics at all of the four
angles studied, and assuming that all of the counts
above phase space correspond to this transition,
then the observed yield is -~4 yb/sr (c.m.).

In confrast to these results, the spectrum of
the 7Li(6Li,®B)°H reaction, displayed in Fig. 1b,
shows no obvious ev%dence for a strong final-state
interaction in the °H system; this spggtrum was ac-
cunulated for a total of 6200 uC (6Li , a factor
of 6.5 more than for the 4H spectrum. The counts
seen above the smooth curve drawn in Fig. 1b, which
corresponds to the phase-space distribution for the
four-body breakup OLi + 7Li > 8B + t + n +m, can
arise from contributions from other multi-body break-
up channels, such as the three-body breakup 8B+t +
(2n) or SB+4H+n, or from thé (0Li,8B) reaction on
carbon and oxygen contaminants in the 71i target.
This yield above the phase-space curve corresponds
to ~100 nb/sr-MeV (c.m.) in contrast to the 4y
transition yield of ~1ub/sr-MeV (c.m.). As such
there is no indication in these data, or in the
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investigation at three other angles, for any narrow
SH state, which agrees with the resultg from studies
of the 9Be (u,gB) H reaction4 and the °H (t,p) 5y
reaction. N

Footnotes and References

*
Present address: Energy and Resources Group,
University of California, Berkeley, CA 94705.

+Present address: University of Tel-Aviv, Israel.

1. For mass 4 see S. Fiarman and W. E. Meyerhof,
Nucl. Phys. A206, 1 (1973).

2. For mass 5 see F. Ajzenberg-Selove and T.
Lauritsen, Nucl. Phys. A227, 1 (1974) and references
therein.

3. R. B. Weisenmiller, N. A. Jelley, K. H. Wilcox,
G. J. Wozniak, and J. Cerny, Phys. Rev. Cl3, 1330
(1976). ——"

4. R, L. McGrath, J. Cerny, and S. W. Cosper, Phys.
Rev. 165, 1126 (1968).

5. P. G. Young, R. H. Stokes, and G. G. Ohlsen,
Phys. Rev. 173, 949 (1968).

Fig. 1. (a) An energy spectrum of the 6Li(6Li,8B)
44 reaction (E(OLi)=93.3 MeV) collected at
0 =14,.7 for 950 uC. These data are four channel
sé%E and the curve corresponds to three-body phase-
space (see text). (b) An energy spectrum of the
7Li(6Li,8B)5H reaction (E(OLi)=093.3 MeV) collected
at 614y =14.7° for 6200 uC. These data are four
channel sums and the curve corresponds to four-bod
phase-space. The 10ge and 14C 1evels arise from 12C
and 190 contaminants in the target (see text).

(XBL 768-3907)

THE (°Be, 8B) REACTION AND THE UNBOUND NUCLIDE "OLj*

K. H. Wilcox, R. B. Weisenmiller, G. J. Wozniak,
N. A. Jelly,+ D. Ashery,; and Joseph Cerny

Mass measurements of new highly neutron-excess
nuclei provide important tests of the theoretical
relations used to predict the limits of nuclear
stability and the onset of new nuclear decay modes.
Experimental masses in the very light nuclei have
proved particularly interesting since large discrep-
ancies have been found between predicted and
observed mass-excesses. If one excludes many-
neutron systems and hydrogen isotopes, all T, = 2
nuclei in the light elements are nucleon stable and
have known masses with the exception of 10Li, which
has been established to be particle wnbound?»3 but
for which a mass-excess has not been determined.

Bg emgloying the |AT,| = 3/2 rearrangement reaction,
{ Be,8B), we have produced 10Li via the 9Be(Be,8B)
0Li reaction.

A 121 MeVgBe+3 beam from the Lawrence
Berkeley Laboratory %8-inch cyclotron was used to
bombard a 0.68 mg/cm 9Be foil. Beryllium vapor
was supplied to the arc by support-gas-induced
sputtering of a piece of Be metal located just
outside of the arc. °B exit particles were identi-
fied by a detector telescope, subtending a solid
angle of 0.3 msr, consisting of two transmission -
(AE) detectors, 53 and 45 um thick, a 210- um E
detector, and a 500-um reject detector. The method
of data handling has been described previously
and involves in part a comparison of two particle
identification signals to reduce background; this
comparison eliminated ~25% of the “Be-induced events.

Due to the low yield of the (gBe, 8Be) re-
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action, it was necessary to reduce the background
from target contaminants and random pulse pileup
by additionally requiring the 8B particles to be

in coincidence with an event in a recoil telescope.
The recoil telescope subtended a solid angle of

15 msr and consisted of AE and E detectors of
thickness 11 and 48 um, respectively, backed by a
500-um reject detector. Figure 1 shows schematically
the location of the detectors in the scattering
chamber. A large recoil solid angle is required
because the recoiling 10Li nucleus decays in flight
to OLi + n, resulting in a 9Li maximum breakup cone
angle of about 10 degrees in the laboratory. The
thickness of the AE detectoi was chogen to eli-
minage background from the 2C( Be B)13B and
160(”Be, 8B)17N reactions, induced on target contam-
inants, by stopping the 138 and 17N recoil nuclei
while permitting the 9Li recoil daughters to pass
through into the E detector. Fast timing techniques
were_used in establishing the coincidence between
the °B and its associated recoil and to eliminate
inter-beam-burst pileup. (A more detailed discuss-
ion of the experimental technique is given in

Ref. 5.).

An energy calibration for the (9Be, 8B) Tre-
action was obtained by observing at small angles
the 40Ca(6Li, B) 38ar veaction to the ground and
first excited (2.17_MeV) states of 38Ar, initiated
by an 80.6 MeV OLi*? beam. In addition the
2851 (6Li,88)26Mg and 160(°Li,8B)14C grownd state
reactions were used. These reactions® have
reasonable cross sections (5-10 ub/sr) and populate
discrete states yielding °B with energies between
62 and 71 MeV, close tg the energy of ~ 75 MeV
expected from the 9Be( Be,SB)1 Li ground state
reaction at 14°.

The 12C(gBe,gB)lsB reaction was also studied
separately, both to obtain a calibration point at
higher energies and to study the yield of the (%Be,

121 MeV

°Be beom

AE
Rej\f\»(‘{:»ﬁ‘u +n

recoil

Fig. 1. Schematic drawing of the scattering chamber
setup showing orientation of the_detectors and
target; the solid angles of the °B and recoil tele-
scopes were 0.3 and 15 msr, respectively.

(XBL 758-3663) [Part (a) only]

8B) reaction on a major target contaminant. A 8B
energy spectrum from this reaction at 14°is shown
in Fig. 2(a). The ground state population is too
low (~200 nb/sr) to be useful for calibration pur-
poses. However, the sharp peak at Ejgp =81 MeV
provided a useful point. This, together with the
(6Li,8B) data, established an accurate energy cal-
ibration.

A spectrum of all the 8B data from reactions
on the 9Be target, representing 6950 uC of “Be beam
(fully stripped), is shown in Fig. 2(b). The same
data, with the additional requirement that each
count be in coincidence with an event in the recoil
detector (located at 33° in the laboratory), are
seen in Fig. 2(c¢). With this requirement, elimina-
tion of °B nuclei arising from reactions on major
target contaminants was essentially complete.
Further, although isotope resolution in the recoil
particle identification spectra was poor, it was
adequate to show that all the associated recoils
from the events in Fig. 2(c) appear in the region
expected for 9Li nuclei.

We have assumed of necessity that the observed

geak arises predominantly from the population of

OLi in its ground state. (Based on simple
particle-particle, hole-hole theorems, the two
lowest states of 10Li could be very similar to
those of 12B, in which they are separated by

0.95 MeV.) The width of this peak, approximately
1.2+ 0.3 MeV FWHM, (c.m.), is of the correct order
of magnitude for a single unbound state on the

20 —I (O) T T T T T T T
121 MeV °Be ¢ (°Be, °B) B
I5F 6I0b= 14° 1760 ,u.C J
ol (348,370 |
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i
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o |
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Fig. 2. Several energy spectra resulting from the

bombardment of 12C and 9Be targets by a 121 MeV
9Be beam and observed at 14° in the laboratory;
5a) The 12C(°Be, 8B) 13B reaction; (b) the
Be(9Be, 8B) 0Li reaction singles events, and

(c) a two-chamnel sum of the 9Be(“Be, 8B) 1ULi
reaction coincidence events. (XBL 758-3664)
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basis of neutron-tumeling calculations. At this
angle of 14° the cross section for population of
the ground state of 10Li was 3Q nb/sr gc ).

The observed Q value for the “Be("Be, B)10L1
ground state reaction was -34.06 = 0.25 MeV,
corresponding to a mass- j§xcess for 10Li of 33.831
0.25 MeV. The nucleus 1VLi is thus wnbownd to 9Li
plus a neutron by 0.80+ 0.25 MeV (using the recent
remeasurement’ of the 9Li mass), sogewhat more
unbound than the current prediction® of 0.21 MeV
based on the Garvey-Kelson method.

An attempt was also made with the ( Be 8B)
reaction to determlne the mass-excess of the T,
5/2 nucllde B by reactions on a 14C target.
A 121 MeV_9Be beam was again used, bombarding a
100 ug/cm“ carbon target enrlched to ~ 80% in 14cC.
The experimental tschnlque was 51mllar to that
described for the Be( Be, B) OLi reaction, except
that a single recoil counter of about 20 um thlck—
ness, backed by a reject detector, was use%
gartlcles from the relatively hlgh yield C( Be
B) 3B reaction were not sufficiently e11m1nated
by the recoil angle requirement to permit positive
1dent1f1cat10n of any peaks due to the formation

B. ug 11m1t of 50 nb/sr (c.m.) can be
set for the 14C(7Be,8B)15B ground state reaction
at 14° in the 1aboratory. (Also see Ref. 5.)

These results on 1ULi add another |AT,| = 3/2
nuclear rearrangement reaction as demonstrated.tools
to employ (albeit not always successfully) in
studying the spectroscopy of new highly neutron-
excess light nuclei.
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THE (°Be, 8Be) REACTION AT 50 MeV

D. P. Stahel, G. J. Wozniak, B. D. Jeltema,
M. 8. Zisman, R. Jahn, and Joseph Cerny

In recent years, single nucleon transfer
reactions induced by light heavy ions, such as 7Li,
12¢, 13¢, 14N, and 160, have gained increased
attentlon for nuclear reaction and structure in-
vestigations. The (Be, ®Be) reaction has not been
studied, mainly because of a lack of a suitable
8Be detectlon system. This reaction, however, has
several experimental advantages over other heavy
ion one-neutron stripping reactions. Because the

Be identifierl eliminates 8Be® events, the 8Be
energy spectra lack the shadow peaks observed in
other reactions that produce exit partlcles with
bound excited states. Furthermore, the 8Be events
can be clearly distinguished from the more copious-
elastically and inelastically scattered 9Be parti-
cles. With these advantages in mind, we have
surveyed the (%Be,8Be) reaction on several 1p
and 2s-1d shell targets.

The Be(2+) ions, obtained from a PIG source,
were accelerated by the 88-inch cyclotron to 50
MeV. Beam currents of 100-200 nA gas 4+) were
readily de11vered on target. The °Be particles
(t ~ 10-165) were detected by means of their

breakup o particles.. A position sensitive de-
tector (PSD) was used to measure the direction and
energy of the original 8Be and split AE detectors
were employed to reduce random c-o background.

An energy resolution of ~ 400 keV (FWHM) was
achieved with an angular acceptance of ~ 1°

Simultaneously with the 8Be particles, 9Be
elastic scattering was measured utilizing a single
5x1 cm? PSD. The collimator consisted of a
tantalum plate with 8 vertical slits, each with a
horizontal acceptance angle of ~ 0.5 . The energy
signal was routed by the position signal thus
allowing us to simultaneously measure elastic
scattering at 8 angles each separated by 1°.

8Be energy spectra of the (9Be, 8Be) reaction
on 12¢, 160, 283i and 40Ca are shown in Fig. 1.
They exhibit clearly the high selectivity of the
reaction. Only states with an appreciable single-
particle strength as known from (d,p) reactions are
populated. In order to test whether current direct
reaction models, such as the DWBA, can account for
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Fig. 1. Energy spectra of the ("Be, Be) reaction

on 12¢, 160, 28si and 40cCa. (XBL 767-8313)

the kinematics of the reaction, angular distribu-
tions for the 285i(%e, 8Be) 29si and the

40Ca(98e, 8Be) 4lCa reactions were measured and are
shown in Figs. 2 and 3. Whereas for the 28Si target
the distributions display some diffraction struc-
ture, those for 40Ca are almost featureless, as

is typical of low-energy heavy-ion reactions. The
distributions were analyzed in terms of the exact
finite-range distored-wave Born-approximation
using the computer code LOLA.Z The optical model

‘O T T T T
"gs.  28Si(°Be’Be)Si
/2" Eg_ =50 Mev

Be

| 6.38
172"
L=1+2

0.1+

0.0l L x
0 20 40

6.m. (deg)

Fig. 2. Angular distributions of 8Be from the
2831 (9Be, ®Be) 2951 reaction. The solid lines
represent exact finite-range DWBA calculations
using optical model potential set V.

(XBL 755-8314)

parameters were determined by fitting our measured
elastic scattering data with the search code
GENOA.3 A 1list of the extracted potentials is
given in Table 1. In the DWBA calculations, the
same parameter set was used for the initial and
final channels. The results are shown in Figs. 2
and 3, and the extracted spectroscopic factors are
listed in Table 2. For the spectroscopic factor of
Be, the theoretical value# of 0.58 was used. For
the 2883 target, the shapes of the distributions
are well reproduced, and the absolute and relative
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spectroscopic factors are in good agreement with the
values determined from (d,p) data.> Although for the
40Ca target the calculated shapes of the distribu-
tions fit the data well and the relative spectros-
copic factors agree with the (d,p) values, the
magnitude of the predicted cross sections is too
large, which is reflected in absolute spectros-
copic factors about 3.5 times smaller than the
corresponding (d,p) values.® A possible explanation
for this discrepancy is the fact that the normaliza-
tion could not be done at the grazing angle of

~12° (c.m.), where the cross section peaks, be-
cause of mechanical restrictions. It is known from
other heavy ion reactions that DWBA calculations

7
o

87

4

Table 1. Optical model parameters for 50-MeV elastic 9Be scattering.

a

Target \i Tor ap w " Tor &y Toc Set
MeV)  (fm) (£m) MeV)  (fm) (fm)  (fm)
12¢ 30.9 1.84 0.88  8.50 2.78 0.46 1.2 I
85.5 1,93  0.64  23.7 1.81  0.86 1.2 II
114.1 1.21  0.88  12.0 2.64  0.52 1.2 1III
28g; 35.2  1.83  0.70 6.5 2.66 0.70 1.2 IV
85.8 1.68  0.64  15.8 2.07  0.85 1.2 v
209.8 1.28  0.71  38.2 1.74  0.93 1.2 VI
40cy 70.8 1.42  0.73 9.7 2.06 0.82 1.2 VII
322.7  1.03  0.77  22.0 1.83  0.89 1.2 VIII
ap - 1/3
Tohegt
Table 2. Spectroscopic factors.
9 8 a
Level . S( Be, Be) s (d,p)
Nucleus MeV) J abs rel abs “rel
2954 g.s. 1/2% 0.42 1.00  0.53 1.00
1.27  3/2°  0.70 1.67 0.74 1.40
2.03 5/2+ 0.11 0.26 0.12 0.23
3.62 7/2" 0.30 0.71 0.38 0.72
4.93  3/2° 0.48 1.14 0.56 1.06
6.38 1/2° 0.51 1.21 0.53 1.00
ey g.s 7/27  0.27 1.00 0.95 1.00
1.95 3/27 0.23 0.85 0.70 0.74
2.46  3/27 0.10 0.37 0.25 0.26
3.94 1727 0.20 0.74 0.67 0.71
4.75 1/2” 0.10 0.37 0.19 0.20
3Ref. 5 for 29Si; Ref. 6 for 4lca.

frequently overestimate the cross section at angles
greater than the grazing angle. In spite of this
problem, the DWBA reproduces correctly the observed
Q-value and &-transfer dependence of the cross sec-
tions. There is a clear enhancement for transitions
with Q-values around Qgpt = O. Slnce the typical
ground state Q values fpr the ( Be, 8Be) reaction
are positive, a preferential populatlon of excited
states can be observed. In 295i and 41Ca states up
to ~ 8 MeV were strongly populated. The angular
momentum matching is such that transitions involving
small 2-transfers are favored, and the mismatch
for large &-transfers results in a significant
reduction of the yield, as seen in the reaction to
the ground state of 41Ca for which 8 = 2,3, and 4.

Thus, the ( Be, Be) reaction promises to be-
a useful spectroscopic tool for studying low-spin
single-particle states at high excitation, even
at tandem energies where the majority of heavy
ion neutron transfer reactions do not give large
yields.
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"DOUBLE CHARGE EXCHANGE" REACTIONS 26Mg('80, '8Ne)
26Ne AND 24Mg ("B, "'Li) 24Si

G. KeKelis, M. Zisman, Joseph Cerny, D. Scott, R. Jahn,
F. Ajzenberg-Selove, D. Hendrie, M. Buenerd, and C. Olmer

When measuring nuclear masses far from
stability, a potentially important technique for
reaching unknown masses is the ''double charge
exchanﬁe” reaction. Two such reactions are
(118, I1Li) and (180, 18Ne). Q-values for these
reactions are -40 to -60 MeV for the former and
-20 to -30 MeV for the latter.

These reactions have been attempted using
the magnetic spectrometer at the 88-inch cyclo-
tron: the first to measure the mass of 206Ne and
the second to measure the mass of 44Si. Prior to
attempting the 206Mg(180, 18Ne) 26Ne reaction, the
24Mg (180, 18Ne) 24Ne reaction was observed in
order to evaluate the reaction cross section for
double charge exchange. As shown in Fi%. 1, the
cross section for the 24Mg(180, 18Ne) 24Ne reaction
to the ground state of 24Ne was found to be about
800 nb/sr. In Fig. 2 the spectrum obtained from
the 26Mg (180, 18Ne) 26Ne reaction is shown. The
ground state cross section has dropped to about
100 nb/sr. The predicted ground state location is
between two possible peaks, making a positive
identification of the ground state difficult,
especially since either peak would correspond to
a substantial error in the mass predictions of
Jelley et al.l or those of Garvey and Kelson.2
Due largely to the high background, the experi-
ment will be repeated.

The 24Mg(llB, 11Li) 24Si was also performed
at 114 MeV to attempt to measure the mass of 245i.
Although 15,000 uC of charge were collected at
01, =5 and 6°, no discernible peak could be
identified. An upper limit for the cross section
of the (1B, 11Li) double charge exchange reaction
to the ground state of 24Si can therefore be set
at 3 nb/sr.

Reactions of this type still appear to us to
be very promising for measuring masses such as
12, ggMg and 34Si. The major difficulty thus far
has been in maintaining sufficient beam on target
for the long periods of time required to measure
nanobarn cross sections. Efforts are currently
being devoted to increasing the amount of
"steady-state' beam and to improving our_ability
to take data at more forward lab angles,” where
the cross sections are expected to be larger.
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Fig. 1. Energy spectrum of the
reaction at EB= 124 MeV.
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B,''Li) REACTION

ON 2%2Th

D. K. Scott, M. Buenerd,” D. L. Hendrie, G. KeKelis,
J. Mahoney, A. Menchaca-Rocha,t and C. Olmer

Since the theoretical predictions of the
masses of exotic light nuclei are based on extrap-
olations from the valley of stability, it is clear
that the most stringent test of these theories will
come from the study of nuclei close to the limit
of stability. Although spectacular advances in de-
termining this limit for neutron-excess light nucle
have been achieved by means of reactions on heavy
nuclei induced by high energy protons! and medium
energy heavy ions,“ the measurement of nuclear
masses even three or four neutrons removed from
stability Qas progressed very slowly. 3 In a recent
experiment™ to measure the Tass excess of 29%g by
the 3n transfer reaction ( 8B} on Mg the
ground state cross section was only 15 nb/sr.

i

Because of the systematic decrease of cross sections

with the transfer of a greater number of uncorre-
lated nucleons onto light targets, an extension to
heavier isotopes is not promising.

The larger cross sections observed with
heavy targets have recently been exploited to mea-
sure the mass of 210 — also three neutrons removed
from stability — by observin the ground state
transition in the reactions Th( 2Ne 21 0) 233U
(Ref. 5) and 208pp (180, 210) 205pb (Ref. 6), in
which the cross sections were of order 1ub/sr An
interesting question now is whether these methods
can be extended to make mass measurements at the
limit of stability, with currently available ex-
perimental techniques. In order to explore this
Rossibility we have studied the production of

Li, the last stable isoto e of 11th1um, by the
(-2p+2n) transfer reaction 232Th(11B, 11Li)" 232y
for which the ground-state Q-value is accurately
known from the measured’ mass-excess of 11Li. The
g.s. crgss section is compared to that for pro-
ducing 229 g essen%lallg the same (-2p*2n) trans-
fer process 232 Th( Ne, 220) 232y which was used
recent1y5 to measure the mass excess of 2

The QSD spectrometer with a solid angle of
1.3 msr, was used to detect reactigp products
arising ffom the bombardment of a 232Th target,
4.7 mg/cm® thick, with a 11B beam of 114 MeV
produced at the 88 inch cyclotron. In order to
identify 11Li particles, produced with cross
sections of order nb/sr, it was necessary to make
several independent particle identifications. The
magnetic rigidity (Bp) was measured with a po-
sition-sensitive Borkowski-Kopp counter, and the
specific energy loss (dE/dx) in a second propor-
tional counter. In addition, the time-of-flight

M/Q

(TOF) was determined by a "tlme zero" detector
consisting of an 870 ug/cm? foil of NE 111 at the
entrance of the spectrometer and a large plastic
scintillator mounted behind the focal plane
proportional counters. An identification spectrum
is shown in Fig. 1(a). Although the 11Li events
appear to be clearly separated, they are con-
taminated by a TOF tail from the adjacent, more
abundant 7Li2* group. These tails are clearly seen

—160

140

220

T.O.F. {nsec)

200

180

160

.140

Scintillator output (arbitrary units)

Fig. 1 Identlflcatlon of partlcles in the reaction
11 + 232Th at 114 MeV and 20°: (a) on the verti-
cal axis 15 plotted TOF « M/Q and on the horizontal
is DE « M2722/Q2; (b) plot of TOF versus E as
measured by a sc1ntillator in the focal plane.
The tail due to pile-up in the TOF, evident in
(a), is removed by fast pile-up rejection.

(XBL 762-2322)



for the high-yield reaction products 9Li, OHe and

He (with an intensity of order 1% of the peak) and
originate from 'pile-up" in the time-zero detector.
The contamination was eliminated by fast pile-up
rejection as illustrated in Fig. 2(b), which also
shows how the reliability of identification was
further improved by measuring the residual energy

in the focal plane scintillator. The energy spectra
for different particle groups were obtained by
multiparameter gating of these 2D-spectra.

11 Energy spectra for the (11B, 9Li) and

(**B, 11Li) reactions on 232Th are shown in Fig.2
at 20°. In spite of the poor resolution of the
experiment (= 0.5 MeV), it is clear that the two
proton transfer selectively populates the g.s. of
234U (in which there are ~ 10 levels in the first
MeV of excitation). The differential cross section
for this group was 5.8 ub/sr. The spectrum for
(11B, 1113) is shown in Fig. 2(b) with the pre-
dicted ground state for a Q-value of &~ -31 MeV
correspondin% to the measured mass-excess> of
-40.94 for 1ILi. The spectrum extends to the ground
state region, with a cross section of 2.7 nb/sr.
In view of the productign crgss section in the g.s
of 1.2 ub/sr for the (2 Ne, 2 0) reaction it is
interesting to see if this variation of three
orders of magnitude in the ''double-exchange' cross

1
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Fig. 2. Energy spectra for the reactions

(a) 232Th(11B, 9Li) 234U and

(b) 232Th( 1B, 111i) 232y at 114 MeV and 20°. The
arrows locate the production of the final nuclei
in their ground states. (XBL 762-2304)

section can be accounted for theoretically, in
order to test the feasibility of extending the
technique to the measurement of -other nuclei at the
limit of stability.

The reaction mechanism for multinucleon
transfer reactions of the type discussed here con-
tains both direct and statistical features. Al-
though the differential cross sections peak at the
grazing angle for direct transfer, the observation
that the total production cross section at this
angle for a series of isotopes depends expon-
entially on the ground state Q-value has a natural
explanation in the statistical model;® then for
the reaction x+A -+ y+B,

a  * a, 1/2 |
o = o, exp|{v—F Q.+ AE 1
0 Ei VXA yB (o

where "a'" is 0.05 times the mass number of x or A,
E; is the incident energy, Vxa the Coulomb barrier,
Qyp the ground state Q-value for the channel y + B,
and AE. is the change in Coulomb energy between
the initial and final chammels. In the production
of a series of isotopes, only Q changes, accounting
for the exponential dependence. We use Eq. (1) as
a rough guide for the systematics of g.s. cross
sections; obviously in transitions to individual
states, variations due to shell and pairing energy
effects will be encountered.

For reactions induced by 22Ne at 174 MeV,
and 11B at 114 MeV,on 232Th, the coefficient
[(ax*+ap/E5 - Vyxa) 12 has approximately the same
value of 0.42. This value is also in reasonable
agreement with the empirical value of 0.58 deter-
mined by Eq. (1) from the ratio of approximately 50
for the total and ground state> cross sections ob-
served for the production of 200 and 220. We there-
fore also use the value Sf 0.58 to Rredict a ratio
for the reactions (1!B, °Li) and (I!B, 11Li), with
Q-values of =~ -18 and -31 MeV respectively, of
1800 in good agreement with our experimental
result of 5.8 b/2.7 nb. =~ 2150.

Accepting do/d ~ |nb|sr as an experimental
limit, it seems that multinucleon transfer reactions
induced by neutron excess heavy-ion beams on heavy
targets present a feasible method of measuring
the mass excess of exotic light nuclei at the limit
of stability.
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STATES AT HIGH EXCITATION IN 80 OBSERVED IN
THE REACTION "2C(?°Ne, '80) 80

A. Menchaca-Rocha,* M. Buenerd,+ D. L. Hendrie,
C. Olmer, and D. K. Scott

Heavy-ion induced multinucleon-transfer
reactions have been widely used to locate high
spin states. Although the angular distributions
of such reactions are, in general, structureless
and lead mainly to a determination of the reaction
mechanism, the strong selectivity of the reactions
for populating simple states at high excitation
has led to interesting comparisons with the
predictions of shell and %uster structure models !
In studying the 12¢(20Ne,100)160 reaction at
incident energies between 150 and 294 MeV, we
find a strong variation with incident energy of
the cross section of a given state that is charac-
teristic of the spin of the state. The incident
energy dependence of states with known J-values is
found to be in agreement with predictions of a
semiclassical model. This technique is used to
investigate the J-values of three new states which
we observe in 10 in the 21 to 24 MeV excitation
region.

The ZONe5+’6+ beams from_the 88-Inch Cyclotron
were used to bombard 100 ug/cmé targets of +<C.
The reaction products were detected and identified
using the QSD magnetic spectrometer.

The energy spectra (Fig. 1) show groups at
positions corresponding to well-known 160 states at
6.1 (J" = 0%,37), 6.9 (2*,1°), 10.4 (4*), 14.6 (57),
16.2 (6%), 20.8 (7°) MeV. States are also observed
at 21.7, 22.2 and 23.5 MeV. The angular distribu-
tions do not have any prominent diffraction struc-
ture and fall off exponentially with angle.

Figure 2 shows the differential cross sections for
the various groups, integrated over the observed
angular range and plotted as a function of the in-
cident energy. In the following section we briefly
describe a semiclassical model whose predictions
correspond closely to the smooth energy dependence
of the experimental cross-sections for states of
known JT.

In a semiclassical description of heavy ion
reactions a cluster transferred from a state with
orbital and magnetic quantum numbers %7, Aq in the
projectile to a state labelled by %7, Ap 1in the

residual nucleus has a transition probability of
the form:

P(2 A, 40,) = P.(R) SoS2 Y)\l(l 0) YXZ(“ 0)|2
1M 2222 TRWR) S5y Y (g 2,7

o[-0 ()] o

where R = R, + R,; v is related to an average of the
binding energies®c of the initial and final states,
according to y2 = 2me/h?, where m is the trans-
ferred mass. The quantities AL and AK are defined
by:

1

Ap = Ayt 7 kg By - R+ Qv (D)

ko - ARy - /R, (3)

Here v 1is the relative velocity of the cores in
the region of transfer, kg = mv/f and Qegf = Q-

AL

Ak

(z;fzg - ZiZ%)eZ/R, S1 and Sy are spectroscopic

factors of the cluster in the initial and final
nuclei and P3(R) depends on the radial wavefunctions
of the inital and final chammels at the point R; for
the purpose of obtaining relative cross sections we
use ‘the value |y, (R) |2 where y,(R) is the wave-
function of the transferred cluster at the surface
of the residual nucleus.

The curves in Fig. 2 show the predicted
values of P as a function of energy for various
states; the absolute values were normalized to fit
the corresponding experimental data. As seen in the
figure, the states at 21.7 and 22.2 are consistent
with the trend for J 2 6. From angular correlation
studies of the o-decay of this state excited in the
(6Li,d) reaction, a spin of 6 has been assigned.
However our observed energy dependence agrees better
with J = 8,9. The 23.5 MeV groups follows a similar
trend, but due to the large error bars, a spin as
low as J = 5 is not inconsistent with the data.
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An interestin% feature of the present data
is that the (ZONe, 6O) reaction does not populate
the 4% (11.1 MeV) state - which is populated in
other” a-transfer reactions - whose structure is
predigted to be of a complicated nature involving
a 12C4 43(2+) core. We interpret this result as
evidente for a pure a-transfer mechanism. Both the
calibration and the energy dependence for the

state observed at 14.6 MeV is consistent with the
5” assignment3 while the states at 14.39 (4*) and
14.82 (6%), of dominant 2p - 2h configurations, are
not favored, as expected in a direct a-transfer
model. Since we observe groups corresponding to all
known members of the K = 0% (80) band, the state at
21.7 MeV, which appears to follow the trend of a

J = 8 state, is a good candidate to be the 87
member of this band. Theoretical predictions place
it at an excitation energy between 20 and 30 MeV.
Various attempts to locate this state at an excita-
tion energy up to 21 MeV have been umsuccessful.
The systematics indicate that the state at 22.2 MeV

Fig. 2. Observed ener degendence for the excita-
tion of states in the 12C(20Ne, 160) 160 reaction
as a function of incident enérgy. (XBL 763-2531)
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is of higher spin. The possibility of 9- necessi-
tates a configuration involving an odd number of
nuclgons in the fp shell, i.e. (sd)~7’(i:"p)1 or (sd)1
(fp)~°, although such configurations have not been
needed so far to explain the experimental data at
lower energies where there is a good matching with
sd shell orbitals (® 10 MeV/nucl ~ 2hw on k shell
targets); at the present energies of up to 300 MeV
(~ 15 MeV/A ~ 3w on p shell targets), fp
shell orbits are better matched and states having
configurations that include nucleons in the fp
shell might be enhanced.

We have shown that the energy dependence of
multinucleon transfer reactions might be a useful
method for locating cluster states. Using this
method and the semiclassical formalism we have
made tentative spin assignments to three new states
in 160, one of which (22.2 MeV, J = 8) is a good
cl:gndidate for the K = 0% (80) rotational band of

0.
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THE CONTRIBUTION OF ALPHA CLUSTER EXCHANGE TO ELASTIC
AND INELASTIC "®0-?°Ne SCATTERING

R. Stock,t W. F. W. Schneider,t U. Jahnke,§ D. L. Hendrie,
J. Mahoney, C. F. Maguire, D. K. Scott, and G. Wolschin

Several recent studies of the 20Ne ground
state rotational band in microscopic o-cluster
plus core models have led to the conclusion that
it may be characterized as an alpha-particle-like
configuration of s-d-shell nucleons rotating
around a spherical 160 core.l Furthermore, the
core may be, to a good apgroximation, identified
with the ground state of 160, In the scattering of
20Ne from 160, the exchange of the a-cluster be-
tween two identical Y0 cores should then contribute
to the observed cross sections. Viewed in a simple
one-step direct-reaction mechanism, the cluster
can remain with the 1€0 core of the incident 2ONe
projectile leading to elastic or inelastic scatter-
ing; in the latter case, the angular momentum
transfer, &, of the reaction arises from the excita-
tion of cluster rotation with angular momentum
L = % leading to a final 20Ne state with J = L. This
part of the reaction may be described by optical
model and DWBA amplitudes, respectively. In a
coupled channel treatment, the corresponding ampli-
tudes include the effect of virtual transitions be-
tween the rotational states of <YUNe in the reaction.
On the other hand, the cluster may be exchanged to
the 100 target nucleus forming one of the 20Ne
rotational states. Then the cross section at back-
ward angles where the interference with the non-
exchange cogtribution may be neglected is propor-
tional to Sy, the square of the spectroscopic ampli-
tude. Furtheérmore, the interference structure at
intermediate angles is very sensitive to Sy This
quantity can thus be determined from measured
absolute cross sections gore sensitively than in a
transfer reaction like 100(6Li,d)20Ne.

In order to test the prediction of micro-
scopic models that the members of the 20Ne ground

state rotational band are alpha cluster configura-
tions with more or less constant alpha particle
spectroscopic factors, we have measured angular
distributions of the reactions

20Ne+160 » 160 (g.s.) +20Ne (0* (g.s.) 2%4%) at an
incident ““Ne energy of 50 MeV which is slightly
above the Coulomb barrier. Self supporting targets
of aluminum - and nickel - oxide, with thicknesses
of 250 and 100 ug/c;m2 respectively, were mounted
in a scattering chamber equipped with a liquid
nitrogen cooling finger close to the target as

a trap for pump oil vapors, in order to reduce

the carbon buildup on the target during the
experiment. Two AE-E-counter telescopes with 5y
ORTEC AE transmission detectors and a solid angle
of 2.10-4 sr were used along with a monitor detec-
tor. The telescope events were sent to a computer,
stored in AE- (E+AE) arrays and analyzed off-line
with a program for energy calibration, peak inte-
gration, peak unfolding and background subtraction.
Energy calibration of the spectra was obtained
from the peak positions of the elastic 20Ne scat-
tering from Ni, 27A1 and 190. For each scattering
angle and telescope, both the spectra of outgoing
20Ne and 160 (g.s.) products were obtained. Figure

1 shows these spectra for © = 29°, Since the
160 (g.s) angular distributi®fs at forward angles
correspond to the angular distributions of the
elastic and inelastic 20Ne backward scattering it
was sufficient to cover the forward angles.

The resulting angular distributions for the
ground state, 2% and 4% states of 20Ne are shown
in Fig. 2. The error bars include errors due to
statistics, background correction, and uncer-
tainties in the unfolding of impurity péaks. For
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transition is drawn to guide the eye.

the 4% transition, the peaks could only be identi-

i

fied in the *-°0 spectra with sufficient reliability,
thus limiting the angular distribution to
O%.m. 2 70°.

. A backward rise is observed in all three angu-
lar distributions, suggesting that a mechanism dif-
ferent from direct elastic or inelastic scattering
takes over at angles beyond about 90°. The pro-
nounced oscillations at intermediate angles,
observed far the ground state transition, appear
damped in the inelastic reactions.

The 16O+20Ne ground state transition was
calculated as a coherent superposition of elastic

UNe. The smooth curve in the ground state

(XBL 766-8527)"

scattering and cluster transfer using the code
BRUNHILD of Braun-Munzinger et al.2 In the reaction
amplitude

+ S T

T = T@gy * S, Towea

the relative phase is fixed by the symmetry of the
system.” The set of optical model parameters used
in both amplitudes, was Vg = 100 MeV, W = 35 MeV,
Ty = Ty =1.2 fm, av=0'49 fm, = 0.32 fm, repre-
senting a strongly absorbing potential. No %-de-
pendence of the absorption was taken into account
because enough direct exit chamnels are available
to carry the grazing angular momentum &, ™~ 10;
among these the low-lying collective states are

(m-0)
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particularly strongly excited in inelastic scat-
tering.

Cluster formfactors are shown in Fig. 3,
according to Tomoda et al.4 and Hiura et al.> to-
gether with Woods-Saxon formfactors obtained with
ry = 1.4 fm that are normalized so as to fit the
asynptotic parts (R =5 fm). In the nuclear interior
the microscopic formfactors are drastically reduced
due to the antisymmetrization, and the major part
of the alpha particle probability amplitude is
pushed into the surface region. The formfactor of
Hiura et al. with SC:T- = 0,45 exhibits the same
surface amplitude as the Woods-Saxon formfactor
with T, = 1.4 and a normalization SW-S-= 0.8. The
latter will be used in the DWBA analysis.
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Fig. 3. Alpha particle relative motion formfactors
for the 20Ne ground state. Microscopic calculations
of Tomoda and Arima (Ref. 5; upper part) and

Hiura et al. (Ref. 4; lower part) are matched by
Woods-Saxon solutions in the external region

(R> 5 fm). (XBL 766-8526)

The results of the optical model and elastic
transfer calculations are compared with the ground
state transition data in Fig. 4. Both fits are
identical for ©q . < 80°;7in this domain, the
data are well reproduced. The OM cross section con-
tinues to fall off towards larger angles, in a
manner typical for strongly absorbing potentials,
whereas interference oscillations and a backward
rise develop in the elastic transfer angular dis-
tribution for ©. , >80°. However, the experi-
mental cross sections are largely underestimated
at intermediate angles, where also the phase of
the oscillations is not well reproduced.
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Fig. 4. Results of optical model (OM) and elastic
transfer (OM+ DWBA) calculations for the 20Ne + 160
ground state transition. (XBL 766-8504)

A variation of the optical model parameters
did not yield significant improvements insofar as
a better agreement with the backward oscillatory
pattern could only be achieved at the expense of
fit quality at forward angles. Apparently, the
DWBA amplitude falls off too rapidly from backward
angles towards 90°, or the OM amplitude is inadequate
for 6. p >80°. Attempts to improve the fit by scal-
ing tﬁe DWBA amplitude with a larger bound state
form factor normalization were unsuccessful. For
example, an arbitrary normalization to SW.9.= 2
shifted the angular distribution upward by a uniform
factor of about four for 0> 100°, improving the agree-
ment at intermediate angles but far overestimating
the cross sections at the very backward angles. A
somewhat better overall fit was obtained by increas-
ing the Woods-Saxon well radius from rg=1.4 fm, as
prescribed by the microscopic models, to rg=1.75
fm, at the same time reducing the overall normaliza-
tion to SW.S.=0.5. The corresponding fit is also
shown in Fig. 4. However, this procedure implies an
alpha particle surface reduced width twice as high
as given by the microscopic wave functions appropri-
ate to the 20Ne ground state. This corresponds to



an alpha cluster localization far beyond the limits
indicated for low-lying 20Ne states by microscopic
models.

It was therefore concluded that the first-
order elastic scattering and exchange mechanism,
underlying the OM plus DWBA approximation_to elastic
transfer, is not appropriate in the 160 + 20Ne case.
A second-order calculation would have to include
virtual transitions to the excited, collective
states of 20Ne both in the entrance and exit chan-
nels, as well as the transfer of the alpha cluster
among excited states. No computer code was avail-
able to the authors that would take all these trans-
itions into account, along with an appropriate
treatment of recoil effects.

] In order to demonstrate the second order
effects on the optical model amplitude alone, a
coupled channel calculation was done for elastic
and inelastic 160+ 20Ne scattering using the code of
Ascuitto and Glendenning.® No exchange contributions
were taken into account. The relevant deformation
constants, associated with a radius R (projectile)
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Fig. 5. Results of optical model (OM) and coupled
channel (CC, no exchange) calculations for
20Ne+160 scattering to the first three states in
20Ne. Potential parameters are the same as in the
elastic transfer calculation except W = 15 MeV.
Deformation parameters are gN = 0.43, 82 = 0.26,
B = 0.8 and gf = 0.4. (XBL 766-8505)

96

= 1.2 (20)1/3 were deduced from the deformation
length in Ref. 7. The Coulomb deformation B was
reduced slightly from_the value 0.87 reportéd by
Stelson and Grodzins,’ because second order coupling
was included. The results of this calculation are
shown in Fig. 5, which also gives the optical model
fit (without channel coupling) for elastic scat-
tering. The effect of chamnel coupling for the
ground state transition is clearly exhibited. At
intermediate scattering angles where the elastic
transfer calculation (Fig. 4) was systematically
underestimating the observed cross section, the CC
cross sections are much larger than the OM cross
sections. The 2% transition cross section is under-
estimated at the very forward angles. It should be
noted, however, that we did not attempt any
parameter optimization, and that the experimental
error bars are large in this region (c.f. Fig. 2)
due to normalization and background correction
uncertainties. The-coupled channel calculation for
the ground state transition indicates that the OM
amplitude is too small at backward angles. This
may in part explain the low cross sections and
wrong phases obtained in the intermediate angle
elastic transfer calculations. One might, there-
fore, try to improve the model replacing the OM
amplitude in by a coupled channeled amplitude.
This was not done for the following reasons:

(a) the second order effects should be similarly
important for the DWBA amplitude at intermediate
angles, and (b) the model would be still umsatis-
factory as long as ONe is treated macroscopically
in the CC amplitude and microscopically in the
DWBA amplitude.
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EXCITATION OF GIANT RESONANCES IN '97Au AND 208pp
BY INELASTIC SCATTERING OF HEAVY IONS

D. Ashery, M. S. Zisman, R. B. Weisenmiller,
A. Guterman, D. K. Scott, and C. Maguire

The region of excitation energy in nuclei
where the giant monopole and giant quadrupole res-
onances are expected to be, has been extensively
investigated in recent years. Enhancements in the
cross sections were observed in experiments in which
photons, electrons, protons and 4He ions were used.
While the existence of the resonances was estab-
lished and various properties were studied, a def-
inite conclusion about the multipolarity of the
resonances observed has not been reached; the

tendency is to believe that they are of E2 character.

The population of these resonances by inelastic
scattering of heavy ions through the Coulomb ex-
citation process should help in identification of
their multipolarity since only the 2* component
will be excited.
Self-supporting lggAu and 208py, targets were
bombarded with 104-MeV ~ 0 and 130-MeV 20Ne beams at
the 88-inch cyclotron. The inelastically scattered
ions were detected at the focal plane of the mag-
netic spectrometer, placed at 55° and 60°. These
angles are well below the grazing angle and the
Coulomb excitation requirement should still be
reasonably satisfied. The expected cross sections
for population of the giant quadrupole resonance,
assuming a B(E2) value equal to 100% of the energy
weighted sum-rule, is of the order of 1 - 2 ub/sr.
Due to the large background observed in the experi-
ment, only upper limits could be set and are listed
in Table 1. Since calculations of the Coulomb
excitation process indicate that it tends to shift
the position of the peak to a somewhat lower ex-
citation energy and also to make it a little nar-
rower, the upper limits are quoted per MeV of the
width in the expected position. The upper limits
are taken as two standard deviations of the back-
ground.

Measurements were also taken with a 140-MeV
160 beam bombarding 197Au and the inelastically
scattered ions detected at 43° and 54°. Under
these conditions, we are well above the Coulomb
barrier. A broad peak was clearly observed at both
angles at the expected excitation energy for the
2* (or 0%) giant resonance. The spectrum obtained
at 43° is shown in Fig. 1, and is the first ob-
servation of this resonance by inelastic scattering
of heavy ions. The observed width is about 3.5 MeV
but the enhancement could include some contribution

from the adjacent giant El resonance. The cross
sections, integrated over the observed peak, are
listed in Table 1.

Table 1.
Ener 9 Cross section

Target Projectile (Nkﬂ%y lab or upper limit

: (ub/sr)
197, 164 103.15 55 < 3.3/MeV
1974 164 103.15  60° < 7.5/MeV
208, 164 103.15  55° < 2.2/MeV
19750 0Ne 128,96 55 < 3.0/MeV
208p, 00 128.96 55 < 7.0/MeV
19704 164 139.21 4% 670
197 s 16 139.21  54° 85
% 139.21 MeV '®0 on '*Au §,,=43°
=
' 900
s
o
2
~ 600
s
B
:300
8
5

50 18 16 14 1210 8

Excitation energy (MeV)
Fig. 1. 16O + 197Au inelastic scattering at
eLAB = 43, (XBL 766-8271)
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ARGON ION REACTION STUDIES ON TANTALUM AND GOLD NEAR
COULOMB BARRIER ENERGIES*

R. C. Eggers,t W. S. Ribbe,+ and J. O. Rasmussen

Gold and tantalum targets were bombarded with
a 40Ar beam at 183 and 209 MeV, close to the
Coulomb barrier height. Angular distributions of re-
coiling reaction products were measured by collecting
an Al catcher foils. The radioactivity was counted
after the irradiation by Ge(Li) detectors. One-neu-
tron and one- and two-proton transfer products were
prominent. Simple semiclassical transfer theory
adequately fits the backward peaking angular dis-
tributions at or below the Coulomb barrier but fails
at hombarding energies above the barrier. Yields of
some products more than two mass numbers removed from
reactants were observed in thicker targets at 235
MeV, and their significance is discussed.

To see what differences there might be between
spherical and spheroidal targets we chose to run
catcher foil experiments at the Berkeley Super Heavy
Ion Accelerator. As targets we chose as spherical
nuclei, gold, and as deformed, tantalum. These nu-
clei are as close in mass and charge as feasible,
since the boundary between strongly deformed and
spherical nuclei is not sharp in this region. We
ran our experiment at energies close to the Coulomb
barrier to make it possible to compare theories in-
volving nucleon tunneling with the projectile not
deviating much from a Rutherford trajectory. We
made our measurements at 183, 209, and 235 MeV lab
energy. For the two lower energies we used a
400 pg/cm? gold target and a 99 pg/cm? tantalum
target on 100 ug/cm® carbon backing. At the 235 MeV

energy wg used a 5 mg/cm2 gold target and a
10 mg/cm” tantalum target. Table 1 gives a list of
the differential reaction cross-sections by product

One-Neutron Transfer Results and Discussion

Let us look at the evidencé for differences
(angle and energy integrated) between spherical
and deformed nuclei. We have compared our 41Ar
angular distributions to theoretical calculations
using the Semi-Classical Transfer Theory (SCIT),

expressions of Alder, Morf, Pauli, and Trautmann. !

Their formulation goes beyond that of Breit
and Ebel? notably in the inclusion of dependence
on the angular momenta of the particular shell-
model orbitals involved. For energies above the
barrier Alder et al.l suggest that one may still be
able to apply the theory by replacing the Rutherford
cross section factor by an experimental or optical
model elastic cross section.

Figure 1 shows excellent agreement at the
lowest energy point, 183 MeV, for gold. There is
only a slight dip in cross section at the most
backward angle, indicating a slight absorption
into other chamnels for the nearly head-on
collisions.

Table 1. Transfer reaction cross sections for argon-40 beam (mb/sr c.m.)

rangee [produe|Lab Enerpy S0 - 157|150 7 4% 4501 IT | RN AR 0 T B R 1S
Ta “pr 183 MeV 282 0.42:0.19)0.5040.17{1.5020.15 | 3.4%0.4 1.50£0.40 0£3.96 [18.6%1.40
209 MeV 26+ 4 1.37+0.30|10.3+1.0 |0.90+0.20 | 0.530,22 0+1.01 0£5.1 44,1+3.78
39¢1 183 MeV 12.444.2 0£0.38 0+0.64 |0.60%0.30 | 3.08£1.42 | 2.74%0.54 0:8.24 12.7%4,18
209 MeV 0+5.30 | 0£0.356 |5.48%1.18|.596%.274 | 0%0.466 2.92%1.16 0+14.9 124.424.77
38 183 MeV 0+3,06 |0%0.314 |0%0.283 |.258%,120 | 1.46%.386 | 1.30%.559 0:7.6 5.68%1.86
209 MeV 0£2,99 |.181%,248 | 02,757 0+.145 0+.292 0+.929 0%7.63 |0.89%3.05
Au “ar 183 MeV 0+0.77 | 0£0.70 {.077+.052 |0.40%0.04 [ 2.65+0.32 | 2.77+0.21 | 2.5941.25 |11.3%1.75
209 MeV |1.6420.57 {0.60£0.20 | 4.0£0.2 |2.85%0.20 1.3:0.1 0.67£0.15 0%2.1 37.9£1.1
3°C1 183 MeV |5.54%4.06 | 0:0.106 | 020,192 | 00.082 1.26£0,28 | 2.84+0.26 | 9.12+#5.98 |7.08£1.23
209 MeV |3.16%1.28 | 0,122 1.46£0.20(1.90£0.30 | 1.22+0.32 | .432%.154 0+4.32 117,8+1,53
38g 183 MeV |1.88%2,95 | 0% ,097 0,089 0,043 0+.385 0.95t0.19 0:2.25 |1.08+1,02
209 MeV 01,06 | 0,107 |.718%,120 [.472%.069 | .282%.146 0+,194 1.4741.68 |{6.12+0,70
All differential cross sections are in millibarns per steradian, center-of-mass system. Upper ungular range
in heading is laboratory system angles and lower range is for center-of-mass.
All total cross sections are missing any unmeasured cross section recoiling into the angular range 0-15°
and 175-180° lab.
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Fig. 1. Angular distribution of 41Ar produced from
the reaction of 40Ar on 197Au at 183 Mev (1ab). The
solid line is the SCIT theory4 with an elastic cross
section taken from an optical model program with
real and imaginary Woods-Saxon potential of radius
constant 1.28 fm and diffuseness 0.4 fm. The po-
tential depth is taken as 70 MeV for the real part
and 15 MeV for the imaginary. Note that the theory
fits the angular distribution rather well. The
theoretical curve here is for the f7/, neutron
orbital in argon and p3/2 in gold, but the angular
distribution is essentially the same for gold _
orbitals of other j values. The absolute theoretical
cross section has been normalized upward by a
factor of 8.0, but absolute cross sections depend
sensitively on the radius constant used in the
SCIT theory, here taken as 1.25 fm.

(XBL 743-2714)

In Fig. 2 for Ta at 183 MeV, the agreement of
SCTT theory and our data is not as.-good, in that the
experimental angular distribution away from the peak
does not drop as far as the theoretical. The same
flattening trend is even more pronounced for the
higher energy points, Figs. 3 and 4.

Clearly the semi-classical transfer theory
patched by the above-barrier elastic scattering
cross section is not adequate for the angular dis-
tributions we measured. It is likely that much of
the excess cross section away from the classical
grazing angle arises from inelastic transfer, where
the 4lAr and its complement Au, are left in
higher excited states.

There are no systematic differences between

the Au and Ta results that we can attribute simply
to deformation. Evidently only a localized zone on

the spheroidal surface is active for transfer, and
the angular distribution is no less sharp than for
spherical nuclei.

The angular distributions for 39Cl and 388
can be seen from Table 1 to be rather similar to
those for 4lAr.

100.

L (*°Ar *Ar) O Ta
183 MeV

,_.
b=

do/d0 (mb/sr)
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001536 60 90 120 150 180

Bcm. (deg)

Fig. 2. Angular distribution of 41Ar produced from

the reaction of 40Ar on 181Ta at 183 MeV. The solid
line is the SCIT theory4 with an elastic cross
section calculated in the same manner as for Fig. 1,

but with renormalization factor of 2.0 and i13/2
neutron orbital. The most forward angle point is

40Ar scattered into the catcher

unreliable, since
(XBL 743-2711)

foil might transfer there.

100 197Au(40Ar'41Ar)196Au

209 MeV

do/d0 (mb/sr)
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Fig. 3. Angular distribution similar to Fig. 1,
except for 209 MeV. Note that there is a marked
disagreement between the theory and the experiment
as to the width of the peak at the classical grazing
angle. The theoretical curve has been renormalized
upward by a factor of 8.4. (XBL 743-2715)
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Fig. 4. This is a similar angular distribution to
Fig. 2, except that the energy here is 209 MeV. The
theoretical curve is normalized upward by a factor
of 10. Note that there is again a marked disagree-
ment between the theory and the experiment as to
the width of the peaking at the classical grazing
angle. (XBL 743-2712)
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SEMICLASSICAL AND QUANTUM MECHANICAL ASPECTS OF
ONE- AND TWO-NUCLEON TRANSFER*

D. K. Scott, D. L. Hendrie, L. Kraus,+ C. F. Maguire
J. Mahoney, Y. Terrien ; and K. Yagis

The criterion for the validity of the semi-
classical approach to heavy-ion reactions is often
expressed by the fact that the wavelength of rela-
tive motion of the cooliding ions is short com-
pared to the interaction radius, and consequently
the particles are localized on classical trajector-
ies. Although this condition is usually well ful-
filled for heavy-ion reactions at incident energies
above the Coulomb barrier, the observed onset of
quantum mechanical effects in going from one- to
two-nucleon transfer in this energy region shows
that other criteria are necessary. Here we give
an analytical description of the transition be-
tween quantum mechanical and classical behavior in
terms of the number of partial waves contributing
significantly to the reactions, and we illustrate
the results by comparing one- and two-nucleon
Eginsfer reactions induced by 78-MeV +4C ions on

Nd.

We begin by making the partial-wave expansion
of the scattering amplitude:

&)

On account of the peripheral nature of heavy-ion
collisions at high energy, it has been shown* that
the magnitude of n, can be well described by

£(0) = (2iK) 71 5, (21+1)ngexp (218,)P, (cose) .

ny = g e oty /() @

which has a maximum for partial wave %, = kR,
where R is the interaction radius. The spread of
contributing & values, A%, is determined by strong

absorption (2< £3) and by the decay of the form
factor (X > %j).

For §,, we make a Taylor expansion:

By = 8+ (ds/d) QOUL—JLO) +2-(a%s/de%) OIS LA
(3

Using the WKB formalism, the phase shift &g and
the scattering angle 6, , associated with partial
wave %, are related by”6, = 2(d8y/d) . Substituting
into Eq. (3), we obtain -

- 1 ) 1 2
52—520 ty eo(z 20) + 4(d92/d2)£0(z -20) cee

@

where is the angle of deflection of the trajec-
tory corresponding to the grazing partial wave

4. The scattering amplitude £(8) in Eq. (1) can be
evaluated with the above expressions for &, and
ng, together with the asymptotic form of Py valid
for large %, and by replacing the sum over % by an
integral. These additional simplifications depend
on the conditions %, >> A% >> 1, valid for a
peripheral reaction at high incident‘energg. For
the differential cross section we obtained?»3

2 12
-(6-6,) -(6+8,)
do 2 0 0
= = |f(8)|" = exp + exp —5—
@ - @l (40)2 (46)*
+ (interference terms). (5)



This equation can be interpreted as the superposi-
tion of two "classical" distributions centered
around the grazing trajectories at * 0y, with an
interference term in the region of overlap. For
the purposes of this work, we ignore the effects
of the interference which are discussed in Ref. 2
and consider only the first term in Eq. (5). This
term corresponds to a distribution centered at the
angle 8, of width A8:

2
00)? = 2/(w? + 7 @y, @0f . ©

We now use the strictly classical result of a
Rutherford orbit, that £ = ncot(6/2), where n is
the Sommerfeld parameter, and therefore

(dez/dz)zo = 20! sin’(8,/2) %)

The curve of A8 versus AL derived from Eqs. (6) and
(7) is shown in Flg 1 for a typical reactlon of

78-MeV 12C ions on 144Nd, in which (de/de) %g =
0.013. This curve has a minimum value at
1/2
AL = [Z(dz/deg)zo] = \/n csc(eo/Z) (8)

defining the transition at A% =~ 12 between a region
of quantal dispersion, A% << y/ncsc(6g/2), where A®
decreases with increasing A%, and a classically
dispersive region, AL >> \/_csc(e /2), where A8
increases with increasing A%. Also shown in Fig.

1 are separate curves corresponding to the two
dispersive terms in Eq. (6).
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Fig. 1. The.variation of A6 with AR predicted from

Eq. (6). The dashed and dot-dashed curves represent
the limits of Eq. (6), obtained by setting the first
and second dispersive terms to zero, respectively.
The AL values derived from fitting Eq. (2) to the
DWBA reaction amplitudes for the one- and two-neu-
tron transfer data of Fig. 2 are marked in the
figure, (XBL 752-2266)

Differential cross section (ub/sr)

The values of AL pertainln% to the one-
two-neutron fransfer reactions 44nd12c 13C)14
(g.s.) and 144Na(l2c,i4c)ld2ng (o*, z 98 MeV) a
incident energy of 78 MeV are shown in Fig. 2.
A% values were obtained from DWBA calculations
using a typical set of optical-model parameters
(potential A of Table 1). For a single-nucleon
transfer A% =10, and the corresponding value of
= 9,2° is almost exactly equal to the observﬁd
half width of the differential cross section at|1l/e
of the maximum. Our theoretical curve for AR
versus A9 is therefore in good agreement with the
data for one-nucleon transfer. Furthermore, since
A% lies close to the minimum of the curve, our
model predicts that the width of the differential
cross section for one-nucleon transfer should be
relatively stable against variations of A¢ brought
about, for example, by changes in the optical-mpdel
potential. This prediction is illustrated in Fig.
2(a), by comparing DWBA calculations with potential
A and potential B, which is another typical poten-
tial from the literature. Both potentials lead to
differential cross sections which are almost
indistinguishable in the region of the bell-shaped
maximum. Our model therefore gives a physical
interpretation of the persistence in single-niucleon

LNS—‘ﬂ
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t an
The
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Fig. 2. Differential cross sections for (a) the
reaction 144Nd(12¢, 13C)143Nd and (b) the reaction
144Ng (12c, 14C)142Nd at an incident energy of 78
MeV. The theoretical curves in (a) are DWBA predic-
tions normalized to the data using the optical po-
tentials of Table I: potential A (solidline) and
potential B (dashed line). In (b) both predictions
use a potential of type A, with 1, = 1.26 fm (solid
line) and 1.36 fin (dashed line). (XBL 752-2268)

Table 1, Optical parameters used in analysis of

12¢ « 144Nd at 78 MeV.

Potential \2 W Iy, T, a, ap
A -40 -15  1.31 1.31 0.45 0.45
B -100 -40 1.22 1.22 0.49

.0:60




transfer of the ambiguity in optical-model param-
eters which is well known for elastic scattering.4s

The ambiguity is less for the two-neutron
transfer data as illustrated in Fig. 2(b) which com-
pares two calculations with potentials of type A,
and| values of 1, = 1.36 and 1.26 fm [the result
obtained with potential B gave an almost identical
distribution to potential A with r, = 1.36 fm, so
the| comparison is essentially the same as in Fig.
2(a)]. We wish to emphasize the sensitivity to

the| parameter 1, in which a reduction of a few per-
cent increases the forward-angle cross section by

a factor of 10. From an intuitive viewpoint, the
greagter sensitivity of two-nucleon transfer to
detlails of the optical potential has been ascribed®
to the sharper fall-off of the form factor which
renders the forward cross section more sensitive

to close trajectories deflected forward by the
attiractive nuclear potential.

In our model the greater sensitivity of the
two-nucleon transfer cross section is due to the
fact that the associated A% values of approxi-
mately 6h lie on the steeply rising portion of
the curve in Fig. 1. For these reactions then,
whereas the one-nucleon transfer lies in the
transition region between semiclassical and
quantum mechanics, the two-nucleon transfer lies
well in the quantum-mechanical region. To define
a Classical trajectory, a certain spread of con-
tributing & values is necessary, and the model
gives an analytical determination of this limit.
It fails, however, to reproduce exactly the ob-
senved width of the distribution for two-nucleon
transfer, since A% = 6h corresponds to
A6 = 12°, compared to the experimental value of
16" . For this case the form of n, and 8, deduced
from the DWBA phase shifts showe& that, although
the Gaussian parametrization of ny in Hq. (2) was
still adequate, the expansion of 8y in Eq. (3)
had to be carried to the next order. The inclusion
of a third-order term has indeed been shown? theo-
retically to lead to a broader angular distribution
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and to the asymmetric rise at forward angles
observed in our data for two-neutron transfer.

The analytical model we have described for
peripheral heavy-ion reactions at incident ener-
gies well above the Coulomb barrier establishes
the regions of semiclassical and quantum mechanical
behavior. It was used to give physical insight
into the form of differential cross sections for
one- and two-nucleon transfer.
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NEW ASPECTS OF HIGH ENERGY, HEAVY-ION INDUCED
TRANSFER REACTIONS ON HEAVY TARGETS

C. Olmer, M. Buenerd,” C. K. Gelbke, D. L. Hendrie,
J. Mahoney, A. Menchaca-Rocha,t and D. K. Scott

Single and multi-nucleon transfer reactions
induced by high-energy heavy ions on heavy targets
are currently being investigated using 20 MeV/amu
beams developed at the 88-Inch Cyclotron. Experi-
ments have been performed using 312-MeV 160 and
250-MeV 14N projectiles incident on targets of
208pb, 197Au and 232Th. The reaction products were
detected with the QSD magnetic spectrometer and
focal plane detection system, permitting the

separation and identification of individual isotopes.

Our motivation for commencing this work was
provided by earlier studies! at the 88-Inch Cyclo-
tron of heavy-ion induced single-proton stripping

|

reactions at lower incident energies. Typical
sgectra obtained near the grazing angles for the
208ph (160, 15N)209Bi reaction at 104, 140 and 217
MeV are shown in Fig. 1(a-c). Prominent in these
spectra are transitions to well-known proton single
particle states in 209Bi, and these are labelled by
their shell model orbitals. These spectra, and
others measured for similar transfer reactions, .
exhibit a j-dependence of the transfer cross
section, such that the proton removed from a

j =4 -1/2 = j. orbital (as in 100) would then be
preferentially transferred to a j = & + 1/2 = js
orbital in the residual nucleus. An explanation of
this observation, and its apparent disapperance
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Fig. 1. Energy spectra obtained for the 208Pb(160, 15N)zogBi reaction

for incident energies of 104, 140, 217 and 312 MeV.

Transitions to

known proton single particle states are labelled according to thier

shell model orbitals.

at higher incident energies (as evidenced by the
equal population of the 2f7/; and 2fs/) levels),
was found by invoking recoil effects in the DWBA
analysis, thereby providing experimental evidence
for the major importance of a previously neglected
theoretical consideration.

Interest in the current work was sparked by
the observation, within these measured data, of a
broad structure centered at ~ 8 MeV in excitation,
the strength of which appears to increase relative
to the single particle strength as the incident
energy was increased. The fact that this peak
appeared to be constant in excitation energy over
a wide range of bombarding energy indicated that
this phenomenon was not the result of kinematic
factors favoring the population of different final
states, but may reflect the increasingly stronger
population of the same individual state(s) in the
residual nucleus. To investigate the nature of this
structure, we have examined this same reaction,
and other complementary transfer reactions, at
higher incident energies where a more favorable

population of the structure appears to be indicated.

A contracted spectrum of the 208Pb(160,15N)

(XBL 7612-4518)

209Bi reaction obtained near the grazing angle
for an incident energy of 312 MeV is shown in

Fig.  1d for comparison with the data at lower
incident energies. Several features in the current
spectrum are of interest. First, the population
of known high-spin proton single particle states
is again indicated, and the experimental cross
sections for these transitions are similar in
magnitude to those obtained at the lower energies.

Thus the population of the wide structure, observed
again at ~ 8 MeV in excitation, appears to be
strongly energy dependent (unlike the discrete
states) and to increase rapidly with increasing
incident energy.

An additional feature in these spectra is
the apparent reversal of the j-dependence seen
at the lower bombarding energies. Whereas the pop-
ulation of j, states appears to be more favorable
at 104 and 140 MeV, and to equal the population of
j¢ states at 217 MeV, the present high-energy
work indicates a favoring of j< over j, final
states. Semiclassical arguments, in the framework
of the Brink model,? can explain this effect by
invoking momentum conservation, as viewed
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schematically in Fig. 2. A maximum transfer prob- T T T T T T T T T T
ability will occur if the component of momentum 320 T 1 — T T 1
of the transferred nucleon (of mass m) along the 30 25 207 5 10,5 O
beam direction is almost conserved, i.e. 280— EMeV) . —
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hak = Py-Pg = mv - h(ﬁ— + §~> ~ 0 . 312 MeV,15° 572
i f 200\~ —
Thus for small incident energies, X. and A, are 160|—
of opposite sign (for the equality to hold) So
that the previously observed j-dependence will be 20—
seen, namely that j, = j. and j. + j,. For higher
incident energies, however, Aj and Ag are of the 80—
same sign so that a reversal of the j-dependence o
will be observed, namely that j, » jy and j. ~+ j<. 407, "
Finite range, full recoil DWBA calculations are
already in progress to investigate whether a more ol 1 ! ! ! L ! 1 !
complete analysis can similarly account for this
energy dependence. [ | I I I I I ]
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A larger portion of the spectrum displayed » 197y, (16~ 157 198 Cee A B (MeV)
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targets. The excitation of several wide structures © 160 —
in the residual nuclei is indicated, and relatively
intense yields are observed. In garticular, several 120 =
such peaks appear in the 197Au-198Hg spectrum, in
addition to the expected ground state peak. The 80 . —
208pb and 197Au targets were 0.7 and 2.7 mg/cm? AT
thick, respectively, and the 232Th target was 5 40 .- _|
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Explanation: Fig. 3. Energy spectra at 15° for the (160, 1SN)
initial final reaction induced by 312 MeV 160 on targets of
— @)/' 208pb, 197An and 232Th. (XBL 763-2562)
(€ ORI~
\ y
>‘i'R\i\~ R4 v ( ] Spectra for the corresponding (160,150)
_ AN \ neutron transfer reaction are shown in Fig. 4.
Pi=mv - R: \—//B\ Again, the strong population of several broad
.' p. = ﬁXf structures is evident, some of which occur at
AAk=Pf-Pi~0 f~ "R, nearly the same excitation energy as observed. in
' \i f the proton transfer spectra. As in the (160,15N)
= Va ,ﬂ(_L_', _>‘_f_ ) results, the intensities of these broad structures
m . F?f has increased strongly both absolutely and relative
I to the single particle transitions for incident
energies between 104 and 312 MeV. The intense
population of high spin single part%g%e states is
Fig. 2. Schematic diagram of the A(a,b)B transfer seen here also, especially for the 2Y8pp + 209pb
reaction, explaining the changing j-dependence of spectrum. Also evident in the spectrum is a
the cross section in terms of different orbit candidate for the jjs5/; fragment state, which was
matching at low and high incident energies. observed at the same excitation energy, but only

(XBL 766-8324) weakly populated in the neutron transfer studies
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Fig. 4. Energy spectra at 15° for the (160, 15
reaction induced by 312 MeV 160 on targets of
208pp, 197pu and 232Th. (XBL 763-2474)

0)

at lower energies.3 The more intense population

of the gg/, state relative to the g /2. State is
observed,’ contrary to the new expecZa%ions, deduced
from the proton transfer data measured at these
higher incident energies. However, the 208ph(l6p,
150)209pp spectra obtained by Becchetti et al.d at
140 MeV incident energy indicates that the intensity

of the g;/, peak. This result is to be compared
with the present data in which this ratio is
observed to be less than a factor of two. From
this observation, and the larger angular momentum
involved in the neutron transfer case (4h rather
than 3h), it seems reasonable to conclude that for
the neutron transfer data, higher incident energies
than are considered here will be necessary in order
to observe the reversal of the j-dependence.

One possible source of the broad structures
observed in all these data could be the simultane-

ous excitation of the residual nucleus and the

15N or 150 reaction products, most probably the
p3/2 hole state at 6.32 and 6.18 MeV, respectively.
The subsequent in-flight gamma ray decay of the
reaction product would then give rise to a Doppler-
broadened peak in the spectrum. In order to in-
vestigate this possibility, proton and neutron
transfer reactions were performed on 408Pb, 197au
and 232Th targets using a 250 MeV incident 14N beam.
Since 13N has no particle-stable excited states,
significant differences between the (160, 15N)

and (14N, 13N) spectra may indicate that the 160-
induced transfer data contain peaks originating
from the excitation of 15N and 150, together with
a lower excitation of the residual nuclei.

Spectra for the neutron and proton transfer
reactions induced by 14N are shown in Figs. 5 and
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Fig. 5. Energy spectra at 15° for the (14N, 13N)
reaction induced by 250 MeV 14N on targets of
208pb, 197Au and 232Th. (XBL 763-5322)
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6. A comparison of the (160, 150) and (14N, 13N)
spectra shows remarkable similarities, and suggests
that ejectile excitation is not a major problem in

the present work, although umambiguous evidence for
this conclusion is not yet aXailable. A further
similarity between 160.-and 14N-induced transfer
reactions is observed in the population _of discrete
states from single nucleon transfer on Sph. As
in the (160,15N) reaction data, the enhanced popu-
lation of the fg/, state relative to_the £.,, state
is observed. In’ addition, for the (14N,13\)“reac-
tion, a comparable population of the 89/ and g7/7
levels is seen, and the suspected le/Z %ragment
state also appears.

Differences among these spectra also exist,
and several mysteries in these data still remain.
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Fig. 6. Energy spectra at 15° for the (14N, 13
reaction induced by 250 MeV 14N on targets of
208py, 197au and 2327Th. (XBL 763-5321)

0

106

First, a marked difference is observed between
neutron and proton transfer spectra. For the

(14N, 13C) spectra especially and, to a lesser
degree, for the (360, 15N) spectra, a significant,
underlying continuum-type background exists which
does not appear for neutron transfer spectra.
Although the shape of this structure is reminiscent
of that expected from projectile fragmentation,

it is not at all clear why only proton and not
neutron decay of the projectile would be observed
in the present work.

An additional feature in these data, which
is not understood at present, is the microscopic
nature of the broad structures which appear in all
the spectra. It is tantalizing to note that the
observed centroids of many of these structures
correspond almost exactly to known giant resonance
states, seen, for example, in inelastic electron,
proton, 3He and alpha particle scattering. The
recent (p,p') work of Bertrand and Kocher
indicates a resonance at ~ 4 MeV excitation
(FWEM ~ 2 MeV) and a wider resonance at ~12 MeV
excitation (FWHM ~ 4 MeV) in 197Au. These energies
match almost exactly those observed in the present
single nucleon transfer data on %95Au, and Similar
correspondences of the obsergsg 09pb and 2098i peaks
to known giant resonances in“" Pb can also be made.
It is premature at this stage to attribute the ob-
served broad transitions to gia? resonances States
although, if recently obtained ~°0 inelastic scat-
tering data should exhibit these same excitations,
then such a conclusion would not seem unreasonable.

The single nucleon transfer data reported
here represent only a portion of the total data
accumulated during the experiments. In particular,
data for several angles over a wide excitation
energy range for many different isotopes (from °Li
to 19F) are presently being processed. It is hoped
that all these data, together with the inelastic
scattering data, will be able to resolve the
question as to whether giant resonances are being
populated in the present work. This information
will be especially useful in the recent investiga-
tions by many experimental and theoretical groups
concerning the microscopic nature of deep inelastic
processes. In particular, the theory of Broglia
et al.> invokes just these giant resonances to
explain the large energy, mass and charge losses
which are experimentally observed and, in a
macroscopic framework, attributed to frictional
forces.
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EVIDENCE FOR SHALLOW STRONGLY ABSORBING
HEAVY-ION OPTICAL POTENTIALS

J. G. Cramer,* R. M. DeVries,+ D. A. Goldberg,+
M. S. Zisman, and C. Maguire

Over the past several years we have con-
ducted a detailed inves%%gation of the elastic
scattering of 160 from 25Si and similar targets
over a range of energies. We have concluded from
this study that there are three principal regions
of the nuclear potential which are probed by this
type of elastic scattering analysis: (a) the extreme
tail region of the potential, which is probed
by elastic scattering performed very near the
Coulomb barrier; (b) the strong absorption radius
(or more quantitatively, the semi-classical turning
radius of the grazing partial wave), which is
probed by scattering at essentially all bombarding
energies between the Coulomb barrier and about
100 MeV; and (c) the surface region and "outer
interior," which are probed by scattering at
bombarding energies above about 100 MeV, where
enough energy is avilable to observe nuclear
"rainbow" scattering.

Thus if the nuclear potential is assumed
to be independent of energy, it can be mapped by
simultaneously fitting data of types (a), (b), and
(c), as described above. In an effort to enlarge
the information from the interior region, we have
in a collaborative experiment studied the scattering
of 160 from 28Si at a laboratory bombarding energy
of 215.2 MeV, using the 160 beam from the LBL
88-inch cyclotron. These data, together with data
collected at lower energies' were fitted with a
global analysis, requiring the same energy-inde-
pendent six-parameter Woods-Saxon potential to fit
both high and low energy data. The results are

shown in Fig. 1. The potentials used in generating
the curves in Fig. 1 are given in Table 1.

There is a clear preference for the shallow
potentials in this analysis. While it is possible
to find deeper potentials that can fit either the
low energy data or the high energy data, we have
found no deep potential capable of fitting both
low and high energy data at the same time. This
fit is "unique'" only in the context of energy-
independent Woods-Saxon potentials.

It should perhaps be mentioned that Satchler
has recently analyzed the data set shown in F%g. 1
from the point of view of the folding model.“ He
has started with a realistic nucleon-nucleon po-
tential and obtained an effective real potential
with a double-folding procedure while using an
empirical Woods-Saxon imaginary potential. It was
found to be necessary to renormalize the real
potential and to use an energy-dependent geometry
for the imaginary potential, but with these modifica-
tions, it was possible to obtain quite a good fit
to these data, Thus it is clear that deeper non-
Woods-Saxon energy-dependent potentials are quite
capable of fitting the data set.

The results presented here pose an inter-
esting question: Does the preference which has
been found for a 10 MeV_real we%% depth really
mean that overlapping 0 and “"Si nuclei have such
a weak interaction? Even at our highest incident
energies, "notch-perturbation" tests of potential

Table 1. Derived optical model potentials.

WO XZ/N XZ/N
Label v, 1, 8y (volume) 41 (215.2 MeV)  (38.0 MeV)
E18 10 1.35 0.618 25.4  1.23  0.552 4.9 1.2
'A23 100 0.932 0.797 165 0.890 0.764 8.6 15
S75 100 1.06  0.640 42.0  1.06 0.640  1.3x10° 2.0
_ 1/3 1/3 _ . 1 . .
R = r(16 + 287 7)), Teoulomb ~ 1.0. Potential S75° is a fit to the data for

E.. < 81 MeV only.
164
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Fig. 1. Elastic 16O + 288i scattering at the labeled incident energies. The

lines are optical model calculations using the parameters sets indicated and

listed in Table 1.

sensitivity indicate no contributions to the scat-
terlng from separation distances of less than 5.5
fm.3 Thus the derived V = 10 MeV value only
indicates the potential's behavior in the nuclear
surface region in terms of a Woods-Saxon shape and
does not preclude the existence of a soft repulsive
core, for example Morigver, the energy required
to separate 4Ti into 2851 is 11.48 MeV.
Therefore, in the zero 1nc1dent energy limit, the
bound-state potential for this system would be
considerably in excess of 10 MeV. Even with these
qualifications, the derived V = 10 MeV value for

(XBL 766-8272)

160 jons represents a striking departure from
the monotonic increase in real well depths found
for light-ions, i.e., 50 MeV for nucleons, 80-100
MeV for deuterons, 110-130 MeV for alphas.

It is clear that more theoretical work on
the potentials appropriate to heavy-ion interactions
is indicated. More experimental data are needed on
the elastic scattering at high and low energies
of projectiles in the mass region 4 <A <16 so that
opt1ca1 potentials in this critical transition
region can be determined.
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SLi + 283j ELASTIC SCATTERING

J. G. Cramer,* R. M. DeVries,+ D. A. Goldberg,:
M. S. Zisman, and C. F. Maguire

The results of our study of the 16'O + 288i We tentatively conclude, therefore, that 6Li behaves

optical potential (see preceding paper) indicate more like a "light" than a "heavy" ion.
that the 100 potential is radically different from
light ion potentials. Clearly a study of interme-
diate projectiles is of interest, concentrating on
obtaining a large data set including both high and
low energy data. For this reason we measured at GL- 285-
the LBL 88-Tnch Cyclotron 135.1 MeV OLi (the high- I+ '
est energy olzatainable anywhere at this time) scat- : | ELASTIC
tering from 49Si as shown in Fig. 1. Data from
Towal existed at 13 MeV and are also shown in Fig. 13 MeV SCATTERING
1. Subsequently we have measured 18 MeV and, pre- 19"k
liminarily, 44 MeV (11 MeV on terminal) data at
Rochester — see Fig. 1. The Rochester measurements
were made with the Rochester Heavy-Ion Detector us- 4
ing a multi-slit aperture at the entrance to the |
Enge split-pole.

The analysis follows the same line as was used
for the 160 data even though the real potential is
not expected to be as energy independent.? The val-
ue of Vy was gridded on, while the other five Woods-
Saxon parameters were free in a simultaneous search
on the 135.1 MeV and 13 MeV data sets. Good fits
could not be obtained for Vg < 25 MeV while the fits
for V > 40 MeV were all about equally good for both
data sets — see Fig. 1 for Vg =40, 100, 150 MeV fits
to the 135.1 MeV data. Therefore, at this time we
have not succeeded in eliminating the discrete am-
biguities for °Li optical potentials.

4 18 MeV

The parameters for the Vo = 100 MeV potential
are:

V0 0 a; = 0.784, Wvol = 36.7

r; = 1.57, a; = 0.883, where R=r- 281/3,

Most of the other potentials shared the following
characteristics of this Vj = 100 MeV potential:

=100, r, = 1.30,

a) Wg/VO much less than for 160 and similar to
t

351 MeV ™, =00

at observed for 4He;

b) r{>7Tg, ar>ag; this is opposite to what was o4 ) . L \ 1 =40
found for 160. This behavior is a well-known 0O 20 30 40 50 60
feature of OLi optical parameters. 0 ’

- cm

c) The fits to the intermediate energies (18 MeV 6 28
and 44 MeV) are not acceptable, perhaps Fig. 1. Elastic scattering of "Li + “°Si at the
indicating that an energy_ dependence exists — indicated laboratory energies. The curves are

again in contrast to the 100 results. optical model fits (see text). (XBL 766-8295)
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Finally, on the basis of the large angle TPhysics Department, University of Rochester,
differences in the predictions with the V, = 40, Rochester, NY 14627.
100 and 150 MeV potentials, it appears possible to N
resolve the discrete ambiguities by taking more jf‘physics Department, University of Maryland,
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40Ca + 40Ca ELASTIC SCATTERING RESONANCES

C. F. Maguire,* D. L. Hendrie, U. Jahnke,t
J. Mahoney, and D. K. Scott

The gross structure observed in 169 + 169 [ T I i ! ! !
elastic scattering excitation functions,1 but not
observed in other systems,z,3 can be explained by -
an f%-dependent term in the imaginary part of an
optical potential.4 This model also predicts that
resonance effects, although much reduced, should (=
appear in the elastic scattering of 40Ca + 40ca, C
Such effects were looked for by Doubre et al.” at C \
the Orsay Tandem from 110 to 150 MeV, and at -
170 to 300 MeV with the Orsay cyclotron, ALICE. L \
Although they saw no effect, some aspects of ‘ \
their work may have reduced their chances of ob-
serving the effect. In particular, the %-dependent
optical model predicts the largest effect near
160 MeV, just between the capabilities of their
two machines.

<

T TTTT]

40cq + %0Ca

" 163 MeV (lab)

We used the 88" Cyclotron to produce beams
of 150- to 173-MeV 40Ca, beams; up to 50 na on
target were measured. The QSD spectrometer was used
to detect and identify the outgoing 40Ca. Since the
detector length spamned only two charge states of
the 40Ca, only 40-45% of the scattered Ca could be
used for the measurements. Because the distribution
of charge states of the Ca leaving the target was
energy dependent (and slightly target-dependent)
tedious normalization runs were made to determine
the distributions, in order to normalize the data
and span the most prolific charge states (around
Z=16). Energy dependent corrections to Faraday

do/dQ/do/dQ g ry

T

Llaiil

plaoeal

cup and monitor c%mter readings were also required. IO_3 | | | | | |
Small amounts of "“Ar in the beam were accounted

for. Some inelastic events, especially to the 20 30 40 50 60 70 80
region of the 2% at 3.90 and 3~ at 3.73 MeV were ec.m. (deq)

seen, but with too low a cross section in general

to get meaningful data. Fig. 1. Elastic scattering angular distribution at

163 MeV.
An elastic angular distribution was measured

at 163 MeV, in order to extract an (%-independent)

optical potential (Fig. 1). No large sensitivity

to cptical potential parameters that fit the

angular distributions was noted in the excitation The excitation function data are seen in
work. Additional data points were taken between Fig. 2, along with the optical model predictions.
26 and 56° (CM) with a solid-state detector, in The 2-independent prediction clearly misses the
close agreement with the spectrometer data and observed resonant effects by as much as afactor
confirming the normalization corrections. of two.
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Fig. 2. Excitation function of *Oca + %0ca, with

%-independent model predictions (solid line).

Because we have not made final adjustments
to the data to convert the cross section into
absolute values or made comprehensive checks of

the f&-dependent model, our conclusion that weak
resonances appear to be present in the data is
tentative. Since the excitation functions were
not measured at 90°, it is possible that the ob-
served variation is due to sweeping over oscilla-
tory structure in the differential cross sections
4s a function of energy.

The measured differential cross sections at
163 MeV however gave no evidence for oscillatory
structure. Our preliminary %-dependent optical
model calculations predict effects too small to be
measured by us at a (M angle of 70°, the largest
angle measured using ALICE.
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ELASTIC SCATTERING OF '*N ON '2C AT 81 AND 100 MeV
AND THE REACTION 2C("*N, 13N)3C* (3.09 MeV)

C. Olmer, M. Buenerd, G. Delic, D. L. Hendrie,
A. Menchaca-Rocha, and D. K. Scott

The observation® of an anomalous angular
distribution in the single nucleon transfer
reaction 12C(14N,1N)13C to the 2s;,, state in 13
at 3.09 MeV has provided the st%mgius for similar
work from several laboratories.4” ’8‘ Essentially,
the anomaly consists of distorted-wave Born
approximation calculations predicting an angular
distribution that is out of phase with the observed
features of the differential cross section when
employing optical model (OM) parameters that
reproduce the appropriate elastic scattering
angular distributions.

The_aim_of the present study was to investi-
gate the 12C(14N, 13N)13C reaction after performing
detailed OM analyses of the 4N + 12¢C elastic scat-

tering. The motivation for this was that in the
work of DeVries et al.l the elastic scattering data
measured were too sparse. In the present work the
elastic scatterin% %gasurements were performed
using 100.3-MeV 1AN** znd 80.7-MeV 14N3* beams
produced at the 88-Inch Cyclotron. The_reaction
products scattered from the 1.07-mg/cm® 12C target
were detected in four 1,5-mm lithium-drifted sili-
con detectors placed 2° apart, each with an angular
acceptance of 0.25°, Data were accumulated over the
angular range 3° to 35° (representing approximately,
six orders of magnitude in the differential cross
section), with an angular spacing of 0.5°.

The present experiment, because of the high
density of data points as a function of angle
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combined with the wider angular range, reveals
features of the elastic ratio-to-Rutherford cross
section whigh are not apparent in the earlier mea-
surementsls (see Figs. 1 and 2). At 100 and 81 MeV,
the cross section has three distinct regions:

(a) at forward angles it falls rapidly away from
the Rutherford value by about an order of magnitude
to the second minimum, (b) it then oscillates
rapidly with a large amplitude (approximately
through an order of magnitude), and (c) with
increasing angle these oscillations are damped
almost completely.

OM parameter searches were performed on the
two sets of data with the search code SOPHIE/ and
Table 1 summarizes the results of the parameter

searches so far. Parameter sets labelled 81A to D
and 100A to D were obtained from searches on the
data measured in the present experiment while sets
81E and 100E were obtained from searches on earlier
data,1,6 which were either too sparse or confined
to a narrower range in angle. The OM predictions
corresponding to the parameters of Table 1 are
shown in Figs. 1 and 2 for the 100- and 81-MeV
data, respectively. While data in the backward
hemisphere could be expected to have an important
effect on the OM parameters resulting from a
search, it is clear from the present work that
the OM does predict the qualitative features of
the elastic scattering cross section throughout
the measured angular range. Furthermore, fits of
equivalent quality are obtained with either a

107"

106 |

10°F

1070 L

90

90

Fig. 1.
tions for elastic scattering
of 100-MeV 14N on 12 using

the indicated parameter sets
of Table 1.

Opticdl model predic-

(XBL 766-8136)
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volume or a surface type absorbing poténtial for
example compare potentials 100A and 100B which have
nearly identical real potentials.

The potentials listed in Table 1 were employed:
in DWBA calculations for the reaction
12¢ (14N, 13N)13¢, [ 7)- For the entrance channel,
the 100-MeV potent s’'were used, while for the
exit chamnel the 81-MeV 14N + 12C parameters were
employed. The basis of the latter assumption is
that the OM has a smooth mass number dependence and
provides similar elastic scattering predictions
for systems with similar values of n (Sommerfeld
parameter) and k (aiymptotlc wave number) Fig the
two systems 1 C (at 81 MeV) and 13N +

Fig. 2.

Optical model predic-
tions for elastic scattering

of 81-MeV 14N on 12C using the
indicated parameter sets of
Table 1.

(XBL 766-8137)

the exit chammel of the reactions the respective
values are 2.75 and 2.76 for n and 3.39 and

3.41 fm-1 for k. Some DWBA results are shown in
Fig. 3. OM potentials of the type E produce cross
sections in phase with the reaction data, but so
far, potentials that fit the elastic data and
predict the correct phase of the reaction data

have not been found. However, a closer inspection
of Fig. 3 shows. that the DWBA cross section is very
sensitive to the type of potentials employed. If

OM potentials of type C, with imaginary diffuseness
~ 0.1 fm, are introduced then the DWBA cross section
shows large changes in the angular region spamned
by the available reaction data— even though all

the potentials A to D come closé to reproducing

the elastic data well.
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Table 1. Optical model parameters for My s 12C elastic scattering.
Elab label T, a, v T, a, wa T oy .
MeV) (fm) (fm) MeV) (fm) (fm) (MeV) (fm) (fm) MeV)
81 81A 1.020 0.5564 166.4 0.9216  0.3757 47.14
81B 1.041 0.5578 132.8 0.8571 0.6303 22.30
81C 1.296 0.3144 93,52 0.9778 0.1089 126.4
81D 1.177  0.4562 79.80 1.002 0.1895 118.4
81E 1.069  0.5397 86.78 0.8967 0.1137 123.6
100  100A 1.115 0.5304 100.5 1.088 0.3162 54.44
100B 1.096 0.5563 100.1 1.159 0.3306 62.75
100C 1.270 0.3100 118.0 1.140 0.1050 200.0
100D 1.280 0.2920 116.0 1.140 0.1070  210.0
100E 1.065 0.5221 89.36 0.8901 0.1133  265.8

a)Surface type imaginary potential W is as

as usually defined.

used in Ref. 7; Volume type imaginary potential is

107

° 10 20

Fig. 3.
for the
Table 1.

40

50

Distorted- wave Born
reaction 12 C( N Czs 1é
The cross sectlons are in ml %
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factors; the data are those of Ref. 1.
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roximation calculations with KUNDRY
) using the parameters of
sr for unit spectroscopic
(XBL 766-8138)
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QUASI-ELASTIC COLLISIONS OF 315-MeV 0 ON HEAVY ELEMENTS

M. Buenerd,” C. K. Gelbke, B. G. Harvey, D. L. Hendrie,
J. Mahoney, A. Menchaca-Rocha,+ C. Olmer, and D. K. Scott

In the course of the last few years, particle
transfer reactions between heavy ions at incident
energies > 100 MeV have provided a large amount of
data revealing the existence of two new reaction
phenomena—the deep inelastic component (DIC) and
the quasi-elastic (QEC) collisions. The kinetic
energy distribution from these reactions is dom-
inated by two components: 1) a high-energy peak
(quasi- elastlc), located well above the Coulomb
barrier, which is observed only when a few par-
ticles are transferred and at forward angles (the
study of this process reveals both statistical and
direct reaction features): and 2) thedeep inelastic
peak at an energy close to the Coulomb barrier and
interpreted as a fully relaxed process. These two
features were interpreted as two aspects of the same
phenomenon in the Wilczynski picture. In the exper-
iments reported here, beams of 315-MeV 100 were used
to_bombard targets of 1 Au(Z mg/cm2), 208pb (1.2 mg/
cmz) and 2Th(lO mg/cm ) in order to study the
quasi-elastic processes around an incident energy of
10 MeV/A.

The experiments were carried out at the 88-
inch cyclotron using the QSD spectrometer for high
energy resolution and good particle identification
but with limited energy range, and silicon AE-E
counter telescopes providing broad energy range
spectra. The thickness of the AE counter was
chosen so as to permit both good Z identification
and as broad an energy range as possible. The
AE thickness ranged from 35u to 100u and permitted
the identification of fragments between Z = 2 and

= 9, but with some uncertainties in mass
resolution for higher Z.

The kinetic energy distributions obtained
with the silicon counter telescopes exhibit a
strong quasi-elastic component (the fully relaxed
region of the spectra could not be observed in the
experiment on account of the AE counter thickness).

%gure 1 shows a sample of energy spectra from the
U8ph reaction. For each spectrum, the
optimum final kinetic energy corresponding to
the centroid of the QEC peak has been extracted
and the corresponding differential cross section.
In most of the cases the shape of the peak can be
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Fig. 1. Typlcal quasi-elastic energy spectra for
the reaction 160 + 208py gt 315 MeV. The arrows
label points corresponding to: V., the exit Cou-
lomb carrier; V,, the beam velocity/G.S, the
ground state transition. (XBL 768-3359)
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reproduced with a Gaussian plus a low-energy <>‘\\ AN
exponential tail. As shown in Fig. 2, the optimum i N t

kinetic energy of the QEC peak exhibits a strong 100 = “$
angular dependence. This effect is not observed ~ R
at lower incident energy, although the results of 5. 3 a=10°
Ref. 2 shows a slight tendency to vary the same RS

way. The measured Q-values are roughly the same 13N
for the three targets used. "é\\

NS

Prgéiminary angular distributions for the 5 N
160 + Pb, reactions are plotted in Fig. 3; they ..
fall off approximately exponentially with the angle e \%\ _1=©
as expected from a direct reaction process. The KN a=I5
average slope decreases with the number of charge 100 — \1& ]
units transferred. .

The data are also similar to the high energy é\\\j
fragmentation cross_sections measured by Lindstrom T
et al.> for 100 + 208pb at an energy of 33.6 GeV 10— T —
(2.1 GeV/nucleon). Figure 4 shows that the rela- Y S
tive cross sections for the production of different a
isotopes are generally of the same magnitude in the
‘two experiments, with a general trend towards larger }
cross sections for the production of more neutron ! L L L L L L
deficient isotopes at the higher energy. Note, 10 20 3 40 90 60
however, that the relative element yields are
identical within the experimental errors. This is
a most unexpected result, since similar experiments Fig. 3. leferent Ccross sections of the %351-
at energies only a few MeV/nucleon above the bar- elastic component in reactions with 1 O Pb at
rier give entirely different distributions of 315 MeV. The dotted curves are exponentlal decays
reaction products.4 These results may indicate with the indicated decay angles. (XBL 769-4054)

Bcm.



0 U SR I TS
eLi’ oBe =B Element yield
BN sC oN 0
0 .
O b 3
: | |
3 | e
— H ) B C T
b L'} %e T@; }%i {‘g ]
> F { T T i E
2 T -
ot
o)
b L
! L 1 { 1 | 1 i L1
5 0 3

Mass number of fragment

Fig. 4.
reactions
laboratory energies.

R%Eios 868cross sections measured for the
+ Pb at 315 MeV and 33.6 GeV
(XBL 768-3340)

that the link between high and low energy phenom-
ena can be made in the energy range of a few tens
of MeV/nucleon where the ion velocities are com-
parable to the Fermi velocity.
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SEARCH FOR SHOCK WAVES AT THRESHOLD ENERGY

D. L. Hendrie, M. Buenerd,* A. Menchaca-Rocha,+
C. Olmer, and D. K. Scott

At sufficiently high relative velocities, the
central collision of two massive nuclei hds been
predicted to give rise to a new phenomenon. The
high nuclear density at the point of contact was
predicted to propagate through a massive nucleus in
a fashion conceptualized as a nuclear compressional
shock wave.
have suggested differing possible manifestations of
a shock process. Several investigations at rela-
tivistic energies have yie}ded conflicting, but
probably negative results.
suggested that the conditions under which shock
phenomena would occur still exist at energies
accessible to the 88-Inch Cyclotron. The much
higher beam intensities available there makes
possible much more sensitive experimental tests
for the effect.

Beams of 312-MeV 160 §19.5 MeV/a) were
directed onto an S-mg/cm2 2321 target; intensities
of 50 nA (5x 1010 particles/sec) were routinely
available. Two independently moveable solid-state
counter telescopes were used to detect and identify
emitted fragments, both singly and in coincidence.
Early results indicated that heavy fragment
emission was quite small and gave rise to very
few coincidences. Since our counters were
inappropriate for singly charged ejectiles, and 3He
particles were alw%ys more than an order of magni-
tude reduced from "He, the bulk of our data and all
of this report will be on emission of alpha
particles.

Figure 1 shows a sample of single alpha
particle spectra at several angles, in which (at
least) two components can be discussed. At large
angles, the spectra show a peak at the Coulomb

Various models at relativistic energies

A calculation by Tsang2

barrier, and an exponentially decreasing tail.
Under the simplest possible assumptions, this

OOr—T—T7TT T T T T T T 7
2321h (1 0, @) 312 Mev
Singles
|O — . 0, .-.0'. ] i
TN * e, e ’o'n-.- L .
> . % Cogte %,
= "o e, 300
E | ..-... "'0',- ’
(7) | ' 'C...' .'. —
\_/ L ] . ... .
] ..... 4 5° * 'I
5] * .n" . oo ..0
-IU * - o.‘.. .o
b | ..'..7 50 .. .
© % O'l . . . o
Eq (Mev) ™, .
oot o 0 ooyt g
20 40 60 80 100

Energy of alpha (MeV)

Fig. 1. Energy spectra of alpha particles detected
in a counter telescope placed at angles from
11° to 75°. (XBL 766-8325)



could be attributed to compound nuclear decay, with
a characteristic temperature of about 9 MeV. This
is a much higher temperature than that expected by
extrapolating from lower energy work. As yet, no
additional effects such as multi-particle emission
or effects of critical angular momenta in the
absorption have been calculated. At forward
angles, a direct component is seen, with a broad
peak at 75 MeV. Very crude calculations indicate
that this is consistent in cross section and energy
and angular distributions with the projectile
fragmentation seen by Heckman and coworkers at
relativistic energies.

Figures 2 and 3 show results of coincidences
of two alphas on opposite sides of the incoming
beam. In Fig. 2, both counters are moved
symmetrically about the beam axis; in Fig. 3, one

100 T T T T T T T T T
|Go +232Th
312 MeV
e 10k 4
S
3
>
S
:'g
]
o
CHEES 7
>-
0.1} ] TS I | L1 [ 1 1
30 60 20
g, = 6, (deq)

Fig. 2. Angular distribution of alpha particles de-
tected in coincidence in two counter telescopes
placed at symmetrical angles abouE the beam axis.

An arbitrarily normalized (1/sin “6) curve is shown
for comparison to the data. (XBL 766-8326)
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counter is held fixed, and the other moved. 1In
these preliminary plots, the alpha spectra are
summed over all energies, and the results were not
corrected to obtain absolute cross sections.
Chance coincidences were a minor contribution and
are subtracted.

Interpretation of the coincidence data are
consistent with the ideas from the singles data.
No evidence for shock effects are seen. The cross
sections with at least one of these counters at
forward angles must be corrected if the fragmenta-
tion hypothesis is correct, for the fact that 169
fragments into four alphas, only two of which are
detected. Decomposing the coincident alpha spectra
in several energy regions will significantly aid
the interpretation. The high level of coincidences
at large angles points out the need, not surprisingly,
to take into account multi-alpha emission.
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Fig. 3. Angular distribution of alpha particles de-

tected in coincidence in two counter telescopes
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(XBL 766-8327)

1. A. M. Poskanzer et al., Phys. Rev. Lett. 35,
1701 (1975); H. G. Baumgardt et al., Z. Phys. A 273,
359 (1975). :

2. C. F. Tsang, private commmication.

3. D. E. Greiner et al., Phys. Rev. Lett. 35,
152 (1975).




[

0 0

L
Iy
adiufi
s
Lo
o
Lo

2. Macroscopic

PRELIMINARY MEASUREMENT OF THE LIGHT CHARGED PARTICLES
IN COINCIDENCE WITH HEAVY-ION RELAXATION PHENOMENA

G. J. Mathews, G. Wozniak, P. A. Russo,
R. C. Jared, and L. G. Moretto

Heavy-ion relaxation reactions are generally
characterized by a complete dissipation of the
incident kinetic energy, substantial mass transfer,
and a nearly binary separation of the final frag-
ments. Recent measurements of the angular cerre-
lation of the fragments,l and measurements of co-
incident gamma rays,4 however, indicate that sub-
stantial quantities of emitted protons, neutrons,
and alpha particles also characterize these inter-
actions. We report here some results of a prelim-
inary measurement of the feasibility of detecting,
and the qualitative physics involved in, the light
charged particles (LCP) in coincidence with such
heavy-ion interactions.

The measurement has been attempted in the fol-
lowing way. A position-sensitive detector (PSD) is
used to view the angular distribution of the LCP
in coincidence with a AE-E telescope to identify
a fragment Z. With the PSD fixed and the telescope
varied in angle, one should expect different quali-
tative features to appear in the PSD depending
upon the nature of the parture of the particle
emission environment. In particular, one can en-
vision three possible situations which might be
observed:

(1) If the particles are emitted isotropically
in the center of mass system of some quasi-
spherical intermediate complex, one would expect
no correlation between the final fragment angles
and the LCP angular distribution.

(2) If the particles are emitted during the
separation of two fragments, then (as in ternary
fission) one would expect Coulomb focusing to re-
sult in an anticorrelation between the final frag-
ment angles and the particle angular distribution.

(3) Particles which arise from the excited
fragments after separation should be expected to
exhibit some correlation between fragment angles
and LCP distribution.

One can suppose that the energy spectra of the
LCP from these possibilities may also exhibit
qualitative differences.

So what one wishes to do then is to examine

the PSD angular distribution in coincidence with a

given fragment as the telescope angle changes. As
the correlation angle for the partner Z passes
through the PSD a change in the LCP angular distri-
bution should indicate something of the nature of
the environment from which the LCP were emitted.

The experiment, which has been performed to
examine these phenomena, consisted of a thin Cu
target bombarded by 252-MeV 20Ne. An aluminum ab-
sorber was placed before the PSD with sufficient
thickness to stop the elastically scattered 20Ne,
but thin enough to allow the LCP to enter the de-
tector. A crude separation of the proton and

heavier particle contribution was possible in the
resulting PSD energy spectrum. Roughly equivalent
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Fig. 1. PSD angular distributions for the LCP in
coincidence with Z ~ 10 in the AE-E telescope.
The predicted correlation angle of the heavy
partner is indicated by the arrows.

(XBL 766-8301)



numbers of protons and heavier particles were ob-
served. To enhance statistics, bands of several
Z's in the telescope were summed to obtain co-
incident PSD angular distributionms.

Events in the PSD as a function of telescope
angle for Z's near 10 and 23 are shown in Figs, 1
and 2. The expected correlation angle of the heavy
partner fragment is also shown on this figure.

The qualitative features are some forward peaking
at forward telescope angles which flattens at more
backward telescope angles. Though it seems that
there is, indeed, some change in the LCP angular
distributions, it is not yet clear what these
distributions indicate. To clarify the situation
one needs to look at heavier Z's in the telescope,
better statistics are needed at backward angles,
and perhaps, the LCP kinetic energy spectra as
well. Nevertheless, it seems that something other
than the uninteresting evaporation from the sep-
arted fragments may appear in these angular dis-
tributions.

Future experiments are planned which shall
employ a large solid angle position sensitive
AE-E detector, currently being developed by our
group. In this arrangement the LCP can be more
clearly separated and identified. Also, the in-
crease in solid angle will facilitate the obtain-
ment of the much needed additional statistics at
backward angles, and for higher Z's.

In conclusion, we have learned from this
preliminary study of the feasibility of the detec-
tion of the light charged particles in coincidence
with heavy-ion interactions. Most importantly,
there is some indication that the ensuing angular
distributions may contain interesting structure
which could yield new insight into the details of
the interaction mechanism.
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FRAGMENT CORRELATION APPROACH TO THE STUDY OF
PARTIAL RELAXATION IN HEAVY-ION COLLISIONS

M. Newman, B. Cauvin,* P. Russo,
R. Jared, and L. G. Moretto

In heavy-ion reactions a significant portion
of the reaction cross-section appears in a com-
ponent which has not fully equilibrated. That is,
a compound nucleus does not form although the en-

ergy of the relative motion is essentially dis-
sipated into the internal modes during the inter-
action. This is the "relaxed" component which has
been ubiquitous in heavy-ion experiments.
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In our 1st generation of heavy ion experiments
we looked at uncorrelated events by means of an
E-AE telescope. The singles data provided evidence
for the formation of a short-lived intermediate
complex with well-defined mass-asymmetry.l On
this basis we began a second generation of heavy-
ion studies in which two fragments produced in the
decay of the intermediate complex are detected.

A position-sensitive detector (PSD) is used in con-
junction with an E-AE telescope.# In these experi-
ments a number of special difficulties are en-
countered. In particular, correction for signal-
nonlinearity and pulse-height defect has been

made.~ Because angular correlations are measured,
one can make confirmation of a binary decay. More
parameters concerning each event are measured in
the coincidence experiment so that one can provide
a more detailed description of the system. Energy
dissipation and N/Z equilibration (perhaps at vari-
ous stages of the interaction) can be studied more
fully.

We here report on the coincidence study of

the systen '0721%2g+252 Mev 20e at the 88-inch
cyclotron. One telescope and one PSD were used.

For practical reasons we identified the light frag-
ment in the telescope and detected the heavy partner
in the PSD. The telescope angle was fixed and the
PSD was moved to various angular settings. The PSD
was positioned in the reaction plane at 40°, 55°

and 70° to the beam axis and the telescope always
sat at 40° in the opposite hemisphere.

In a typical angular correlation (Fig. 1) we
see that the heavy partner is found in a distribu-
tion of correlation angles, peaked about an average
correlation angle. Another interesting feature is
the broadness of the correlation.

Figure 2 shows the trends in the angular corre-
lation parameters. We notice a nearly linear in-

| ! I |
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107192 Ag + 252 MeV3INe
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Fig. 1. Angular correlation for fragments in the
PSD in coincidence with Z = 12 fragments observed
in the telescope at 40°. Data points and typical
errors are shown. The solid curve is a gaussian
fit to the data.- {XBL 764-2650)
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Fig. 2. Angular correlation parameters as a func-
tion of the Z in the telescope. Data points are
hown along with lines to guide the eye.

{(XBL 764-2652)

crease in average correlation angle with Z. This
same trend is predicted if one assumes an inelastic
collision followed by the binary decay of two
touching spherical fragments. The angular correla-
tion widths are essentially constant with Z.

For two-body kinematics, conservation of linear
momentum requires this relation:

EM,sin?(8.,)
ELML = _9¥9_7_.__fi___ In the present experiment
sin (6L+6H)
EO’MO’ and eL are fixed so that the correlation

angle is a function of only the mass and energy of
the light fragment. From other experiments4;5 we
know the variance in the energy and the mass of the
light fragment and one can calculate the expected
correlation width. However, only about 10% of the
observed width can be accounted for in this manner,
so it appears that one must ascribe the bulk of the
observed width to particle evaporation from the two
hot fragments. Since the present system is neutron
rich and charged particles must overcome a Coulomb
barrier, we expect neutron emission to to dominate
(this assumption has been corroborated by an evap-
oration code).

In the center of mass (c.m.) energy distri-
bution (Fig. 3) we observe that the c.m. kinetic
energies for both singles and coincidence events
{approximately Coulomb energies of two touching

. spheres) are the same. The same types of reactions

are seen in both singles and coincidence.

In comparing the singles and coincidence
yields (Fig. 4) we see that theyare equal within
error. This means that for every fragment entering
the telescope, a second fragment can be detected -
in coincidence in the PSD in a well-defined dis-
tribution of correlation angles.

The sharing of the excitation energy of the
intermediate complex between the two fragments may
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Fig. 3. Center of mass kinetic energies as a func-
tion of the fragment atomic number. Open circles
show the singles data and the closed circles show
the coincidence data. The solid line is the kinetic
energy as a function of Z predicted for two
touching spheres which are repulsed by their
Coulomb field (mot a fit). (XBL 764-2654)

be inferred from the number of secondary particles
emitted by each fragment as it deexcites. The cor-
relation between the fragment mass and atomic num-
ber is also of particular interest. In the coin-
cidence experiment, since the energies and angles
for both fragments are measured, we see essentially
the complete kinematics of the reaction. In order
to determine the fragment masses before secondary
emission and the number of nucleons emitted by each
fragment, we must solve a system of four equations
ensuring energy, mass and linear momentum conserva-
tion in the reaction plane. These equations are
nonlinear so that an iterative calculation is re-
quired in order to gbtain a unique result for the
desired quantities.

In this manner we have determined the average
number of neutrons emitted by a fragment of a given
atomic number (Fig. 5). The number of neutrons
shows a fairly smooth increase with the fragment Z.
The linearity of the neutron yield is consistent
with the assumption of equal temperatures. From
this it appears that the intermediate complex is
in thermal equilibrium at the time of decay.

The experimental fragment masses before sec-
ondary emission have also been determined (Fig. 6).
Compare the experimental masses of the light frag-
ment with two simple assumptions: 1) the neutron-
to-proton ratio N/Z of the projectile 4UNe since
the Z of the light fragment is about the same as the
Z of the projectile; and 2) the N/Z ratio of the
hypothetical compound nucleus. We see that the ex-
perimental masses lie systematically along the
N/Z line of the compound nucleus. This does not
necessarily mean that a compound nucleus has been
formed. The equilibrium N/Z ratio must be determined
by minimization of the potential energy of the com-
plex at fixed mass asymmetry. In this case the
equilibrium ¥/Z is only nominally different than
that for a compound nucleus. One can say that the
N/Z ratio appears to be equilibrated throughout the
intermediate system during the time of the reaction.
Analogous results for the heavy fragment are shown
in Fig. 6b and the same conclusion is drawn. We
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Fig. 4. Singles and coincidence cross-sections as
a function of Z. Data points and typical error
bars are shown. For Z = 10, the singles yield of
the relaxed component could not be adequately
measured. (XBL 764-2653)

TTTTIT T T I T T T T T T T T O T T Id I T AT I T I T T T T 7 T 7177
| Average neutron yield _]
| '9M37Ag + 252 MeV {ONe

~

(o2}

&
I

o
|

{Number of neutrons)
N
|

N
|

o) et et r e bt teeea ey bennnl
5 10 15 20 25 30 35 40 45 50
Zz

Fig. 5. Average number of neutrons emitted by a
fragment of a given atomic number. Data points and
typical errors are shown. The solid line shows the
number of neutrons expected if the temperature of
the light fragment and the temperature of the heavy
fragment are equal. (XBL 764-2651)
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shown. The bottom line depicts the neutron-to-pro-
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know that the system is not fully equilibrated along
the mass-asymmetry degree of freedom, but it appears
to have reached equilibrium in the N/Z coordinate.

In the near future we plan to use this same
technique of correlated fragments to study partial
relaxation with various projectile, target and
beam energy combinations (especially krypton and
xenon induced reactions). Azimuthal widths should
not be sensitive to the intrinsic oscillations of
the complex and might give a more sensitive measure
of secondary emission from the fragments. Light
particle emission from the intermediate complex
would distort the kinematics in a complicated way
and needs to be studied, as do secondary fission
processes in heavier systems.
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REACTION PRODUCTS FROM THE INTERACTION OF
170- AND 252-MeV 2°Ne ON Cu

G. J. Mathews, B. Cauvin,* R. Schmitt,
R. C. Jared, and L. G. Moretto

This study is a continuation of efforts to
systematize the yields in heavy-ion reactions.
The particular interest in the 20Ne + Cu system is
that with the available charge resolution, products
on both sides of a symmetric mass split can be

clearly identified. A slight disadvantage of this
system, however, is that kinematic compression pre-
vents the detection of large Z's at large c.m.
angles. '
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Thin targets ( ~400 pg/cmz) of Cu have been elastic component near the grazing angle, Z's
bombarded with 170-MeV 20 Ne. The results of the close to the projectile, are clearly visible. The
bombardment with 252-MeV 20Ne have been reported cross sections for the relaxed component in these
previously.2 As in earlier experiments3 the product spectra were integrated and separated from the
Z's were identified with a AE-E gas ionization quasi-elastic peak by a Gaussian fitting pro-
counter telescope. The data were stored serially cedure.

on magnetic tape for later sorting and analysis.
Laboratory cross sections for the relaxed com-

The ¢.m. kinetic energy spectra for 170-MeV ponent of the detected product Z's at different
incident 20Ne is shown in Fig. 1 for several pro- angles are shown .in Figs. 2 and 3. As expected,
duct Z's. The features of the relaxed component the general features of these figures are;
at all angles, for all charges, and the quasi- (1) a decrease in cross section with decreasing

63-65 energy, as fewer l-waves penetrate to contribute
170 MeV 20Ne + "2 Cu to the relaxed component; (2) a relatively flat
E T T T T T L charge distribution showing no substantial pref-
£ 7:=7 ¥ 7 =8 + 7:9 3 erence for a symmetric split, with considerably in-
B T I ' ; creased cross sections for products lighter than
10° L L 4 - the projectile (these effects can be understoodl
E E S 5 E in terms of the mass-asymmetry potential-energy
C I T ] surface at the point of injection), and (3) the
i T .T . odd-even effect.
I0'E = 20 =+ =
5 F F9 /A £ 3 Center of mass angular distributions are
< N 309 T4 I i shown in Figs. 4 and 5. The results are again as
30°
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Fig. 1. Some c.m. kinetic energy spectra for . Fig. 2. Laboratory cross sections as a function
products from 170-MeV incident 20Ne on Cu. Quasi- of Z at various angles for the relaxed component
elastic and relaxed components are visible. in the reaction of 170-MeV 2UNe + Cu.
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Fig. 4. Center of mass angular distributions for
the 4YNe + Cu reaction at 170 MeV laboratory
energy. (XBL 766-8305)

expected. The angular distributions exhibit for-
ward peaking for products near the projectile which
gradually converts to a 1/sin® distribution due -
to the longer times associated with greater mass
transfer.

In conclusion, it seems that the qualitative
features of the 20Ne + Cu reaction are well under-
stood. What is needed now are quantitative cal-
culations to test the validity of current theories.
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' DEEP INELASTIC REACTION OF 175-MeV Ne WITH Au

J. Moulton, G. Wozniak, B. Cauvin,* P. Russo,

R. Jared, an

The reaction of Ne with Au has been performed
at the 88-inch cyclotron. The beam jis focused on a
thin metal target (300 to 800 ng/cm?), and the
Z and kinetic energy of the reaction products are
measured in E-AE detectors. The AE counter is a
gridded methane-gas ionization chamber developed by
our group.t The E counter is a surface-barrier Si
detector. With the low energy projectiles in this
series of experiments, products up to about Z = 32
can be identified. (Much heavier products can be
identified with more energetic projectiles.) The
data pulses are amplified by a modular electronic
system, converted to digital form in a.4096-channel
ADC, and stored on magnetic tape by a PDP-5 com-
puter. An elaborate sequence of data analysis
programs have been developed, which sort events
according to Z, and calculate lab and center-of-
mass energies and cross sections. This data analysis
is performed on our own PDP-9 computer.

The products of the Ne plus Au reaction have
center-of-mass kinetic energies which are essen-
tially equal to the Coulomb repulsion between the
two separating fragments (see Fig. 1). The kinetic
energy brought in by the projectile has relaxed
into internal degrees of freedom. Actually, products
observed around the grazing angle and lighter than
Z = 11 have broadened or two-lobed kinetic energy
spectra, arising from reactions in which the energy
has not completely relaxed. Products produced far
from the grazing angle or differing appreciably
from the projectile mass have fully relaxed, single-
peaked KE spectra at all angles. Products observed
far from the grazing angle or, which are quite
different from the projectile had to rotate and
diffuse longer to reach the mass asymmetry at
which they eventually split. Thus their kinetic
energy spectra are relaxed and angle-independent.
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d L. G. Moretto

The lab cross sections in Fig. 2 present a
striking picture. Considering those products and

angles for which the

kinetic energies are fully

relaxed, we see a great rise in cross section
from Z = 10 to Z = 32, covering three orders of

magnitude. The cross
laxed products rises

section for energetically re-
by one factor of 10 from

Z =9 to Z = 4. The cross section for products
lighter than Ne whose kinetic energies are signif-
icantly above the Coulomb energy is quite large,
indicating a fast, non-equilibrium transfer process.

For a better understanding of the significance

of these results, it

those of two other regc

and 288-MeV Ar on Au

is useful to compare them with
tions: 175-MeV Ne on Ag
For both of these reactions

the center-of-mass kinetic energies of the products

generally agree with
separating fragments

the Coulomb energy of the

, as was seen for Ne plus Au.

This indicates that in all of the reactions the
initial translational kinetic energy has relaxed
into internal degrees of freedom., However, im-
portant differences are observed in the lab cross
sections for the range of elements detected.
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In the Ne-Ag system, the cross section rises
abruptly for elements lighter than the projectile,
and much more gently from Z = 11 to Z = 29. This is
consistent with a picture of the reaction complex
as two spheres stuck together and exchanging nu-
cleons. The resulting Z distribution approaches
what would be expected for a diffusion process
controlled by a liquid drop mass asymmetry po-
tential. The low mass of the projectile makes the
starting asymmetry quite large, so the system finds
itself trapped on a downslope leading to greater
asymmetry.  Thus the high yield for products lighter
than Ne. With the large angular momenta of these
reactions, (about 80h) a dip in the potential
exists at symmetry, causing increased cross sec-
tion around symmetric splitting for an equilibrated
Z distribution. The rise in yield towards symmetry
indicates that the system has moved significantly
towards equilibration.

The reaction of Ar on Au is qualitatively
similar. The Z distribution rises steadily with Z,
which may arise from the very pronounced depression
at symmetry in the mass asymmetry potential. There
is little rise in cross section for low Z's. The
initial projectile-target mass asymmetry probably
lies on the inside of the hump which separates
extreme asymmetry from symmetric splitting. This
pulls the system "downhill" towards symmetry more
strongly than in the reaction of Ne on Ag. There-
fore one understands why one sees little rise in the
cross section corresponding to the great drop in the
potential for products lighter than about Z = 12.
Also the center-of-mass angular distributions for
all products up to Z = 24 are strongly forward
peaked, with a minimum as far back as 120°. This
angular asymmetry remains but diminishes through
Z = 28°. Only for Z = 29 does the angular distribu-
tion follow 1/sing. This forward peaking indicates
rapid decay of the complex, in a time somewhat less
than a rotatoinal period. The system quickly popu-
lates the Z's ""downhill" from the initial pro-
jectile-target mass asymmetry, namely Z's from
18 up to symmetry. There is only a low probability
that the system will get over the potential energy
hump to populate Z's below 12 before breakup of the

complex. However, it is possible that the cross
section for Z's above Ar may arise in part from
fission of a compound nucleus or of the target it-
self. This would also lead to an yield increasing
with Z, and could supply the 1/sin® component of
the angular distribution of all Z's observed.

The difference between the Z distribution of
the Ne-Ag and the Ne-Au systems is quite remark-
able. In the former, the initial projectile-target
mass asymmetry channeled much of the cross section
to Z's below Ne, with lower, slowly rising cross
section towards symmetry. In the latter case, most
of the cross section is for elements above Ne, with
much less rise in yield for light products.

One needs to examine the angular distributions
from the Ne-Au reaction to determine the extent to
which the strong population of heavy products is
the result of a diffusive mechanism. Production of
elements above the projectile by fission of a com-
pound nucleus, of the target enriched by absorption
of several nucleon from the projectile, or even of
the target itself, would seem to be quite possible.
However, the Ar-Au reaction demonstrated a signi-
ficant non-fission component for products up to
Z= 28. A major complicating factor in these re-
actions is that different angular momentum windows
may be involved in these reactions. Work is con-
tinuing in this series of experiments, including
analysis of a higher energy Ne-Au system (252 MeV).
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SYSTEMATICS OF THE “%Ar + Cu REACTION

G. J. Mathews, B. Cauvin,* J. Moulton, R. Schmitt,
R. C. Jared, and L. G. Moretto

Preliminary results of the study of this re-
action with 288- and 340-MeV incident 40Ar were
reported previously.l We report here an extension
of the systematics of this system to 170 MeV. The
present study includes more complete charge and

angular distributions.

Reaction products from the interaction of in-
cident 40Ar on thin (~ 400 ug/cm?) Cu targets were
identified in a AE-E gas ionization .counter tele-
scope.

Kinetic energy spectra for some of the reac-
tion products at 170 MeV are shown in Fig. 1. These

exhibit the familiar strongly-damped component.

The quasi-elastic contribution is also visible for
products near the grazing angle and the projectile
Z, although at these energies the quasi-elastic

and relaxed components are difficult to distinguish.

Laboratory charge distributions at 170 MeV
are shown in Fig. 2. These cross sections exhibit
the expected features of an odd-even effect, a de-
crease in magnitude from the higher energy data, ~
and a relatively flat charge distribution. The
peaking of the cross sections near the projectile
is due to the quasi-elastic component which was
not separated out.
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Fig. 1. Center-of-mass kinetic energy spectra for

the 40Ar + Cu reaction at 170 MeV. (XBL 7610-9377)

The center-of-mass angular distributions, not
shown, exhibit the forward-peaking characteristic
of the short interaction times involved in the
formation of products near the projectile. The
distributions approach 1/sin® for products re-
quiring more mass transfer.

In conclusion, it seems that the systematics
of the 40Ar + Cu reaction are consistent with _cur-
rent understanding of heavy-ion interactions.
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PRELIMINARY MEASUREMENT OF REACTION PRODUCTS FROM
THE “0Ar + Ag REACTION AT 170 MeV

G. J. Mathews, R. Schmit,t, P. Glassel,* G. Wozniak,
R. C. Jared, and L. G. Moretto

This reaction is of interest because at such
low energy above the Coulomb barrier a separation
of the strongly damped product distribution into
two components has been recently observedl for
the similar system of 40ar + Au at 220 MeV. Ac-
cording to the results of Reference 1, the cross
section- for the relaxed products were observed to
peak both near the projectile and near mass sym-
metry at angles close to the grazing angle. This
was taken as an indication that two separate com-
ponents contribute to the relaxed process. However,
at these energies, the relaxed component is kine-
matically nearly indistinguishable from the quasi-
elastic products, and hence may be responsible for
the observed rise in cross section near the pro-
jectile.

Laboratory cross sections are shown in Fig. 1
The experimental technique to derive these data is
described in detail elsewhere.4 In Fig. 1 the cross
section does appear to rise near the projectile
and near symmetry, although the separation of the
relaxed and quasi-elastic components is, indeed, not

possible close to the projectile. To examine pos-

sible influence from the quasi-elastic contribution

to the kinetic energy spectra, we plot in Fig. 2
the centroid of the c.m. energy spectrum for the
relaxed plus quasi-elastic. In Fig. 3, the c.m.
FWHM of the peaks are also plotted. The c.m.
energy and FWHM tend to fall higher for products
close to the projectile, consistent with an interp-
retation that the quasi-elastic products are
largely responsible for the rise in cross section.
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Future experiments are plamned to obtain a
more complete angular distribution which should
shed additional 1ight on this problem.
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- MEASUREMENT OF PRE AND POST EVAPORATION MASSES OF
DEEP INELASTIC COLLISIONS FRAGMENTS OF 340 MeV Ar + Ag

B. Cauvin,* R. Jared, P. Russo, P. Glassel+
R. Schmitt, and L. G. Moretto

Several groups have attempted to determine the
mass of the fragments in deep inelastic collisions

(D.I.C) of heavy ions by means of various techniques.

Some measurements of the fragment masses following
particle evaporation have been performed in time of
flight! and mass spectrometer experiments. Also
coincidence experiments which give the energies

and angles of. the correlated fragments

permit the determination of the masses3:4 before
evaporation through the kinematics, provided the
energies are corrected for neutron emission. This
correction is generally performed by estimating

the total number of neutrons from the energy balance
and sharing them according to the masses of the
fragments. This method is limited by the lack of
knowledge of the fragment atomic numbers, which

makes it difficult to estimate the total binding
energies of the fragments.

The measurement of the Z of one of the frag-
ments along with the energies and angle of both
fragments provides the needed parameters to deter-
mine accurately these binding energies.

A coincidence experiment for the reaction
340 MeV Ar + Ag was performed at the SuperHILAC.
In this experiment a AE-E telescope fixed at 40° .
measures the Z of one of the fragments. A posi-
tion-sensitive detector. (PSD) was placed succes-
sively at 30° and 50° (Fig. 1). The measured en-
ergies of both light and heavy fragments were cor-
rected for pulse height defects.® A preliminary
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Fig. 1. Schematic diagram of the experimental set-up
with the definitions of fragment numbers, energies
and angles in the laboratory system. (XBL 766-8208)
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analysis based upon the average values of the energy '

and angular distributions has been made. A more
detailed event-by-event treatment of the data is
in progress.

These data were first analyzed in the vicinity
of Z = 32 for the light fragment. This corresponds
to an almost symmetric splitting of the composite
system. Near mass symmetry it is reasonable to
assume that %he ratio of the number of evaporateg
particles (v') to the mass before evaporation (A")
is the same for both fragments. With this assump-
tion and the following equations we calculated con-
servation of linear momentum in the laboratory
system [ Egs. (1) and (2)] conservation of mass
[Eq. (3)] and charge [ Eq. (4)], the masses of both
fragments (Az 4) prior to particle evaporation, and
the total number of particles evaporated by each
fragment (vg ). Superscript © denotes pre-
evaporation.’%See Fig. 1 for the definition of the
parameters and subscripts)

2

E3 % sin 94
A, = BA —s—— 1)
v T3 1 sinz(e +5,)
1- 3 374
-
A3 conservation of
g linear momentum
E4 % sinze3
A, = BLA, ————— (2)
vT 4 I sinz(e +9 )
1 - 4 3747
3
Ay
A+ AT A +A ti (3)
= conservation
3 4 1 2 of mass
Z* Z* Z Z ti
+ = + conservation
3 4 1 2 of charge €y

The results obtained with the assumption that no
charged particle is evaporated by the fragments
are shown in Fig. 2a. Since good agreement was
obtained for the elastic scattering masses,? it
appears that the systematic shift observed between
the masses of the light and the heavy_fragment is
not due to experimental difficulties.’ It is more
likely the indication of charged particle evapora-
tion from the light fragment. Since the fragments
should be identical at symmetry the number of
evaporated charges necessary to make the two lines
agree at symmetry is given by the shift projected
onto the Z axis. This number is 1.3 charge unit
per fragment. In Fig. 2b the masses have been
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Fig. 2(a). Masses before evaporation and total
number of evaporated particles for each fragment
from the reaction of 340 MeV Ar + Ag, with the
assumption that (vT/Ag = vZ/A*). The solid circles
refer to the light %ragment ané the solid squares
to the heavy fragment; no charged particle
evaporation is taken into account.

(b). 1.3 protons were evaporated. from both
fragments. (XBL 766-8209)

calculated with an average of 1.3 charge unit
evaporated by the light fragment. The neutron
numbers V! were obtained by subtracting from vt
the experimental value of 1.3 charge unit. This
implies that the evaporated charged particles
are mainly protons.

In order to analyze the data away from sym-
metry, we can no longer assume that vT/A is the
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same for both fragments. Instead we can use another
equation [Eq. (5)]1 which expresses the conservation
of energy in the laboratory system

: & _* E I
E1+B(A1,Zl)+B(A2,Z2) = E3+E4 +B(A3,ZS)
+ B2, +ET+ET+Eg (5)
T T T
E, E and E_ are respectively the total energies

a¥soc1ated witR gamma, neutron and proton emission.
The total binding energies BéA Z ) are taken the
droplet mass table of Myers.

Using this equation along with Egs.
(4) where vg 4= vn we developed a
self-consistent procééure d 'obtain the masses and
the number of evaporated neutrons for each fragment.
This procedure assumes a binary process and that

no particles are emitted by the composite system
before the separation of the fragments [ Egs. (3) and
(4)1. ET is the sum of the individual rotational
energlesYof the fragments calculated from a simple
model of two rigidly rotating spheres. Some com-
petition with neutron emission is included by
adding to these energies a fraction of the binding
energy of the last neutron emitted in the average
cascade. Since the excitation energies of the frag-
ments are relatively high, it seems unlikely that
strong shell effects would be present. The level
desntiy parameter was simply taken to be A*/8 in
the determination of the average kinetic energies
of the evaporated particles.

(1) to

The ‘above set of equations is highly nonlinear
preventing a direct solution. An iterative pro-
cedure was developed to obtain the solution.

(Step 2) Vg and v2 are obtained from Eq. (5);

(Step 3) With these valueS*Eqs. (1) and (2)
A

give the ratio —

Ay

* *
(Step 4) A, and A, arg then calculated from
3 4 A

the ratio

A*
4
(Step 5) If the convergence is not obtained

we start again at Step 1. Between Steps 1 and 2
the excitation energies, nuclear temperatures, and

kinetic energies of neutrons and protons are cal-
culated.

and Eq. (3).

The number of evaporated protons is a free
parameter in the program and is not part of the
iteration. In the analysis of the reaction
Ar + Ag, |VP| was estlmatsd from the evaporation
code of Dostrovsky et al.’ and renormalized with
the procedure explained later. In these evaporation
calculations we used A/10 for the level density
parameter and 1.5 fermi for the radius parameter.

It was assumed that the total excitation energy is
shared by the two fragments according to their mass.
The initial masses A" were calculated by mlnlmlzlng
the potential energy of two touching spheresl of
given mass asymmetry with respect to the charge
asymmetry degree of freedom. This evaporation code
was developed by Dostrovsky et al.® for the analysis
of compound nucleus reactions leading to masses and
excitation energies similar to those of the D.I.C.
fragments. No angular momentum is taken into account

Starting with a reasonable guess for Aj,A; VI, Vi in this code. We do not expect this to affect the
473 V4 . ; :
results substantially since in the D.I.C. one ex-
n pects most of the initial angular momentum to go
. V3 . into relative motion. Table 1 summarizes the results
(Step 1) The ratio _;' is extracted from of the calculations for the light fragments of the
vy reaction. At symmetry these calculations predict an
average mumber of evaporated changes (VP+2v%) of
(1) and (2); 1.05. This number is close to the experimental value
Table 1.
% p % *
Z Af Vit v v Wav* yA A Vi WP v WPr2u*
(normal- (normal -
ized) ized)
10 22 0.98 .0 0.02 0.05 22 49 2.52 0.39 0.03 0.58
11 24 0.95 0.05 0.16 0.47 23 52 2.89 0.41 0.05 0.66
12 27 1.53 0.02 0.01 0.05 24 54 3,03 0.33 0.08 0.69
13 29 1.85 0.02 0.01 0.05 25 56 3.28 0.44 0.10 0.82
14 31 1.84 0.09 0.02 0.17 26 59 3.92 0.23 0.09 0.53
15 33 1.82 0.10 0.03 0.20 27 61 3.90 0.47 0.07 0.78
16 36 1.88 0.04 0.06 0.20 28 63 4.03 0.37 0.13 0.81 ;
17 38 1.97 0.10 0.18 0.59 29 66 4.16 0.44 0.09 0.80
18 40 2.04° 0.13 0.14 0.53 30 68 3.99 0.48  0.20 1.13
19 43 2,57 0.13 0.09 0.40 31 71 4.14  0.53 0.20 1.20
20 45 2.36 0.22 0.09 0.51 32 73 4,25 0.61 0.20 1.29
21 47 2.51 0.19 0.06 0.40 33 75 4,10 0.74 0.19 1.45




of 1.3. These calculated values were normalized
to agree with the experimental number of 1.3 at

symmetry.

Using the normalized values of Table 1 for

vk in the full iterative calculation, we obtained
the masses and neutron numbers of Fig. 3. Around
3 150 T T T T
£ 340 MeV Ar + Ag b
2 S
c 2
S =
5 100 =
S 2
a o
4
2
@
S 50 -
3 8
63
@ 4E
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| i 0
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Charge before

Fig. 3. Masses before evaporation and number of
evaporated neutrons for each fragment calculated
with the full iterative procedure. Symbols are the
same as in Fig.2. The upper solid line is the pre-
diction of the charge equilibrium model described in
the text. The lower solid line represents the num-
ber of neutrons VI obtained with the evaporation
code of Ref. 6 assuming that the total excitation
energy is shared by the fragments according to

their mass. (XBL 766-8210)

symmetry the agreement with the simple analysis

done before (Fig. 2b) is good. The upper solid line
represents the masses calculated by assuming charge
equilibrationt between the two fragments. The good

agreement obtained with Ehis model confirms the con-
clusions of Gatty et al.* for the comparable system
Ar + Ni, namely that charge equilibrium is indeed
achieved in D.I.C. for the part of the angular
distribution beyond the grazing angle. The lower
solid line represents the calculated values of

|v 2| from Table 1 extended towards higher atomic
numbers. The good agreement with the experimental
values suggest that thermal equilibrium is achieved
between the fragments as we postulated when estab-
lishing the input parameters of the evaporation cal-
culations. Further analysis will allow us to "ex-
plore' the behavior of the system (masses and ex-
citation energies) as it relaxes along the energy
degree of freedom.
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EVIDENCE OF INCOMPLETE RELAXATION IN THE REACTION
107,1097g =40Ar AT 288 AND 340 MeV BOMBARDING ENERGIES*

J. Galin,t L. G. Moretto,+ R. Babinet,g
R. Jared, and S. G. Thompson

'bgght f£8gments emitted in the reaction
107,109%; + 4Ugr at 288 and 340 MeV have been
studied. Using a AE-E telescope,l it was possible
to identify particles with atomic numbers as high
as Z = 30. Kinetic energy spectra for these frag-
ments have been studied over a broad range of
laboratory angles. Two distinct components are
visible in these distributions: one is at nearly
elastic energies, the '"'quasi-elastic" component;
the other is near the expected Coulomb energy,

the "relaxed" component. The quasi-elastic com-
ponent is confined to a narrow angular region around
the critical angle and is restricted to Z's close
to that of the projectile. The relaxed component

is present for all atomic numbers and at all
angles.

In the center-of-mass system, the kinetic en-
ergy distributions are Gaussian in appearance. For
fixed Z, the first and second moments are fairly
constant over a wide angular range. The mean en-
ergies are close to that of two touching spherical
fragments. The FWHM are approximately 25 MeV at the
lower bombarding energy and about 30 MeV at the
higher energy.

The laboratory yields of the relaxed component
are given in Fig. 1. The cross section tends to in-
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Fig. 2. Center-of-mass angular distributions for various charges at

both bombarding energies. The
a 1/sin® distribution.

crease with Z for Z > 9. The increase is somewhat
more pronounced at the lower energy.

The center-of-mass angular distributions
(Fig. 2) are all forward peaked in excess of
1/sind , the distribution expected from the decay
of a rapidly rotating compound nucleus. The for-
ward peaking has been interpreted in terms of a
short-lived intermediate complex consisting of
two touching fragments.Z2,3 The exchange of charge
has been described as a diffusion process along
the charge asymmetry coordinate of this complex.
The predicted charge and angular distributions are
in very good agreement with the experimental re-
sults.

dashed curve at Z = 21 corresponds to
(XBL 752-2302)
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POTENTIAL ENERGY EFFECTS AND DIFFUSION IN THE RELAXED COMPONENTS
OF THE REACTION_197AU + 40Ar AT 288 AND 340 MeV BOMBARDING ENERGIES*

L. G. Moretto,+ J. Galin,+ R. Babinet,§ Z. Fraenkel,”
R. Schmitt, R. Jared, and S. G. Thompson

The fragments produced in the reaction
197au + 40Ar have been studied at 288 and 340 MeV
bombarding energies. It was possible to resolve
individual atomic numbers up to Z = 32 with a
AE-E telescope.l Kinetic energy spectra and
laboratory cross sections were obtained over a
broad range of angles. The energy spectra of re-
action products are similar to those obtained with
N and Ne projectiles.2,3 For Z's close to that of
the projectile and for angles close to grazing,

197

STAu + 288 MeV gAr

a high energy or "quasi-elastic" component is pres-
ent. In addition, a "relaxed" component is visible
at energies close to the expected Coulomb energy
for two touching spherical fragments. The relaxed
component is present for all Z's and presists
through the angular range of the measurements. For
angles near the grazing and Z<18, the two com-
ponents are not readily distinguishable, and the
laboratory charge distributions (Fig. 1) peak
near the projectile. For more backward angles the
yields increase with Z above Z = 9.

197

STAu + 340 MeV SoAr
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Fig. 1. Laboratory differential cross sections
(do/dQ |14,)2s a function of atomic number for
various %a angles. Filled points indicate that
the cross sections were obtained by integrating a
relaxed kinetic energy distribution. Open points
indicate either the presence of quasi-elastic com-
ponent or that the kinetic energy distribution was
unusually borad. Notice how the peak around Z = 18
disappears at backward angles. a (XBL 752-2305),

. b (XBL 752-2306)

_ The center-of-mass angular distributions are
depicted in Fig., 2. All the distributions are
forward peaked in excess of 1/siné supporting
the notion that the intermediate complex formed in
the reaction is short-lived.4,5 Such forward
peaking has been observed in other heavy ion sys-

tems like Ag + N, Ne and Ar.2,3,6 Unlike distribu-
tions obtained for these lighter systems, where the
forward peaking yielded to 1/sin6 four or five
atomic mumber units above the projectile, the
forward peaking persists for atomic numbers as
large as Z = 29, 11 atomic mumbers above the pro-
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Fig. 2. Center-of-mass angular distributions for
various atomic numbers. The quasi-elastic contribu-
tions have been subtracted when present as a dis-
tinct peak. The dashed curves plotted for Z = 27,
28 and 29 correspond to 1/sin6 distributions.

jectile. This "anomalous' behavior has been interp-
reted in terms of an enhanced diffusion towards
symmetry, promoted by the potential energy which
drives the intermediate complex consisting of two
touching fragments toward more symmetric configura-
tions.
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NUCLEAR RELAXATION PHENOMENA AND DIFFUSION IN THE
REACTION 197 109Ag + 84Kr AT 7.2 MeV/NUCLEON

R. P. Schmitt, P. Russo, R, Babinet*
R. Jared, and L. G. Morettot

Early reaction studies with heavy projectiles
and large A targets like Bi + Kr have revealed the
existence of what was considered a new mechanism,
"quasi-fission."1,2 The products of the quasi-fis-
sion process exhibit the following characteristics:
fission-like kinetic energies, narrow mass distri-
butions peaked near the projectile mass and side-
peaked angular distributions. Since only very mass-
ive systems have been studied, it is worthwhile
investigating the behavior of a system obtained
with the same large projectiles but with a lighter
target.

Fragments produced in the reaction Ag and a
7.2 MeV/nucleon Kr beam were detected with E-AE
telescopes.3 It was possible to resolve individual
changes up to Z = 50. The kinetic energy distribu-
tions of the products are very similar to those
obtained with N, Ne and Ar.4-7 Near the grazing
angle quasi-elastic and relaxed components are
present as two distinct peaks for Z's close to 36.
Far forward of the critical angle, the two com-
ponents overlap . At more backward angles only a
relaxed fission-like component is visible. The
centrods of the relaxed component are somewhat
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Fig. 1. Average mean center-of-mass kinetic energies

and FWHM for the relaxed components. The averages
have been made over the range 24-70° in the 1lab.
Error bars are the standard deviations from the
mean. (XBL 763-2479)

lower than the'Coulomb energy of touching spheres
(Fig. 1).

For backward angles the laboratory charge
distributions (Fig. 2) appear to rise steadily
towards symmetry, unlike those obtained with
massive targets but similar to those obtained in
Ar induced-reactions. For angles inside the grazing
angle, it is difficult to separate the relaxed and
quasi-elastic components. As a result some peaking
around the projectile is visible in the charge
distribution for 24°.

The center-of-mass angular distributions are
given in Fig. 3. The side peaking typical of
heavier systems is conspicuously absent. Instead,
the distributions are forward peaked in excess of
1/sind near the projectile, tending toward
1/sin6 as one moves away from Z = 36.

The patterns of the charge and angular distri-
butions are not substantially different from those
observed in Ar induced reactions and can be in-
terpreted in terms of the diffusion model originally
introduced to explain results observed with lighter
projectiles.®»

11%Ag + 606 MeV
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Fig. 2. Laboratory charge distributions at various
lab angles. (XBL 763-2501)
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CHARGED FRAGMENTS PRODUCED IN THE INTERACTION OF
159TpH AND 86Kr AT 620 MeV BOMBARDING ENERGY

G. J. Wozniak, P. Glassel,* R. Schmitt, P. Russo,
B. Cauvin,+ R. Jared, and L. G. Moretto

Early studiesl>2 of Kr induced reactions
yielded results apparently very different from
those observed in heavy systems involving lighter
projectiles and prompted the claim that a new
mechanism, "quasi-fission", was coming into play.
In the system Kr + Bi the mass distributions were
sharply peaked about the projectile and the angu-
lar distributions for the fission-like products
were side peaked. Detailed systematics of several
Kr induced reactions tend to discount the claim
for a new mechanism (see this report). While peaked
charge and angular distributions were observed
with heavy targets like Au and Ta, the system
Kr + Ag revealed characteristics reminiscent of
14y, 20Ne and 40Ar induced reactions. In an attempt
to locate- the transition region between the

97pau and 107,1094g targets we investigated the
behavior of the Kr + 159Tb system.

Fragments produced in the reaction 159Tb
+ 620-MeV86Kr were identified with an E-AE tele-
scope.3 Utilizing this technique, it was possible
to identify fragments with Z's up to a maximum of
50. The fragment kinetic energy distributions
contained the two components common to such heavy
ion systems: quasi-elastic and relaxed.

The distributions of atomic numbers(z) for the
relaxed component for several lab angles are shown
in Fig. 1. Comparing these Z distributions to thgse
obtained in studies with 197Au, 181Ta and 107,109xg
targets, one observes that the widths are inter-
mediate to those of the Kr + 181Ta and Kr + Ag
systems. Preliminary theoretical calculations in-
dicate that this behavior pattern is consistent
with the assumption of a diffusive mechanism with
respect to the charge asymmetry degree of freedom.
Potential energy surfaces for the Kr systems are
given in Fig. 2.

Angular distributions for this system (Fig. 3)
are also intermediate to those obtained with light
and heavy targets. The strong focusing effects ob-
served with Ta and Au have become quite weak for
Tb and are confined to Z's very near the projectile.
For Z's further from the projectile the angular
distributions are more strongly forwarded peaked
than in the case of Ag + Kr. This implies that the
ratio of the lifetime of the system to the rota-
tional period is smaller than that of the
Ag + Kr system. As a result, on the average the
intermediate complex undergoes less rotation and
yields more forward peaked distribution for
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Fig. 1. Laboratory yields of the various fragments
for several angles. Near the grazing the quasi-
elastic and relaxed components are well separated
in energy. The dashed curves for 30° and 35
represent only the relaxed contribution. Notice
that in these cases the peaking around Z = 36

-almost completely disappears.

(XBL 766-2989)
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Fig. 2. Potential energy. surfaces for an intermed-
iate complex consisting of two touching spheres
relative to the entrance chammel for various Kr
systems. (XBL 766-8174)

Kr + Tbh. Since the small charge transfer involve
even short times, the forward peaking yields to a
slight side peaking for Z's near the projectile.

If one assumes that the intermediate complex
consists for two touching spherical fragments
rotating rigidly, the rotational period for the
r.m.s. angular momentum tends to increase in going
from Ag to Au targets. If the lifetime of the com-
plex were constant and the complex is as described
above, the gross features of the angular distribu-
tions would be reproduced. Long rotational periods
would result in side-peaked distributions while
shorter periods would give rise to forward-peaked

)
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distributions. However, there is no real evidence to

support the notion that the lifetime of the complex
is constant. In fact, the narrowed charge distribu-
tions obtained for the most massive systems seem
to indicate that the lifetime of the complex is de-
creasing. Incomplete energy relaxation for the

heavier systems supports this hypothesis. A detailed

theoretical analysis of such a wide variety of

systems should provide us with reliable estimates of

the decay properties of the intermediate complex.
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STUDY OF THE FRAGMENTS EMITTED IN THE INTERACTION
BETWEEN '81Ta AND 8Kr AT 620 MeV BOMBARDING ENERGY

P. Glassel,* B. Cauvin,t G. Wozniak, P. Russo,
R. Schmitt, R. Jarred, and L. G. Moretto

T diffusion model proposed by Moretto and
Sventek has proved to be highly successful when
applled to heavy ion reaction involving 14N, 20Ne
and 40Ar prOJectlles Recent studies with Kr pro-
jectilesZ (i.e. Au + Kr) seem to indicate that the
model has a broader range of applicability. To
further check the diffusion model the systematics
of Kr induced reactions have been investigated over
a broad range of targets.

The experimental technique employed is that of
fragment Z-identification. Individual atomic num-
bers with Z as large as 50 have been identified by
means of E-AE telescopes.d The resulting kinetic
energy distributions showed the usual quasi-elastic
transfer component at near-elastic energies and
the relaxed component at near-Coulomb energies.

In Fig. 1 the mean c.m. kinetic energies of the
relaxed components are plotted vs. Z. For comparison,
the Coulomb repulsion of two touching spheres is
given. In general, the trends and magnitudes agree,
except near the projectile at the grazing angle
vwhere the relaxed and quasi-elastic contribution
could not be separated. The widths of the kinetic
energy distributions, which are also shown in
Fig. 1, are rather constant, with the same exception
as above.
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Fig. 1. Mean center-of-mass kinetic energies and
FWHM for the relaxed component as a fumction of
Z for various lab angles. (XBL 766-8215)

The Z-distributions in Fig. 2 are very similar
to those obtained for Au + Kr. The yield tends to
peak near the projectile Z and exhibits the same
general behavior with angle as observed with Au (see
Ref. 2 and this report).

'B'To + 620 MeV “Kr

I/\ T T

(do/dQ),, (pb/sr)

20 25 30 35 40 45 50

Fig. 2. Relaxed laboratory cross sections as a
function of Z for several 1lab angles. For angles
close to the grazing and Z's near the projectile,
the decomposition of the relaxed and quasi-elastic
components is somewhat umcertain as the dashed
curves indicate. (XBL 763-2502)

Center of mass angular distributions for the
relaxed components are given in Fig. 3. Like
Au + Kr, the distributions show strong side peaking
for atomic numbers in the vicinity of the pro-
jectile indicating that the intermediate complex
formed in the reaction decays before it rotates
much past the grazing angle. This side-peaking
gradually decreases for atomic numbers farther re-
moved from the projectile, since it takes more
time for the diffusion process to reach these
masses thus allowing the complex to rotate farther
and eventually even cross 0°. The strong forward
peaking persists for atomic numbers far away from
the projectile, indicating that the lifetime of
the intermediate complex is not sufficient for it
to rotate more than about half a revolution.

While the system Ta + Kr is quite similar
to that of Au + Kr there are significant differ-
ences: the charge distributions are not quite as
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Fig. 3. Angular distributions for the relaxed
component. The quasi-elastic and relaxed components
are not well separated for Z = 36. (XBL 763-2499)

peaked in the case of Ta and the side-peaking in
the angular distributions tends to die out more
quickly with Z than it does with Au. Presumably,
the differences are due to the difference in the
Coulomb field (an 8% effect). Since the side-
peaking seems so sensitive to the entrnace chamnel,
it is hoped that one will be able to theoretically
extract the details of the nuclear transport .
phenomena involved in heavy ion systems.
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DIFFUSIVE PHENOMENA IN THE CHARGE AND ANGULAR DISTRIBUTIONS
FOR THE REACTION '97Au + 620 MeV 8Kr* -

L. G. Moretto,+ B. Cauvin,t P. Glassel,§ R. Jared,
P. Russo, J. Sventek, and G. Wozniak

Charged fragments produced in the reaction

197au + 620 MeV 80
of AE-E telescopes. !

Kr have been studied by means
Individual atomic numbers

have been resolved up to Z ¥

50. The kinetic energy

distributions of the fragments are similar to those
obtalned

Ar.2

7”

‘gl

th lighter projectiles like N, Ne and
At near-elastic energies and atomic

numbers near that of the projectile, there is a

quasi-elastic component. This component is confined
to a narrow angular range close to the critical
angle. At lower energies there is a relaxed com-
ponent which persists throughout the angular range
of the measurements. The centroids of the relaxed
peaks for the various fragments are close to the
Coulomb repulsion energy expected for binary
division (Fig. 1).
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Fig. 1. Mean center-of-mass kinetic energies for the
relaxed component. The solid curve is the expected
Coulomb energy for touching spheres. (XBL 7512-9903)
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In apparent contrast to reactions induced by
lighter projectiles, the charge distributions for
the relaxed peak are strongly concentrated about
the incident projectile (Fig. 2). Moreover, the .
shape of the charge distribution is strongly de-
pendent on the angle of observation: for backward
angles the distributions are broad; for very for-
ward angles the distributions are somewhat narrower;
finally, at intermediate angles the distributions
are sharply peaked. The width of the charge dis-
tributions has been interpreted in terms of the age
of the intermediate complex at the.time of decay.
Narrow or '"young' distributions result from short
decay times, before substantial charge transfer has
occurred. Broad or 'old" distributions are produced
when long decay times permit large amounts of mass
to be transferred.

The angular distributions are also quite dif-
ferent from those obtained with lighter projec-

{(XBL 761-2088)

tiles (Fig. 3). For Z close to that of the projec-
tile, the angular distributions are side peaked
rather than forward peaked. This seems to indicate
that the lifetime of the composite system is sub-
stantially shorter relative to its rotational
period.6,7 As one moves away from the projectile
Z, the side peaking relaxes into forward peaking,
thus corroborating the notion that longer times
are involved in populating these Z's.

These experimental data have been interpreted
in terms of the diffusion model developed from
the study of reactions induced by lighter ioms, i.e.
N, Ne and Ar. The successful application of this
model implies that so-called quasi-fission phenom-
ena observed in other systems like 209Bi + 84Kr
do not represent a new mechanism.8,9 It seems likely
that the diffusion model is capable of a unified
explanation of charge and angular distributions ob-

served in heavy-ion bombardments. :
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EVIDENCE OF DEFORMATION AND INCOMPLETE RELAXATION
IN A NEARLY-SYMMETRIC HEAVY SYSTEM: 979-MeV Xe + Tb

P. Russo, G. Wozniak, R. Schmitt, R. Jarred,
P. Glassel,* and L. G. Moretto

Relaxation processes in nuclei have been
studied through experimental investigations of in-
elastic collisions between heavy targets and pro-
jectiles. The use of a gas ionization AE counterl
with a solid state E detector enables the identi-
fication of elements up to and beyond the projec-
tile Z and provides extensive information on the
systematic features of these processes from singles
measurements of the heavy ion products.“ Such mea-
surements have been performed with projectiles as
heavy as Kr and have more recently been extended to
include Xe projectiles.

The ability of the telescope to retain Z-reso-
lution above atomic number 50 had not been tested
prior to the Xe experiments. A very short explora-
tory run was performed with the Xe beam at lower
energies to estimate the Z resolution in the
region of atomic number 54. A further improvement

in the process of Z-identification was obtained by
means of a computerized method for the automatic
statistical identification and subsequent fitting
of the Z-lines in the E-AE map. These techniques
were used exclusively in the analysis of the Xe
data extending the Z-resolution to above 60. The
detector performance and Z-identification process
are described elsewhere in this report.

A 979-MeV 136Xe beam from the super-HILAC
bombarded self-sypporting natural terbium foils
0.6 to 0.7 mg/(:m2 thick. Pileup considerations
limited the beam current to 5 to 10 nA at the most
forward angles But approximately 50 nA were utilized
at backward angles. Each of the two scattering cham-
ber arms supported a mount which held two counter
telescopes separated by 15° on one arm and 20° on
the other. The arrangement was such that the tele-
scope at the most backward angle was positioned
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closest to the target to minimize differences in
count rates among the four counters. The gas counter
entrance windows were 0.28 mg/cm? polycarbonate
(Kimfol) foils at forward angles and 0.040 mg/cm?
Formvar foils at more backward angles. Gas pres-
sures in the forward and backward pair of counters
were independently regulated.
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Fig. 3. Angular distributions in
for individual elements produced
Xe+Tb experiment.

Periodically during the bombardment of terbium
targets with Xe, a silver target with a thick nickel
degrader foil was inserted to provide calibration
points at Z = 28, 47 and 54. This calibration was
most useful backward of the critical angle where
the projectile Z line is weak. The data analysis
techniques are described in detail elsewhere.

The laboratory differential cross sections were
determined for each element for the deep inelastic
processes. The cross sections were transformed to
the center of mass assuming charge-equilibrated
fragment masses for the intermediate complex at
fixed mass asymmetry. A relatively small correction
(less than 10% of the laboratory energy) due to
evaporation of neutrons from the fragments has been
neglected in this transformation.

At the grazing angle and for Z's near the pro-
jectile, the widths of the kinetic energy distribu-
tions are broadened as the process of energy re-
laxation becomes less complete and the inelastic
and transfer products become almost indistinguish-
able. These features are illustrated in Fig. 1
which is a graph of the average center-of-mass
(c.m.) kinetic energies for each element and the -
widths of the kinetic energy distributions. Rela-
tive to Coulomb energies for touching sphere, the
observed c.m. kinetic energies away from the grazing
angle and the projectile are lower by approximately
25%. Some implications of this will be discussed
below. Near the projectile the energies increase
sharply and the widths broaden as energy equilibra-
tion diminishes.




Figure 2 shows the charge distributions ob-
tained for measurements at five laboratory angles.
The cross sections peak strongly at the projectile
Z and are dominated by the 30° data which is
closest to the grazing angle (31°) for this reac-
tion. Far below the projectile Z, the cross sec-
tion decreases with increasing laboratory angle.

Relative to Coulomb energies for spheres, the
c.m. kinetic energies are significantly lower (25%
compared to 15%) for the Xe+Tb data than for the
Kr+AU data2 with nearly the same composite A and
7. The higher temperature in the former case (the
total c.m. kinetic energy is approximately 200 MeV
for 979 MeV Xe+Tb and 150 MeV for 620 MeV Kr+Au)
will cause more particle evaporation in the
Xe+Tb experiment. The apparent c.m. kinetic energy
is less than the true energy if particle evapora-
tion is neglected in the transformation from la-
boratory to c.m., but this effect is small compared
with the magnitude of the difference between the
Xe+Tb and the Kr+Au results. It is likely that
deformation is responsible for much of the reduc-
tion in kinetic energy for the Xe+Tb system, al-
though reasons for larger fragment deformations
for Xe+Tb are unclear. Thus for the two systems of
comparable mass, a large difference in the moments
of inertia might be expected. Therefore, while the
Coulomb energy for the nearly symmetric Xe+Tb pair
is larger than the Coulomb energy for the Kr+Au
pair for spherical fragments, deformation may
equalize the repulsive forces in the two systems
and increase the rotational period of the higher
average A%-wave system (Xe-Tb). The result is,
perhaps, comparable breakup times and rotational
periods for the two systems.

If fragment deformation is not larger in the
Xe+Tb system than in Kr+Au, the experimental re-
sults might appear quite different due to large
differences in the Coulomb energies (and, there-
fore, the complex lifetimes) and the average
%-value (and, therefore, the rotational period).
However, the side peaking near the grazing angle
in the angular distributions is about equally
persistent into Z's above and below the projectile
for both Xe+Tb (Fig. 3) and Kr+Au (Ref. 4 or 5).
Even if mass transfer is more rapid for Kr+Au
which might be expected this far from mass sym-
metry, the increased deformation for Xe-Tb may
reduce the Coulomb energies and increase the ro-
tational period enough that the same side peaking
over a comparable range of masses is observed.
The similarity in the widths of the charge dis-
tributions (Fig. 2 and Ref. 4) for both systems
gives further support to this idea.

A more dramatic comparison between the two
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nearly-symetric systems, Kr+Ag and Xe+Tb, illus-
trates large differences in the relative relaxation
along the mass asymmetry coordinate. The angular
distributions for 620-MeV Kr+Ag (Ref. 2 or 6) show
no evidence of side peaking and are in fact forward
peaked suggesting that the lifetimes are comparable
to the rotational period. The more relaxed charge
distributions for Kr+Ag (Ref.2 or 6) are extremely
broad compared with Xe+Tb (Fig. 2) and are peaked
not at the projectile but, perhaps, several Z's
above the projectile which is closer to symmetry.

In both systems, the potential energy governing the
exchange of mass is fairly flat since the systems
are close to symmetric and so the differences in
the charge distributions must reflect the shorter
lifetime for the higher Z Xe+Tb complex. The dif-
ference in the average lifetime of these two systems
must be comparable to the time constant for mass
equilibration to effect such a large difference

in the character of the charge distributions.

An extension of the Xe+Tb data to more for-
ward angles is presently being undertaken. This
will better define the structure of the angular
distribution and give improved estimates of the
kinetic energies of the more completely relaxed
process.
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BINARY BREAKUP (AND SECONDARY FISSION) OF A HEAVY
DEFORMED SYSTEM: 979-MeV Xe + Au

P. Russo, R. Schmitt, G. Wozniak, B. Cauvin,*
P. Glassel,t R. Jared, and L. G. Moretto

Investigation of the binary deep inelastic
process in heavy ion experiments performed by our
group have recently been expanded to include
xenon projectiles incident on medium to heavy tar-
gets. While Coulomb energies are larger for the
higher Z systems, the experimental results appear
to be modulated by significant fragment deforma-
tions.

gresent experiments were performed with
979-MeV 136Xe beams incident on 0.6 to 0.7

mg/cm? gold foil targets. The experimental details
have been discussed elsewhere.

The laboratory kinetic energy distributions for
individual elements produced in the Xe+Au experi-
ments are unique in that two well-resolved peaks
‘in the kinetic energy spectra are apparent at
forward angles up to 35, particularly near Z = 40.
Figure 1 shows the resolution and relative con-
tributions- of the two components observed in the
30° measurements. Above Z = 48, the lower energy
peak has practically vanished. The energy of the

“lower energy component decreases at more forward
laboratory angles so that at 20° nearly half of
the kinetic energy distribution is below the ex-
perimental threshold. Further backward than 35°
in the laboratory the energy difference between the
two components decreases, and between 50 and 60°
the two peaks merge and cross over.

The laboratory differential cross sections
are plotted as a function of Z in Figs. 2 and 4.
Figure 2 shows the charge distributions for the
high-energy component of the kinetic energy spec-
trum shown in Fig. 1 for laboratory angles of 35°
and forward (Fig. 2A) and for 35° and backward
(Fig. 2B). The strong peak around.the projectile
and the dominance of the cross section near the
grazing angle suggests that this component is
associated with the binary inealstic process similar
to that observed in the Xe+Tb datal as well as ‘the
Kr+Au and Kr+Ta data.? This (binary, inelastic)
component in the Xe+Au data is characterized by
side~peaked angular distributions and incomplete
relaxation of the total kinetic energies near the
projectile. The center-of-mass kinetic energies -
obtained for these events by a transformation which
assumes a binary breakup of the complex resembles
strongly the Xe+Tb center-of-mass kinetic energy
distributions (Ref. 1, Fig. 3). The kinetic en-
ergies lie approximately 30% below the Coulomb en-
ergies for spherical fragments with energy relaxa-
tion d1m1n15h1ng steeply around the pro;ectlle and
near the grazing angle.

Isolation of the deep inelastic component
from the 60° data and all data below Z = 48 at
50° and below Z = 42 at 40° was not possible, and so
so this data does not appear in the charge distri-
butions. At 70 and 75° the binary inelastic energies
extend below the experimental threshold.

The markedly low center-of-mass kinetic energies
of the binary inelastic fragments suggest large frag-
ment deformations. The charge distributions are
equally broad if not broader than those observed
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Fig. 1. Laboratory kinetic energy spectra obtained
at 30° in the reaction 979-MeV Xe+Au. The resolu-
tion of two components is shown for three dif-
ferent elements. (XBL 766-2987)
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for the krypton experiments with gold targets. This
observation was also made from the results of the
xenon experiment with terbium targets.l Although
Coulomb energies are largest for the Xe+Au system,
increased deformation reduces the repulsive force
so that break-up times may not be significantly
reduced leaving the charge distribution widths un-
changed. Furthermore the extended shapes increase
the rotation time so that even the slower processes
(involving large mass transfer) may be side-peaked.
The center-of-mass angular distributions shown

in Fig. 3 reflect this possibility. The persistence
of the side peak for the.entire range of elements
is unique to this data and lends support to the
previous argument that the average rotational
period is increased, above that for the krypton ex-
periments for example. A second feature of the
angular distributions is the forward shift in the
angle of the side peak for elements far-removed
from the projectile. The persistence of the side
peak due to an increased rotational period implies
that the side peak is composed of events produced
by a broader range of complex lifetimes. The angu-
lar distribution of events produced by a longer-
lived complex will be shifted forward since the
rotation has proceeded further, and it is the
long-1lived complex which gives rise to greater mass

transfer. Thus the xenon-gold system may provide a

means to study the time-evolution of the mass
transfer process since the time constants for both
mass transfer and rotation appear to be comparable
in this case. Further measurements to include more
forward and backward angles as well as intermediate
angles are in progress. ,

Figure 4 shows the charge distributions for
the resolved low energy component of the kinetic
energy spectra shown in Fig. 1. These are peaked
at approximately one-half the target Z suggesting
that this component may originate from secondary
fission of the target or perhaps ternary break-up
of the complex. It is reasonable that the charge
distributions for the products of fission of the
gold-like fragment show peaks above Z = 40 since
it may not be gold but in fact the more fissionable
products of mass transfer away from the projectile
which contribute to this phenomenon. The labora-
tory kinetic energies of this component, averaged
for three Z's (36, 37 and 38) near the peak of the
charge distribution are plotted in Fig. 5 as a
function of laboratory angle. A parabolic curve
peaked near 50° gives a reasonable approximation
to the data points. This strong kinematic depend-
ence of the kinetic energy on angle provides.
evidence that secondary fission of target-like
products is the origin of the second component.
The cross-section for the deep inelastic gold-like
products of binary break-up peaks near 50° in the
laboratory, consistent with a maximum in the
kinetic energy distribution near 50° if secondary
breakup is assumed. The cross section for these
events, henceforth referred to as the fission com-
ponent, increases slowly toward forward angles as
is shown in Fig. 4. Forward of 30° in the labora-
tory, the cross section for the fission component
cannot be determined due to the experimental low
energy cutoff. However, a peak in the fission
cross section more forward than the most probable




angle for the emission of target-like fragments is
not surprising if the center-of-mass momenta of
the fission fragments is a major fraction of that
for the binary inelastic gold-like product as would
be the case with the secondary break-up process.

The energy spectra for the fission component
further forward than 30° will provide more defini-
tive information concerning the

events.
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CHARGE- AND MASS-DISTRIBUTIONS IN THE REACTION
OF “0Ar IONS WITH 238y*

J. V. Kratz,+ J. O. Liljenzin+
A. E. Norris,§ and G. T. Seaborg

The reaction of 288-MeV 4OAr ions with thick

238y targets has been studied experimentally with
radiochemical techniques. The formation cross sec-
tions of 130 radioactive nuclides were measured
using their characteristic gamma-ray emission.

The data have been used to dellneate charge and
mass distribution. ,

The independent and partial cumulative yields
are plotted vs. mass number (after particle evap-
poration) in Fig. 1(a). The apparent scatter in
the data in Fig. 1(a) occurs because independent
yields, and even many of .the cumilative. yields,
-represent only-a fraction of the total mass yields.
Figure 1(b) is a contour map of the independent
yields in a Z-A plane, indicating yield locations
relative -to the stability line. The structure re-
vealed by the isopleths in Fig. 1(b) indicates that

several yield distributions with different charge-
and mass-dispersions, and hence different origins,
are superimposed on each other. The overall dis-
tribution is dominated (1) by the high yields for
transfer products near A = 40 and A = 238 ("'rabbit
ears," components E and F in Fig. 1[b}), and

(2) by a broad fission product distribution centered
around A x133. This distribution is not a single
component,  but consists of products from fusion-
fission (component A), from fission of heavy products
formed by transfer of a few nucleons and small
amounts of excitation energy (component B), and
from high energy fission of heavy products from
deep inelastic processes (shaded area D). Further-
more, there are neutron-rich products ranging

from low Z values up to Z ~ 26 or even higher, that
are attributed to deep inelastic. transfer reactions
(component C).
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Fig. 1(a) Independent and cumilative formation
cross sections of individual nuclides produced
in the bombardment of a thick 238U target with

- 288 MeV 40Ar ions.

(b) Contour lines for equal independent
formation cross sections in a Z,A plane. Isopleths
of 1 mb are shown for components A, B and C. The
isopleths for components E and F refer to 10 mb

cross sections.

For the deduction of the total mass yields
from the yields of single isotopes, we used ex-
perimentally determined charge-dispersion curves
for the mass chains. [ In Fig. 1(b) a charge-dis-
persion curve would correspond to a cut through
the indicated "yield mountains' at a fixed mass
number.] Then the experimentally determined in-
dependent or cumulative yields were related to the
total mass yield by correcting for the independent
yields of unobserved members of the chain. To arrive
at the total mass yield for a given mass, it was
necessary to integrate the charge dispersion curve;

(XBL 7511-8972)

i.e., sum up the independent yields of all isotopes
with mass A.

Figure 2 shows the total integrated chain mass
yields (upper and lower limits are indicated at
those mass numbers for which experimental data
were obtained) and their decomposition into in-
dividual components: (A) complete fusion-fission
(620+150 mb), (B) transfer-induced fission
(150£30 mb), (C) deep inelastic -transfer (10050 mb),
(E) and (F) quasi-elastic transfer (''rabbit ears,"
4004120 mb and approximately 200 mb, respectively).
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Fig. 2. Total integrated mass yields produced in

the bombardment of a thick 23
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0Ar ions. Component A corresponds to 620 mb,
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The existence of products from the sequential
fission of heavy fragments formed in deep inelastic
collisions (D) is also indicated; however, we are
unable to deduce a complete mass distribution for
this component.

The results obtained from this survey experi-
ment can be summarized as follows:
1. In the energy interval investigated, fusion-fis-
sion accounts for about 55% of the total reaction
cross section, while 35% quasi-elastic and 10% deep
inelastic transfer are observed. The mass distribu-
tions of these components are shown in Fig. 2. The
total reaction cross section amounts to about
1100 mb.

2. BEvidence is presented for fission of heavy nu-
clei after transfer reactions. Quasi-elastic trans-
fer leads to a double-humped fission product dis-
tribution signifying the transfer of relatively
small amounts of excitation energy in grazing col-
lisions. Fission after deep inelastic collisions
seems to lead to a fission fragment mass distribu-
tion .(incompletely determined) which is typical
for higher excitation energies of the fissioning
Jucleus.

(XBL 7511-8975)

3. Proton pick-up reactions are observed leading
to a build-up of products with Z x~ 26; i.e., the
mass distribution for multi-nucleon transfer and
fusion-fission overlap considerably.

4, It is shown that the mass to charge ratios for
both multi-nucleon transfer- and fusion-fission
fragments are equilibrated. No equilibration of
this degree of freedom is attained for products
formed by quasi-elastic transfer.
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136Xe IONS WITH 2%8y*

R. J. Otto, M. M. Fowler,t D. Lee,
|. Binder, and G. T. Seaborg

Yields of 131 nuclides were measured radio-
chemically to delineate the mass distribution_in
the reaction of 1150-MeV Xe with a thick 238y
target. Figure 1(a) shows the independent and
partial cumulative yield cross sections for the
nuclides identified by gamma ray analysis of six
chemical fractions. Figure 1(b) depicts contours
in the Z-A plane of constant independent yield and
the most probable isobaric charge lines derived from
the final charge distributions. Beginning with an
approximate charge dispersion description an itera-
tive fitting procedure was used to arrive at a final
charge and mass distribution. Figure 1(c) shows
the final integrated chain mass yield distributions.
Six components were identified and associated with
either the quasi-fission or the quasi-elastic
transfer mechanism.

Component A is shown as an upper limit for
the complete fusion-fission process. The quasi-
elastic transfer mechanism can be assigned to compo-
nents E and F. The asymmetric fission distribution,
component B, is the result of low energy fission of
the heavy elastic transfer product with mass numbers
near that of #38U. The mass distribution of the
quasi-Xe (deep inelastic component) formed in the
quasi-fission process is identified as component C.
About 75% of the complementary quasi-U fragments
undergo high energy binary fission resulting in the
broad symmetric fission distribution shown as compo-
nent D. Component G, colloquially labeled as the
"gold finger" and not explained in the initial
description of the Xr+U experiments,1 can be attri-
buted to the quasi-fission (deep inelastic) reaction
mechanism. This interpretation of the components is
supported by a mass balance of the composite mass
distribution. Components H and I are the result of
reactions with contaminants in the target.

Further evidence that the '"'gold finger" repre-
sents quasi-U products that have survived de-excita-
tion without undergoing fission can be_found by
comparing the Kr + Bi mass distributiond with the
Xe +U results. The quasi-Bi yields show the same
trend as component G except that a much smaller
fraction of the quasi-Bi fragments undergo high-
energy binary fission.

Table 1 gives the cross sections for the vari-
ous components identified in the reaction of ““Ar,
84xr,l and 136Xe with 238U, Comparison of the
fusion-fission cross section and the quasi-fission
cross section (deep inelastic process) shows that
for heavy ion reactions with uranium the transition
from fusion-fission to quasi-fission occurs between
argon and krypton upon increasing the mass of the
projectiles from argon to krypton to xenon.

A second experiment was done using 1150 MeV
136xe with a thick U target. Direct gamma-ray .
analysis of the bombarded target foil without

T T T T T T T T T T T T T T
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Fig. 1.__Mass yield distribution for 1150 MeV

130xe + 2 U, determined by gamma-ray analysis of
chemically separated fractions.

(a) Independent and cumulative yield formation
cross sections.

(b) Contour lines for equal independent yields
and lines of most probable charge for each
component.

(c) Total integrated mass yields.
(XBL 758-3746B)
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Table 1. Cross Section Comparison

Cross_Section
Kr + U

Label
Figure 1

Mechanism Xe + U Ar + U

Fusion-fission A/2 < 20 mb 55+ 15 mb 620 150 mb

Quasi-elastic transfer

induced f£ission B/2 ~ 185 mb 200 ¢

40 mb 150 + 30 mb

Quasi-fission (light

product) < 600 ¢ 125 nmb 47070 mb

100 2 50 mb

Quasi-ternary fission /2 400+ 25 mb 420 60 mb 2

Quasi-elastic transfer

(1ighe preduct) E §00 mb 700

120 mb 400 + 120 mb

Quasi-elastic transfer

(heavy product} F “ 415 mb ~ 420 mb ~ 220 mb

Quasi~fission (heavy

product) G ~ 140 mb A 40 mb small

Quasi-fission o 7 C = D/2+G 600 % 125 mb 470+ 70 mb 100 +'50 mb

Quasi-elastic transfer g = E = B/2+F ~ 600 mb 700120 mb 400 +120 mb

Total Reaction op = R/24C+E 1200 + 200 mb 1265 % 205 mb 1120 + 200 mb

chemical separations gave the partial cumulative and
independent yields shown in Fig. 2. Although the
total integrated mass yield distribution must be
determined from the cross sections shown in Fig. 2
in order to afford a complete analysis, these cross
sections corresponding to independent and partial
cumulative yields are consistent with the final
mass distribution shown in Fig. 1(c).

Several conclusions can be drawn from these
experiments. First, the probability is slight that
part of the quasi-U fragments that were formed (and
lost by undergoing fission) were in the superheavy

element region. Second, it can be noted that

component D has a full width at half maximum of

20 to 25 mass units. Component D is a composite
of many Gaussian mass distributions of fission
fragments from those products above astatine in the
quasi-uranium mass distribution. However, the full
width at half maximum of the quasi-Xe distribution
(component C) appears to be only half as wide as
component D. In such a situation the full width
half maximum of component D is only slightly larger
than the full width half maximum of any one of the
individual curves making up the composite. Thus
the width of component D is a direct measure of

the excitation energy deposited in the quasi-uranium
fragments. Third, the larger cross sections for
producing the '"'gold finger" in the xenon reactions
as compared with the krypton reaction is_the result
of the relative neutron richness of the 136Xe '
projectile. This last conclusion follows if, as
might\be expected, the heavy quasi-fission fragments
are more neutron excessive for the xenon reaction
than for the krypton reaction and thus have greater
stability against fission.

Footnotes and References

*Condensed from Phys. Rev. Lett. 36, 135 (1976).
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INVESTIGATION OF 2''At PRODUCED BY 230 MeV “CAr on 209B;j

D. J. Morrissey, R. J.

Otto, S. Yashita,

A. Ghiorso, and G. T. Seaborg

It has been known for some years_that the
cross section for_the production of 211At by the
reaction 40Ar on 209Bi is on the order of milli-
barns. At is a readily measured reaction
product because it decays by alpha particle emission
and electron capture to Po, also an alpha part-
icle emitter,4 thus giving one alpha particle per
atom formed. The Orsay group has used this property
along with similar properties of 150 Dy and

lpy to 1nv stigate the ”qua51f1551on" reaction
mechanism. 1 Bimbot et al, performed a series of
experiments, using a thin Bi target, in which
they measured the excitation function, and recoil
range of the 21lAt product.  They found that the
median range decreased as the bombarding energy
increased, opposite to the trend expected for a
compound nucleus evaporation reactlon, and thus
their conclusion was that the 211At was produced
in a characteristically non-compound nucleus reac-
tion.1 There are two reaction mechanisms that could
explain or fit these experimental observations: they
are the quasifission or multinucleon transfer mech-
anism, or a quasi-elastic transfer process. In our:
experiment we attempted to meaiure the recoil range
and angular distribution of 2llAt simultaneously
and thereby could delineate these two mechanisms.

In a simple model of quasifission, one assumes
complete damping of the energy in the entrance
channel followed by separation of two fragments
with the coulomb energy of two touching spheroids.
Using this model, the angular and energy distribu-
tion of the products can be calculated by a two-step
vector model shown in Fig. 1(b). These two vectors
are the velocity of the center of mass and the
velocity of the fission fragment in the center of
the mass system. Also shown in Fig. 1(a) is the
calculated distribution in an aluminum stopper of
211at produced by 230 MeV 40Ar on 209Bi. In this
reaction the velocity of the CMS is larger than the
coulomb- separation energy; therefore, all the 21lat -
nuclei have a forward velocity in the -laboratory.

One ‘can imagine that superimposed on the
energy-angular distribution curve is a probability
distribution. This is, of course, not shown.

This distribution will be different for the two
reaction mechanisms. Moretto et al. have measured

L (a
230MeV “OAr + 209g; 4
A \d
Range of 2"At recoils
(mg/cm? of Al)
- \:
Vfissiok
(®)

J

/

Fig. 1(a)._ The computer calculated range curve for
recoiling 211At produced by the simple vector model.
(b). Representation of simple vector model

used to calculate curve in Fig. 1(a).
. (XBL 766-2910)

the distribution for the complimentaig 11ght
ment in a similar reaction, 288-MeV “VYAr on

They found that the do/dQ curve for Z=16 had a
strong 1/siné component with some forward peaking
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Stack of Al cotcher
foils

Torget

Beam

Fig. 2. Schematic representation of target and
catcher foils with the orientation of laboratory
angles 6 and 6. (XBL 766-2911)

in the center of mass system. As g Ehe same
type of angular distribution for 09Bi, this
would force our At (Z=85) distribution to be

1/sin® but be backward peaked in the- center of mass
system. When converted to a distribution in the
laboratory, this would be seen as an almost constant
probability along the curve (since do/dQ = constant),
with some_rise in the probability of low laboratory
energy 211At recoils.

On the other hand if the reactlon mechanism
is quasi-elastic transfer, the 2l1At should be
found at the classical gra21ng angle with little
or none found elsewhere.

A one quarter inch diameter 0.116 mg/cm?
BijSs target, vacuum evaporated onto Be, was irrad-
iated with 228 MeV 40Ar ions from the SuperHILAC
This was the calculated energy in the center of
the BipSy targeg after passing through the Be
target backing.

The recoiling 211At nuclei were caught by a
stack of ~ 1 mg/cm¢ Al foils. These foils were
located downstream and off axis from the target to
allow a spatial separation of the recoils from the
beam. This is shown schematically in Fig. 2.
After the bombardment, each foil was divided in
half to facilitate two counting methods. One half
was placed in an ionization counter and the alpha
half life followed. The other half was used to
make a radioautograph.

Copies of the radioautographs of the second
and third foils are shown in Figs. S(a) and (b)
respectively. These: show concentric rings of alpha
activity, with the ring on-thé third foil inside
that.on the second. These radiocautographs were
transformed into angular and energy distributions
by projecting slide copies onto a ruled mask and
counting the spots. In the case of foils 2 and 3,
radioautographs of shorter exposure time were used
because the intense bands were not resolvable

The decay curve for foil 3 is shown in Fig. 4.
This shows the half life of the alpha activity to

Fig. 3(a). Copy of a radioautograph of catcher foil
2 where dark spots result from alpha particle
emission. (XBB 765-4462)
(b). Copy of a radiocautograph of catcher foil
3 where dark spots result from alpha particle
emission. (XBB 765-4461)

be 7.7 hours, and allows us to attribute it exclu-
sively to 21iat.

The results of the angular and energy distri-
bution analysis can be seen in Fig. 5. Here the
energy distribution is not explicit but can be
discerned by remembering that these were stacked
Al foils. Thus activity in the later foils had to
pass through larger and larger amounts of Al and
thus had to be higher energy recoils. The highest
activity was found in the second foil in the angular
range of 40-45° in the laboratory. This corresponds
to a-velocity vector that _would be associated with
an elastically recoiling Bi nuclei. This lends
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support to the idea that the majority of the 211pt
is produced in an elastic type event. Foils 1 and
4 are shown here in an expanded scale. It is in
these two foils that any 1/siné component would be
prominent. Foil 4 seems to show an increase in
count rate as one goes to smaller angles in.the
laboratory. This is what Bimbot et al. have seen
for similar non-compound nucleus systems.

Counts. / min /- msr

‘opposite to be true.

Foil 1, on the other hand, shows a decrease
in count rate with decrease in lab angle. The
activity in Foil 4 has a distribution corresponding
on the curve shown in Fig. 1(a); thus we would
attribute it to a quasifission mechanism. If true,
we would further expect a similar contribution all
along the curve of Fig. 1. Foil 1 does not fulfill
this expectation, in fact it seems to show the
However, this lack of low
energy fragments at low laboratory angles may be
due to the thickness of the target.

We feel that Fig. 5 sgows the production of
211at from 228 MeV 40Ar on 209Bi to follow a quasi-
elastic transfer type mechanism with some lesser
contribution from a quasifission mechanism. This
small contribution is seen at low angles in Foil 4.
We note that the activity is down 3 orders of
magnitude from that in the quasi-elastic transfer
region.
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Distribution of 2MAt
activity on Al foils

Fig. 5. Alpha activity distribution on' catcher
foils 1 through 4 (counts per minute per milli-

steradian vs 67gp).

shown with an expanded scale.

Note that foils 1 and 4 are
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HEAVY-ION REACTIONS WITH HEAVY, NON-FISSIONING TARGETS

I. Binder, M. M. Fowler,t D. Lee,
R. J. Otto, and G. T. Seaborg

As part of -the program to study the reactions
of heavy-ion projectiles (by radiochemical methods),
targets of bismuth and gold have been bombarded
with Kr and Ar beams available at the Berkeley
SuperHILAC. - The goal has been to investigate the
yields of products in the neighborhood of the target
nucieus without severe depletion of such products
due to fission. Both low-energy asymmetric and
high-energy symmetric fission are seen to occur
when uranium -is the target material; also seen
among the uranjum reaction products is the so-called
""gold-finger."»2

Thick Au and Bi foils have been bombarded with
Kr and Ar ions. Some target foils were counted
directly for gamma rays using large-volume Ge(Li)
detectors and for X-rays using an intrinsic Ge
detector. In this way uncertainties due to
chemical yield losses dre eliminated for all
products so that absolute cross sections can be
computed, and shorter-lived activities are
accessible., Some of the foils were dissolved and
chemically processed using methods similar to those
developed for uranium targets.3 This produced
samples consisting of simple groups of elements.
These samples were then examined for gamma-rays
and alpha particles. In addition, some of these
experiments included specific chemical procedures
to isolate one particular element or one special
group of elements (e.g., a lanthanide sample.)

The nuclides produced were identified using
the knowledge of gamma-ray or alpha-particle energy,
half life, relative intensities of gamma rays
originating from one nuclide, and chemical charac-
teristics of the element.

More than 130 ngilldes were identified from
the reaction 705 MeV S4Kr + 209Bi, Charge dispersion
curves were obtained for various regions of products,
and this enabled integration of isobaric yields
giving the total yield for each mass mumber. The
integrated result can be seen in Fig. 1.

The total yield curve has been factored into
components corresponding to yields from the various
reaction mechanisms occurring. Seen are components
of quasi-elastic transfer (components E and F),
deep-inelastic transfer or quasifission (components
C and G) and high-energy symmetric fission, ‘'quasi--
ternary fission" (component D). The high energy
symmetric fission takes place for nuclides in the
neighborhood of and above the 209Bi target. It is
not possible to distinguish a fusion-fission compo-
nent, but this outgoing reaction channel cannot be
very large and an upper limit estimate is shown as
component A. Table 1 contains the various cross
sections for each of the identified components.

The relative error for the cross sections in Table
1 is about 15%.
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Fig. 1. gleld distribution® for the reaction
705 Mev 8 Kr+ (XBL 766-8254)
Table 1. %k + 20%; yields.
- Label Cross
Mechanism (Figure 1)4 Section
Fusion-Fission A/2 <120 mb
Quasi-Fission (deep
inelastic light product) C 680 mb
‘Quasi-Fission (deep
inelastic heavy product) G 460 mb
. Quasi-Elastic Transfer
(1ight product) E 880 mb
Quasi-Elastic Transfer
" (heavy product) F 850 mb
Quasi-Ternary Fission D/2 265 mb
Quasi-Fission OQF =C=D/2+G ~700 mb
Quasi-Elastic Transfer OQET =E=F ~865 mb
Total Reaction op = GQF = OQET ~1600 mb

.and later confirmed. in the case of

As first noted in the reactlo%
Kr+

Bl 197Au
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products from the deep inelastic reactions extend
forty to fifty mass units below the originating
target nucleus.  In addition, products in the region
of lead.are depleted due to hlgh—energy, symmetric
fission of the initial pre-evaporation products
above bismuth. The fission barriers are signifi-
cantly lower for these heavier products above the
closed shells. These two factors -- yields up to
fifty mass units below the target nucleus and
fission above the lead shell closure -- are now
believed to be responsible for the "goldfinger"
products found in the reactions of heavy ions
with uranium targets.

Figure 2 shows an x-ray spectrum taken of a
gold foil that was bombarded with 714-MeV Kr ions.
Yields are rapidly declining above the target nucleus,
but extend down to lanthanum isotopes. This is
consistent with the more quantitative mass distri-
bution determined by gamma-ray analysis.

The balance of protons and neutrons in the
incoming and outgoing channels in the krypton
reactions shows that mass is preferentially trans-
ferred from the target nucleus to the Kr projectile
in a deep-inelastic transfer reaction.

Results for the 340 MeV 40Ar + 209Bj reaction
are given in Fig. 3, which shows the partial cumu-
lative and independent yields of isotopes identified
by ganma-ray analysis. These results represent the
first part of a complete mass distribution analysis
in which smooth chain yield cross sections will
finally be obtained. The scatter in the cross
sections shown results from the fact that each
cross section represents a fraction of the chain

yield. ‘A broad symmetric fission mass distribution
would account for the generally high yields around
A=~110. A complete fusion-fission reaction mech-
anism must thus make up a large part of the total
reaction cross section. There is also evidence for
a deep inelastic quasi-bismuth component in the
increasing yields between A~180 and A~200. These
results are consistent with kinematic studies of the
same target, projectile combinations, both in the
overall mass distribution and in showing that the
transition from complete fusion-fission to quasi-
fission occurs when the mass of the projectile is
increased from that of Ar to that of Kr.
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POSSIBLE MECHANISMS FOR 256Fm AND 2%6Md PRODUCTION
IN THE COMPOUND SYSTEM 264104

L. P. Somerville, D. J. Morrissey, R. J. Otto,
G. T. Seaborg, and A. Ghiorso

In heavy ion reactions designed to synthesize
the heaviest elemgngs (Zz=>100), spontaneous fission
from the 177 min Fm is often observed. It may
be produced either directly or as the daughter of
Zg—mln 56Md which decays by electron capture to

Smn which then undergoes spontaneous fission.
The observed spontaneous fission act1v1t¥ %n these
reactions is often dominated by that of Fm which
has been found to have cross sections between 20 nb
and 0.2 mb. It would be desirable to know the
mechanism of how this nuclide is produced so that
its yield could be estimated in future heavy element
sgnthesis reactions. Also, a knowledge of how
Fm is produced in these reactions would give a
 better understanding of how nuclei with atomic
numbers between those of the target and compound
nucleus are made.

In this report, experimental data on the
cross sections for production of 256Fm from several
heavy ion reactions listed in Table 1 are presented.
These data are cgmpared with_kinematic studies of
the reaction of %%Ne+ 232Th.1

Table 1. Nuclear reactions studied.
Range of
Compound energies
Reaction system studied (MeV)
136 4 249%¢ 262904 73.7
15y + 249p 264104 77.9 - 100
10 , 2535 2630, .
g, 2535 264104 55 - 115
164 . 248¢, 264104 95.4
12¢ 4 252¢¢ 264104 55 - 115
13 4+ 252¢¢ 265104 6 - 89
18 . 248qy, 266104 98.7
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1 mil Be foil was used in the 15N+ 24

Greater than 95% of the 250Fm activity was found in
the Al catcher foil. (XBL 766-8579)

In a series of bombardments devoted to a

search for 2060104 the cross sections to produce
Fm were measured by Ghiorso and co-workers during

the period 1963 to 1976. The experiments were
conducted at the SuperHILAC and recently at the
88-inch cyclotron. The recoil nuclides from these
bombardments were caught by a thin catcher foil in
the path of the beam (Fig. l) A 1 mg/cm? Al foil
was used as a catcher f011 1n %11 experiments
except for the reaction 1 2Cf in which a
0.83 mg/cm? Pd catcher was used In most cases,
a very thin 20-40 pg/cm? Al stopper foil was
inserted between the target and the catcher foil
to stop target atoms knocked out of the target.
A comparison of the spontaneggg fission activity
(identified by half-life as Fm) in the stopper
and catcher foil indicated that greater than 95%
of the geavy recoiling nuclei were caught in the
1 mg/cm* catcher foil. At the end of the bombard-
ments the growth and decay of the spontaneous
fission activity in both foils was followed in
ionization chamber fission-alpha-beta counters.

Figure 2(a-d) shows plots of the spontaneous
fission count rate versus time after the end of
?Smbaxdggnt for the reactlons 15N + 2493

11B + 3Es and 130 0% 248C?-
For the reactions + 248Cm and 12¢C + 52Cf,,
good decay curves are not available. However,”
spontaneous fission counting of the stopper foils

%gg 160 + 248Cm bombardments s §gest direct
Md production. The rates of direct formation

of 256Md and 256Fm in those cases where decay
curves were available were determined by a least

Typical set-up for catcher foil experiments.

Bk experiments.

W& 4

square fit to the data using the standard growth
and decay formulas.4 Thus knowing the rates of
formation, the beam intensities and target thick-

pgsses, the cross sections to produce 2°6Md and
Fm were calculated. :

Excitation functlons have been measured for
reactions 19N + 249pk, S2cf, and 1B+ 253%
(Fig. 3). However, an exc1tat10n function for 256Fm
production in the reaction 160 + 248Cm has not been
measured; thus the cross section corresponding to
94.5 MeV could be 2-3 times lower than the peak
cross section.

Figure 3(a-c) shows a trend toward decreasing :
width in excitation function as the atomic number of .-
the target nucleus approaches that of Md and Fm. A 10:
MeV decrease in the width of the excitation function
jgobserved in moving from a 498Kk target to an

Es target. .

Figures 4(a)_and 4(b) dlsplay the angular
distributions of 2°0Fm and_ 2 Zec01ls f?g two gg
the reactions considered: 19N + 249Bk and 100 + 2
Considerable forward peaking is observed in.each
case. However, interpretation of these angular
distributions is comp 1cated by the fact that thick
targets of ~0.5 mg/cn 498K and ~ 1 mg/cm2 248y
were used. .

Figure 5 is a plot of the total cross section
for making Fm spontapeous fission activity (both
by d1rect formation of Fm and direct formation
of 25 d) versus the distance in umits of Z from
the target nucleus (Zf) to Md (where Zp = atomic
number of the productg The error Bi§ for the point
corresponding to' the reaction 1 Cm is large
enough to include the p0551b111ty that all of the
observed spontaneous fission activity is due to the
direct formation of 256Fm. Figure 5 shows that the
cross section falls off at the rate of roughly an
order of magnitude for each additional unit of Z
away from Md. The cross sections for these

reactions used in Fl% 5, except 160 + 248(m, were
those at the peaks o the respectlve excitation.

functions.

.- . The importance of the target and projectile
mass numbers, independent of Zp - Zp, can be seen in -
the 250Fm cross sectlons for the reactions 13C-+249Cf,5
12C-+25‘Cf and 1 252c£, These cross section
ratios are respectlvely 1x1073, 1, and 2.

In the system 174 MeV 22Ne + 232Th, Artukh et
al.l measured the yield of various projectile-like
light fragments in the exit channel after a multi-
nucleon transfer reactlgg had taken place. In
order to correlate the “%Ne + 232Th results to the
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256Fm yield data, we determined the number of protons
and neutrons which_had to be pigggd up by our target
nuclei to produce d and/or Fm. The cross
%ggtion (or cross sections when both 0Md and

Fm were formed directly) for the light fragment
that corresponds to the same number of protons and
neutrons lost by the light fragmen%zprojeggile
was identified in the data of the “"Ne +
reaction. These cross sections (or the weighted
average of two crosszggctions nged on the relative
production rates of Md and Fm) were then
plotted versus Ip - Zp in Fig. 5. The rate
of decrease of the yield of these light ions with
Ip- It is 51m11ar to the rate of decrease of the
yield for 250Md and/or 250Fm with Z Zr. This
provides some evidence that the mechanism for
producing the observed Fm activity is the same
as the mechanism Artukh et al. observed for the
production of nuclides 11ghter than the projectile
in the reaction 4ZNe+ 232Th, which they called
multinucleon transfer or deep inelastic processes.

From the magnitude of the cross sections
observed here, one can argue th% the mechanlsm
involved in the production of 2°0Fm and 2°0Md must
be some type of transfer reaction. Cross sections
for compound nucleus. evaporation reactions in this
reaction of heavy nuclei are typically much lower
than for transfer reactions.

The large cross sectlons and the decreasing
trend in the yield of the 256Md and 256Fm cross
sections as Z, - Z1 increases, suggest that these
products are ‘produced in a transfer reaction
mechanism. The many kinematic studies of the light
fragments produced in similar heavy ion reactions
have shown that there is a rapid transition from
the quasi-elastic transfer mechanism to the multi-
nucleon transfer mechanism for products a few Z
units away from the target. Thus, we might expect
that the final 2°0Fm activity seen for all but the
1Ip + 253Fs reaction is primarily from the multi-
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nucleon transfer reaction. Con51stent w1th this

is the fact that in Fig. 5, the 2°0Fm/250Md yields
are about 1000 times less than E%e correspondlng
light fragment Xlelds from the 2%Ne + 232Th reaction,
except for the 3Es yield, which is_less than
100 times smaller than the corresponding 2ZNe + 232Th
light fragment yield. This is consistent with the
fact that the fission competition following multi-
nucleon transfer is very large because of the low
fission barriers and high excitation energies of
the heavy actinide fragments produced in these
reactions.

Two factors could contribute to lower excita-
tion energg and thus less fission competition in
the 3Es reaction: first, the smaller Coulomb
barrier with a lower Z projectile and, second, the
role of quasi-elastic transfer as the most important
transfer mechanism rather than deep inelastic
scattering.

The increasing width in the excitation fumc-
tions can be understood in terms of the number of
nucleons transferred o the target. In these
reactions to produce S0pm and 256Md, the light
projectiles such as 1p and 12¢ transfer only a
few nucleons, while heavier particles such as 15N
transfer more nucleons. This is consistent with
the observation that alpha particle induced reac-
tions have narrow excitation functions while heavy
ion induced reactions have broader excitation
functions.
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A RADIOCHEMICAL STUDY OF THE MASS YIELD DISTRIBUTION FROM
THE REACTION OF 25.2-GeV '2C IONS.WITH NATURAL URANIUM

R. J. Otto, M. M. Fowler,* I. Binder,
D. Lee, and G. T. Seaborg

An analysis of the measured partial cumulative
and independent yield cross sections from the reac-
tion of 25.2-GeV 12C with uranium has been made.

The bombardment consisted of a four-hour irradiation
of a stgck of three 5-mil uranium metal foils at

~ 6x 107 particles/minute. The intersected beam
area of the second foil was cut out, dissolved and
a radiochemical group separation scheme carried out.
Seven chemical fractions were obtained. Gamma-ray
counting and analysis was done yielding cross sec-
tions for over 60 nuclides.

Due to the combined target thickness, a large
fission product contribution may have resulted from
secondary particles inducing intermediate energy
fission of the uranium. The observed fission
products were grouped into four regions and a two

gaussian charge dispersion description was fitted
to the data.

In Figs. 1(a) through 1(d), the final two
gaussian charge dispersion arrived at is shown.
Independent yield cross sections shown in Fig. 1(a-d)
were calculated for all nuclides in this region using
the charge dispersion description arrived at by an
iterative fitting process and the growth and decay
relationships for the observed nucldies. This
method works well for regions where the cumulative
yields represent 50% or less of the isobaric yieild,
as for the neutron-deficient nuclides. The procedure
is less accurate for the neutron-excessive yields
where greater than 90% of the chain yield is repre-
sented in the cross section of a single nuclide.
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Fig. 1(a-d). Calculated and experimental independent yield cross sections in millibarns for the mass
regions shown in the upper right plotted as a function Z - Zp. Where Zp is the most probable charge for
the mass chain A, and Z is the charge of the experimentally observed nuclide. The cross sections shown
“as solid circles are independent yield cross sections calculated from the observed partial cumulative
yield cross section. The cross sections shown as solid squares are experimentally measured independent
yields. Zp indicates the positions of the valley of beta stability in each of the mass regions. Neutron
* - deficient nuclides lie to the right of Z, in this figure. The symbol o, represents the gaussian width
parameter defining the charge dispersion curves (see Ref. 2) (XBL 766-8248 to 766-8251)
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Figure 1(c) shows the calculated independent
yields for the iodine isotopes in the mass region
A=121 to A=135. The two gaussian charge disper-
sion description in Fig. 1(c) is not consistent with
GeV proton results in this_region. 1 However, the
cross sections for 1301, 1261 and I are experi-
mentally determined independent yields. The dotted
line indicates a neutron excessive component that
would not be the result of low energy fission from

secondary reactions. If the dotted line is included,

the overall shape of the charge dispersion may be
consistent with the GeV proton on uranium results.
In the mass region A=56 to A=82, Fig. 1(a), a
single neutron-deficient charge dispersion curve
was obtained. A gaussian width parameter® of -

= (0,8 best fit the neutron-deficient yields for
all four mass regions. The neutron-excessive yields
were fitted to a value of o, =1.0.

The final Zy functions for the region of mass
number 56 to 176 are shown in Fig. 2. The neutron-

sol 252 Gev '2C+ 238y
Final Zp functions

80— A
70+ —
Zp=45+0.3958A
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Fig. 2. Plot of Zp functions for the reaction of
25.2 Gev l2¢+ 238y, Zp is the most probable charge
for each mass chain A. The dotted line labeled Zp -
corresponds to the charge at the center of the
valley of beta stability. The solid circles are
the experimentally determined Zp values. The two
Zp functions correspond to the neutron-deficient
charge distribution (left of curves) and the charge
distribution for the neutron-excessive products
(right of curves). (XBL 766-8252)

deficient yields were fitted using the modified UCD
ruld whosn in Fig. 2 (upper left). The partial
cumulative and independent yields for all nuclides
except those identified as fission products from
secondary induced fission of uranium are shown in
Fig. 3. Yields for products pear the mass of the
target (“J‘Pa 239Np, 238Np, 237U) probably were
formed in secondary reactions.
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Fig. 3. The mass distribution for 25.2 GeV 12¢+
U. The solid circles are the partial cumulative
and independent yields of the neutron deficient and
fragmentation products. Those nuclides identified
as fission or evaporation products from the reaction
of secondary particles with uranium are not shown.
The solid 1line represents the integrated isobaric
yield in the mass region of A=60 to A=150C.

(XBL 766-8253)

The solid line in this figure estimates the
isobaric yields over the region A=60 to A=150 and
was obtained by summing the four charge dispersion
curves for the neutron-deficient yields. Thé total
cross section under this curve is 2900 mb. Since a
broad binary fission distribution is the dominant
feature in this region, part of the 2900 mb should
be divided by 2. Assuming a flat non-fission
distribution of 10 mb between A= 60 and A=150,

a total cross section of approximately 2 barns
would be divided evenly between binary fission and
the nonfission mass distribution.

Nuclides were identified with mass above
A=180, but their cross sections did not conform
to the Zp function that fit most of the data. The
mass distribution is uncertain in this region and
shown as a dotted line in Fig. 3.

Three product cross sections were measured in
the fragmentation region: ’Be, 24Na, and 28Mg.
Although the measured beam intensity> is believed
to be known gnly to within a factor of 2, the cross
section for #%Na production is much larger for the
carbon on uranium reaction than for the GeV proton-
on uranium reaction.? At 2.1 GeV/nucleon, the ratio
of cross sections is thirty [G(C_FU)/O(P_FU) = 30].

Footnotes and References
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RECOIL RANGES OF HEAVY PRODUCTS IN THE QUASI-FISSION REACTION

R. J. Otto, M. M. Fowler,* |. Binder,
D. Lee, and G. T. Seaborg

The recoil range distributions for the elements
hafnium to astatine produced from heavy ion reactions
of krypton and xenon with gold, bismuth and uranium
targets have been measured. These elements are part
of the quasi-target mass distribution for the uranium
reactions, the mass distribution colloquially
referred to as the 'goldfinger.'l,2 They also
include the quasi-elastic transfer products in the
reactions with gold and bismuth targets. The
results of these studies have lent support to the
identification of the '"'goldfinger' as the remmant
mass distribution of the quasi-uranium products.

Kinematic analysis of the quasi-projectile
projects in the quasi-fission or deep inelastic
reaction of XKr with Aud and Bi4» targets demonstrate
several important characteristic features of the
quasi-fission or the deep inelastic mechanism. First,
the energies of the light and heavy fragments corre-
spond to the Coulomb repulsion energy of two touch-
ing spheroids. Second, the angular distribution of
the light fragments shows a definite sideways peaking.
This sideways peaking effect disappears as the charge
and mass of the light fragment becomes increasingly
farther away from the original charge and mass of
the projectile. Based on these observations, a
two-step reaction model has been used to analyze
and correlate the measured recoil range distribution
of the heavy complementary elements with the light
particle kinematic data on quasi-fission and quasi-
elastic transfer reactions. .

A stacked foil arrangement was used. .The
targets consisted of approximately 2 mg/cm” gold
leaf, 3-4 mg/cm? bismuth metal on aluminum backing,
and approximately 1 mg/cm? UF, on aluminum backing.
These targets were placed directly onto and in
front of a stack, typically ten or more, of 1.0 to
1.1 mg/cmZ aluminup recoil %atcher foils. Following
irradiation with SOkr or 13%Xe ions at the SuperHILAC,
the catcher foils were removed, separated and
individually counted for x-rays. The decay of the
observed x-ray peaks was followed in one of the
more active foils.

Figure 1(a-c) ggows typical x-ray spectra
from experiments of °“Kr with 197Au, 20983 and
38y targets. Each of the x-ray peaks in the

spectra is a combination of the Koj line of the
element written above the peak in Fig. 1(a-c) and
the Kay line of the element of the next higher Z.
Since the relative intensity of the Koj and Ko,
lines is 2 to 1, gamma-ray contributions in the
x-ray peaks resulted in unacceptable intensity
ratios and were easily recognized.

The recoil range distributions were determined
from the x-ray data by determining the area under
each x-ray peak and correcting for decay. The
results of this analysis are plotted in Figs. Z and 3.
The most striking feature is the similarity of
these differential recoil range distributions
among the elements for a given bombarding energy and
reaction. The similarity spans a much broader
region of elements than would be expected for the
span of elements contributing to a single recoil
range distribution by growth and decay. Thus,
these curves are somewhat independent of the growth
and decay relationships and reflect the kinematic
properties of the fragments produced and observed
in these heavy ion reactions.

‘The majority (50-80%) of the activity of each
of the reaction products for the krypton reactions
was fougg in 1ust two of .the 1 mg/cmé recoil foils.
In the °°Kr 7Au reaction, the most probable
range of the products increases as the bombarding
energy decreases. We have been able to reproduce
these experimentally measured recoil range distri-
butions and this trend of increasing range with
decreasing energy using the two-step quasi-fission
model and the shift to larger angles of the peak
in the angular distributions as_the bombarding energy
decreases, seen for the Kr + Bi® and Kr + Pb
reaction. Since the focused angular distribution
of the quasi-krypton also results in a complementary
focused angular distribution of the quasi-target
product, the peak of the quasi-krypton must move
to larger angles in the center of mass system as
the bombarding energy decreases. Thus, the quasi-.
target products must move to smaller angles (closer
to 0°) resulting in longer axial ranges exactly as
observed.

The recoil range distributions from the Kr+U
reaction shows the same general shape as the Kr +Au
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results. The quasi-uranium and therefore quasi-
krypton reaction products must have the same side-
ways peaking in their angular distribution. Sideways-
peaked angular distributions, used to calculate the
recoil distributions, reproduced thg observed recoil
range distribution for the 686-MeV Ogr + 2

reaction.

We found that our calculations predict differ-
ential recoil range distributions that are distinctly
different fcr different angular distributions. A
small 1/siné component in the angular distribution
causes a significant fraction of the activity to
have the maximum range corresponding to alignment
of the center of mass and fission velocity vectors.
No ev1de§8e for such a component can be seen in the
586-MeV S%Kr + 197au reaction, although a difference
in the long-range part of the recoil range distri-
butions would have been seen with as little as 5%
of the mechanism having a 1/sin6 component.

In the 86Kr+238U and 136Xe+238U reactions,
there is some evidence for a fractional part of the
mechanism to have a 1/sinf component, but at least

0% of the Kr +U recoil distributions can be
accounted for by using quasi-fission angular dis-
tributions similar to the Kr+Au3 and Kr+ Bi
angular distributions. The assumption of total
damping in the entrance channel is not strictly
adhered to in xenon heavy ion reactions® and this
will affect the recoil range distribution for the
Xe+U reaction. We would like to point out that a
1/sind angular distribution is a necessary but not
sufficient condition of compound nucleus formation
followed by fission, and it may only reflect nuclear
orbiting of the quasi-projectile fragment.

As a test of our model to produce computer-
simulated recoil range distributions, we have used
the measured angular distributions of the comple-
mentarX 11ght fragment from a study of 620-MeV
86Ky + 197Au5 to predict the recoil range distribu-
tions of the complementagg qua51 gold products for
the reaction of 586 MeV SOKr+ 197Au. The measured
angular distributions and calculated recoil range
distributions are shown in Fig. 4. The agreement
between the experimental (Fig. 2) and the calculated
(Fig. 4) range distributions is fairly good for the
low ranges and exceptionally good for the longer
range part of the distribution. It should also be
pointed out that no normalizations of the percent
activity in each foil has been made. One question
that arises is why the range distributions for
elements with the same Z as the target do not show
strong evidence for quasi-elastic transfer. The
answer, we believe, lies in the fact that we were
looking at x-rays relatively soon after the end of
the bombardment (typically 2-4 hours). Our greatest
sensitivity by this method is for the shorter-1lived
neutron deficient nuclides that are primarily
produced in the quasi-fission reaction.
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C. RELATIVISTIC HEAVY IONS

1. Projectile Fragmentation

MOMENTUM DISTRIBUTIONS OF ISOTOPES PRODUCED BY
FRAGMENTATION OF RELATIVISTIC '2C AND "0 PROJECTILES*

D. E. Greiner, P. J. Lindstrom, H. H. Heckman,
Bruce Cork, and F. S. Bieser t

Recently we have published measurements of
the momentum distributions and production cross sec-
tionst of Ehe high velocity fragments produced by
beams of 1%C at 2.1 and 1.05 GeV/nucleon and 160" at
2.1 GeV/nucleon on a variety of targets.

The momentum and cross-section measurements
were performed using a single-focusing magnetic
spectrometer with a ha'zlf—angle acceptance of 12.5
mr about zero degrees.“ Targets were Be, CHy, C,
Al, Cu, Ag and Pb. The charge and mass of the frag-
ments were obtained by measuring their rigidity
(Pc/Ze), energy loss in solid-state detectors, and
time-of-flight. Particle trajectories were deter-
mined with multiple-wire proportional chambers.

The longitudinal and projected transverse momenta,
Py and P, were obtained from the rigidity and
direction of the particle at the focal plane of the
spectrometer. The rigidity range was scanned in
0,1 GV steps from 0.8 to 10.2 GV for the 2.1 GeV/n
12¢ and 160 beams and 0.2 to 6.3 GV for the 12C
beam at 1.05 GeV/n. Because the velocities of the
projectile fragments are near the beam velocity,
these rigidity ranges allowed us to observe all
particles produced having a mass to charge ratio,
A/Z, between 0.2 and 3.4.

For each isotope the longitudinal-momentum
distribution, in the projectile rest frame, was fit
to a Gaussian dependence on P. The fitted variables
are amplitude, central momentum, ¢ P}, and standard
deviation op,. Figure 1 illustrates the Gaussian

fit and the variables <Pj>and op  for the case of

10ge produced by the fragmentation of 2.1 GeV/n o
on a Be target. The fits were restricted to the
interval -400 MeV/c to +400 MeV/c which cover typ-
ically 1 to 2 decades in the magnitude of the dif-
ferential cross section. The spectra of all the
observed fragments exhibit properties similar to
those shown in Fig. 1, namely, the momentum distri-
butions have standard deviations of only 50-200
MeV/c, and the average momentum is slightly negative
relative to the projectile.

We find that the Gaussian shape provides a
good fit to the observed spectra for all isotopes
regardless of beam, energy, or target except for
the hydrogen isotopes. The “H and 3H spectra are
fit by a Gaussian curve in the region -300 <Pj=>
400 MeV/c, but exhibit an enhancement for Py < -300
MeV/c. The 1H spectrum cannot be fit by a éaussian
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Fig. 1. The projectile-frame parallel-momentum
distribution for 10Be fragments from 12C at 2.1
GeV/n on a Be target. The mean momentum <Py} =-30
MeV/c and standard deviation UP" =129 MeV/c are

indicated.

shape in the central region |Pj|<150 MeV/c. In
this region a fit to the 1H spectrum is obtained
with the exponential relation do/dP e exp(-|P|/65).
The result applies to the protons produced within
our 12.5 mr acceptance cone and does not describe
the spectra at larger production angles.

The P; distributions, projected onto the
horizontal focal plane of the spectrometer, were
measured for A>2 fragments. We find op, = Op
to an accuracy of 10%, consistent with the

isotropic production of these fragments.

If these reactions are examples of limiting
fragmentation, the large separation in rapidity,
y=tanh'1(P” /E)}, between the target and the frag-
mentation distribution requires the shape of the
momentum distributions be independent of target
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and beam energy.4 For all reactions the target
and energy dependence of the .variables <P|> and opy
were examined. Within the accuracy of this experi-
ment we conclude there is no dependence on target
mass above the 5% level for op, and above the 10%
level for <Pj>. Because of thi@ observed target
independence we. shall refer to the target-averaged
values of op and <P;> in the remainder of this
paper. To determine if op, and <Py> are indepen-
dent of energy we compare the measurements of these
variables for the 12C beam at 2.1 and 1.05 GeV/n.
The weighted averages over all fragments of the
quantities opy (2.1 GeV/n) /op, (1.05 GeV/n) and
<P| > (2.1 GeV/n) - <P > (1.05 GeV/n) are 1.02+0.02
-1.0£2.0 MeV/c, respectively. This indepen-
dence of beam energy and target leads to the con-
clusion that the 12 reactions satisfy the limiting
fragmentation hypothesis and the limiting energy
region is reached before 1.05 GeV/n.
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Flg 2. Plotted are the target-averaged widths op,

of the pro;ectlle frame parallel-momentum distri-
butions, in MeV/c, versus fragment mass in amu.

The plotted symbol indicates the charge of the
fragment. These data represent fragments of

at 2.1 GeV/n. The asterisk denotes that the *H is
a non-Gaussian momentum distribution and we have
used the central region of this distribution to
evaluate op This result applies to the protons
produced w1th1n our 12.5 mr acceptance cone and
does not describe the spectra at larger production
angles. The parabola represents the best fit to
the data. - (XBL 753-453)

In the limiting energy region the fragment
distributions depend on the identity of the projec-
tile and fragment. 4 Fig. 2 we have plotted the
values of oK for 160 at 2.1 GeV/n versus the frag-
ment mass in amu. The charge of each fragment is
used as the plotting symbol. In an attempt to

parameterize the mass dependence we have fit the
data to the function opy (B,F) = 45F(B-F/B2 where

B and F are the mass numbers of the beam and frag-
ment nuclei respectively, and op is the fitted
variable. The best-fit curve for 160 is shown in
Fig. 2. Although the parabola shape displays the
general trend of the data, in no case does it pro-
vide a good fit to the observed values of & The
poor fit is demonstrated by the fact that 5 K of the
data points are over two standard deviations from
the curve. Particularly striking is the observa-
tion that the same complex variation of o HI w1t116
fragment mass is exhibited by both the 14 0
fragments, indicating nuclear structure effects are
important variables determining op .

The values of (P, ) have an approximately linear
dependence on op, ((P))"=-0.5 opy, * 30.0 MeV/c). The
general shifts 1& the momentum Histributions toward
velocities less than the beam correspond to small
energy transfers to the fragment, typically < 130
keV in the projectile frame. The obvious excep-
tlons are reactions involving charge exchange, such

2¢ » 12N, and char%e exchange plus loss of a
nucleon, e.g., 160 - The reactions involving
charge exchange generally have larger negative val-
ues of (P> ~-100 MeV/c. Calculation of the miss-
ing mass in these reactions gives values approx-
imately 200 MeV/c after subtraction of the target
mass. Thus the data are consistent with the
assumption that the charge-exchange reactions
proceed via pion production.

A parabolic dependence of GB on fragment
mass of the form o2 « F(B-F), Flé 1, was first pre-
dicted by Wenzel,® 6 Pliater by Lepore and Riddel11,’
and 1nd1rect1y by Feshbach and Huang® as extended
by Goldhaber. In general the parabolic shape
arises when one assumes: i) the fragment momentum
distributions are essentially those in the projectile
nucleus, ii) that there are no correlations between
the momenta of different nucleons, and iii) momentum
is conserved. The validity and implications of these
theories can be determined by comparison with the
values of op measured by this experiment.

The work of Lepore and Riddell7 is a quantum
mechanical calculation that employs the sudden
approximaglon with shell mo%el wavefunctions_to
predict of = 1/8 /31458173 - 251 (MeV/c).2 This
expre551on where is the proton mass, gives
qualitative agreement with the measured values as
shown in Table 1. Feshbach and Huang8 assume sudden
emission of virtual clusters and relate oj to the
Ferml momentum of the projectile, P¢ and o is

= 1/20 P¢2 BZ/(B-1). The values_of P¢ determined
by qua51elast1c electron scattering'" give predicted
values of oy that are generally 25% higher than the
measured values as shown in Table 1. An interesting
point to note here is that through the predicted
relationship between 0y and Pg, this experiment
measures the projectile Fermi momentum via nuclear
fragmentation (see Table 1). By assuming the
projectile has come to thermal equilibrium at an
excitation temperature T, Goldhaber® has shown that
the parabolic shape is again pred%cted and relates”
og to T by the equation kT = 40 / B, where k is
Boltzmann's constant and is the nucleon mass.
The measured values of oy then reflect excitation
energies which we have listed in Table 1 along with
the average binding energies per nucleon as deter-
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Table 1. Comparison with theo

momentun Pg= 20c502 (B-1)/B% and

and experiment of parameters related to a opy
mass dependence of the form opf = 402F (B-F) /B2,

Derived quantities are Fermi

average excitation energy KT = 4002/mnB. -

Projectile
‘Parameter Origin 16O 12C 12C
(2.1 GeV/n) (2.1 GeVi/n)  (1.05 GeV/n)
9 Mev/c) This experiment 17123 147+4 14145
9 MeV/c) Sudden 7 162 145 145
approximation
9 MeV/c) Virtual 212 179 179
cluster58
.Pf(MeV/c) This experiment 1853 182+5 174+6
P-(MeV/n) Electron 230 221 221
f .10
scattering
kT (MeV/n) ‘This experiment 7.8+0.3 7.7+0.4 7.1+0.5
Average binding Mass 8.0 7.7 7.7
energy (MeV/n) measurements
mined by the projectile masses. Because our measured 2. D, E. Greiner, P. J. Lindstrom, F. S. Biesser
excitation energies are essentially the binding and H. H. Heckman, Nucl. Inst. and Meth. 116, 21
energy per nucleon of the projectiles, we infer that (1974).
the fragmentation process which results in bound
fragments involves very little energy transfer 3. H. H. Heckman, D. E. Greiner, P. J Lindstrom,
between the target and fragment. and F. S. Bieser, Phys. Rev. Lett. 28, 926 (1972).
The fragment momentum distributions in the 4. W. R. Frazer, et al., Rev. Mod. Phys. 44, 284
projectile rest frame are, typically, Gaussian (1972).

shaped, narrow, consistent with isotropy, depend
on fragment and projectile, and have no significant
correlation with target mass or beam energy. The
nuclear temperature is inferred from the momentum
distributions of the fragments and is approximately
equal to the projectile nuclear binding energy,
indicative of small energy transfer between target
and fragment.
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ISOTOPE PRODUCTION CROSS SECTIONS FROM THE FRAGMENTATION
OF 60 AND '2C AT RELATIVISTIC ENERGIES* -

P. J. Lindstrom, D. E. Greiner, H. H. Heckman,
" Bruce Cork, and F. S. Biesert

We have measured at the Bevatron the single-
parf%cle ini%usive'spectra of all isg%ope fragments

of +90 and *4C at 2.10 GeV/n and of ~4C at 1.05
GeV/n. The targets were Be, CHp, C, Al, Cu, Ag, and
Pb. The hydrogen target data were obtained by

CHy-C subtraction. The measurements were limited to
secondaries produced within a #12.5 mr cone about

0° from the direction of the primary beam. Secondary
momenta were limited to rigidities (pc/Ze) less than
9 GY. All secondaries with lifetimes greater than
1078 seconds and production cross sections greater
than 10 ub were observed. The spectrometer system
resolved charge, mass and momentum for all second-
aries at any given spectrometer rigidity setting.

The observed longitudinal and transverse
momentum spectra of the isotope fragments, when
transformed to the projectile rest frame, have
Gaussian distributions centered near 0-MeV/c, with
standard deviations (S.D) ~ 60-200 MeV/c. The cross
sections were obtained by integrating these momentum
distributions.# Since the observed fragments were
confined to a 12.5 mr cone, it was necessary to
extrapolate the transverse momentum distributions to
obtain the total partial cross section. Except for
the Z < 2 fragments, the 12.5 mr region accounted
for 70% - 100% of the total cross sections. Both
observed momentum systematics and measured angular
distributions in nuclear emulsion give confidence
in this extrapolation for A > 2 secondaries. The
proton momentum distribution is non-Gaussian and no
attempt was made to extrapolate this distribution
to estimate total production cross section. The
cross sections are corrected for beam and secondary
fragmentation in the targets, vacuum windows, and
scintillators, as well as for interactions in the
Si(Li) detectors. The momentum distributions show
the cross sections OFT, where beam B interacts with
target T to produce %ragment F, are measurements of
fragments of the projectile and not fragments of the
target. No nucleon-pickup isotopes were observed.
Between 30% (Pb target) and 90% (H target) of all
beam charge is accounted for by suming the of .

The missing charge is principally in large momentum
transfer protons.

The ok , for a hydrogen target, can be com-
pared with Cross sections of proton-nucleus inter-
actions at high energies. At proton energies =600
MeV, 42 measured cross sections_for 15 different
secondaries have been compiled.” We find agreement
to within 3 S.D. for all except p +160+10C + <. at
Tp = 1 GeV and p + 160 + 10Be + .+ at 600 MeV,
where the disagreement is 3-4-S.D. Comparison of
our results can also be made with the semi-empirical
model by Silberberg and Tsao4, which is based on the
proton-nucleus data wet mentioned above. We find
the experimental values opp above 1 mb are greater
than those given by the Silberberg and Tsao model
by an average of 22%, with a S.D. of 37%. :

_approximation model of nuclear fragmentation.

- We obEerve that the cross sections can be
factored, op = E YT, where Yg depends on the
projectile and fgagment and yp is the target factor
(Fig. 1). Target factorization is expected both
from high-ehergy phenomenology and from an impulse
The
exceptions to strict factorization are: 1) yr for
a hydrogen target has a weak dependence on the mass
of fragment Ap, i.e., yr(H) = 0.66+0.028 Ag and
2) yr for single-nucleon stripping is enhanced for
heavy targets. The cross sections for single-
nucleon loss on the heavier targets include a
component for Coulomb dissociation, via the giant
dipole resonance, in the target's virtual photon
field. The Coulomb dissociation part of the cross
sections can be computed and subtracted from the
measured opy. The resultant cross sections are
consistent with the target factors and fit the data
with a confidence level of 0.6, and can he approxi-

| i | ! | | I 1
LA { EXPERIMENT %A
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[ 10 100
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(XBL 751-130)
Fig. 1. The cross sections for B+T » + - can be

expressed as of = YEY , where yr is the target
factor. Plotted are tge mean target factors versus
the target mass Ap (amu) for all cross sections
measured in this experiment. The error bars repre-
sent the error-weighted standard deviations and
reflect the distribution of errors in the individudl
cross sections ojr. The mean errors for yr are
approximately the dot size. The computed values
of yr using the empirical fit are given by the
symbol X. Physical parameters in the empirical
expression for yp are rp, the half-density charge
radius and t, the charge-skin thickness of the
target nuclei. The line superimposed on the data
points is an approximation for yj = ATl .



mately fi}%ed by the expression yp = A 1/4 or
YT = (AB1 -1.6). Both formulations tor ¥y

indicate the cross sections we observed are produced
by peripheral interactions with the target. Neither
formulation for yr explains the observed structure,
however, particularly the result yp(Be) = yp(C).

An accurate fit to the target factor is obtained

by the expression YT = ktn(rT+b) where o is the
measured half-density electric charge radius and t
is the measured charge skin thickness of the target.
The three fitted variables are: the exponent n=0.5,
b=3.0 fmn, and normalizing constant k=0.26. This
formula reproduces the structure in the mean target
factor to an accuracy better than_2% and with a
confidence level of 0.9. Since oht factors and the
momenta distributions are target indpendent,* the
partial differential cross sections factor —a result
expected by limiting fragmentation models. Whether
yr contains beam-dependent terms, e.g., the sum of
radii of the beam and target nuclei, as suggested
above, cammot be determined with the present data.

The energy dependence of isotope production

can be examined by: 1) comparing oqr, for the two

C-beam energies, and 2) comparing ofp with val-
ues from Ref. 3 measured at different energies. The
carbon data for all fragments are energy indepen-
dent between 1.05 and 2.10 GeéV/n and have an error-
weighted mean ratio ofp(2.10)/0fr(1.05) = 1,01£0.01.
Energy independence of o%r., aboVe some energy thres-
hold, is another result expected from high-energy
phenomenology. A comparison of opp for the same
f)z"agments and targets but different beams, 60 and
1 C, shows, in general, a weak beam dependence in
the production cross sections of all fragments in
common, as long as a charge-exchange reaction is
not necessary. The ratio OE (160)/0'ET(1 C)=0.4-
1.35, even though the individual cross sections
vary over three orders of magnitude. It is note-
worthy that more than 40% of the ratios are in the
interval 1.0%0.15.

Production cross sections for mirror nuclei
should give insight into the mechanisms which pro-
duce the observed final state. If a neutron skin
extends beyond the proton surface, a stripping pro-
cess would result in og/op < 1. We observe that,
to the contrary, 1.0 <'oy/op < 4.1, with most val-
ues. of the ratio being in the interval 1.1 to 1.7.
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That ON/oP >1 is indicative of the effects of the
binding energy of the final state fragment._ For
example, inspection of the mass excess vs opn for
isobars shows the fragment with the lower mass
excess has the higher production cross sectign.
This dominance of final state structure in opy
complicates the choice of any simple mechanism
describing the interaction process.

The patterns obiefved in ch and in the
momentun distributionsts¢ indicate simplicity in
the peripheral fragmentation process. Target
factorization, energy independence, and small
transverse momenta are observed features of ogp and
directly relate to limiting fragmentation modeIs.
The inclusion of a charge skin-thickness term in
the best fit for yp, along with small parallel
momenta widths in the beam rest frame, imply the
observed fragments are the result of peripheral
interactions. Neutron rich enhancement of mirror-
isotope cross sections, correlations in fragment
binding energies, and a surprising degree of beam
independence in opy indicate a dominance of fragment
nuclear structure in the production amplitudes.
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FRAGMENTATION OF “%Ar AT 100 GeV/c

P. J. Lindstrom, D. E. Greiner, H. H. Heckman,
Bruce Cork, and F. S. Bieser”

Introduction. Relativistic nucleus-nucleus
‘reaction cross sections are basic ingredients of
many cosmic ray computations. Without experimental
data these cross sections have been largely a mat-
‘ter of guesswork. Relativistic heavy ion beams in
the Bevatron-Bevalac at Berkeley now make these
measurements possible. - We present reaction cross
sections of 40Ar at 1.8 GeV/n, along with 160 and
12¢ at 2.1'GeV/n, on a variety of targets, measured
in a simple transmission detector system.

Experimental Procedures. The computer con-
trolled detector system used to measure the cross
sections consists of two detector modules contain-
ing four one-inch diameter 1ithium-drifted silicon
detectors, 3 mm thick, in a telescope configuration
(see inset Fig. 1). The leading detector module
identified the charge of the incident beam by energy
loss. The primary beam is confined to a one-fourth
inch diameter spot in the center of the first module
by an anticoincidence scintillator. Targets,
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Fig. 1.
on a CHy target.
fragmentation products.

typically one-half of a mean free path thick, are
placed between the detector modules. The second
module of detectors:serves to identify"the.interac-
ting, as well as surviving, beam nuclei. The raw
pulse heights of all eight detectors were preserved
on tape for further analysis. The targets were CHp,
C, S, Cu, Ag, Pb, and U. In the analysis the events
were ’ ordered by thelr effectf}\é'e charge

=[ (dE/dx) neas’/ (dE/dxp)] and by their X
(Z* 7%)2/¢% in gach detector module. Figure 1
is a typlca& spectrum of effective charge w1th
¥2 <5.0 for 1.8 GeV/n 40Ar on a 6.981 g/cm? thick
CHz target. The standard deviation of the Z =18

11

(2%

(XBL 766-8258)

Effective charge spectrum of fragments of A0pr at 1.8 GeV/c
The surviving primary beam 1s well resolved from the -

fragment is resolved down to Z=10. Note that the
effective charge peaks are shlfted fro T Enlt charges
e.g.; I* (charge 10) =(2Z;4 ~ (102 +8}1/

implying the:charge 10 fragments traveling at beam
velocity. The:'cross section for.AZ =1 of the.pri-
mary beam is-calculable from its survival. The
partial production cross sections for -element with
Z>10 can be calculated from their peaks.

Reaction Cross Sections. The results are pre-

sented in Table 1. The AZ>1 cross sections 14C and -
160 at 2.1 GeV/n from an.earlier run are also pre-

sented. By adding the isotope production cross sec-

peak is o= t.1le. The charge of the highest Z tion for AZ=0 to the AZ>1 cross section we obtain
Table 1. Reaction cross sections (barns).
Beam
‘ CoA0 16, 120 . 1y
Target AZ>1 AZ'>1 AZ>1 AM=>1 AZ=1 M=1 Reac:j:iona
H (585,04 .68%.05 .32£.02 .34£.02 .22£.02 .25:.02
€ 1.36£.05 1.52£.06 ,94:.02 .98:.02 .75¢,02 .81£.02 . .23+.01
S . 1.94%.07 2.13+,09 1.31#.05 1.37+.05 1.15:.05 1.22£.05
‘Cu | 2.62%.05 2.85:.08 1.82:.03 1.90:.03 1.62¢.03 1.71:.03 .71x.02
Ag- 3:20£.07 3.47:.11 o - R
Pb  4.19+.13 4.51+.16 3.10£.07 3.24+.07 2.82+.06..2.97+ 1.78%.05
5.00+.24

U . . 4.61£.21.

4550 MeV protons from Ref. 3.

Targets not in _coimnon'are_also plotted in 'F'ig'._Z‘.
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the reaction cross sections for A A>1, The isotope
production cross section of Lindstrom et al.l for
AA= 1, two were used for correcting 2¢ and 100,
The computed isotope cr%ss section for AZ=0,AA>1
by Silberberg and Tsao,“ corrected by the AZ=lero-
duction cross section of this 40Ar data, were used
to compute the AA>1 cross sections are in Table 1 3
along with o, for proton-nucleus from Renberg et al.
An empirical expression for nucleus-nucleus
reaction cross section, f}gst prygosed by Bradt and
Peters, is opp=-mr (Apl b) 2 where A, and
AT are the mass numbers of the beam and target nuclei

T T T T T T T T T
o4l Projectile U—
i ez P P A
o <2¢
N 20 -— 2 % A —‘-
:'.g, o @ #Ar -
N - -
>~ g 12 ro - |29 fm —
b L i
8 |
i |/3 3 2
0 ] | | 1 | |
o | 2 3 4 5 6 7 8 9 10
b /3 173
'« »l ABeom+ATurget
Fig. 2. Plotted are opgl/? for 40 Ar, 160, 12,

and 1H on targets of mass Ay, where opp = reaction
cross section for nucleus A on nucleus B and AT B=
mass number of the respective nuclei. If opp = ﬂro
f 5 +Agl/3 - b)2 then all of the data shovld
lona 51ng1e stra1ght line. (XBL 766-8259)

and ? is an ov7rlap ?gameter. Figure 2 is a plotof
2 ys QNB ) of the reaction cross sec-
tlon in Table 1. The slope is ml/2 vy giving
r9=1.29, and the x intercept is b. The data can
be roughly fitted by b=1-0. 028 in if the min-
imm mass number Apin = min(Ag, "2 36 and b =
if Apjn & 36. This equation 1ts the experimental
cross sections to within 10% in all but 3 cases; the
worst excursion is 18%. Theoretical computations of
the total reaction cross section oy by Barshay
et al.% using the Glauber model support a variable
overlap and indicate the minimum overlap is reached
when Apsn =~ 40. We find when Apjip =40, bpin =
consistent with black sphere geometrcial cross sec-
tions. The Glauber model production of total reac-
tion cross sections fit the data with accuracy com-
parable to the variable overlap model. Both the
Glauber model and the modified Bradt and Peters
formula are well outside of experimental errors.
There is room for further refinement in reaction
cross section models.
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 FRAGMENTATION OF “He, '2C, N, AND 0 NUCLEI IN
NUCLEAR EMULSION AT 2.1 GeV/NUCLEON*

H. H. Heckman, D. E. Greiner, P. J. Lindstrom,
and H. Shwet

We have unde{Eake?4a study. 8f the interactions
of 2.1-GeV/n He N, and ~70 nuclei in nu-
clear research emulslon, with emphasis on the inter-
action mean-free-paths and the properties of projec-
tile fragmentation. The path-length data are satis-
factorily interpreted in terms of a two parameter
expression for the geometrical cross section. These
parameters are rg, defined by the expression for the
nuclear radius, r= ToAf 3, and b, the overlap
parameter. The quantity b is equal to Ar/rq, where
Ar is the geometrical overlap between the colliding
nuclei. About 13% of the interactions of C, N, and
0. beam particles with emulsion nuclei lead to 'puré'
projectile fragmentation, characterized by the fact
that no target fragmentation, e.g., low energy, -
charged-particle evaporation, is detected in the
interaction. We have selected these interactions
for specific study of projectile fragmentation.

The emulsion stacks were fabricated from
Ilford G.5 pellicles, 600 microns thick. The stacks
were exposed to the heavy ion beams parallel to the
emulsion planes. The scanning technique for each
beam was to select an incident ion 1 to 2 mm from
the entrance edge and scan along the track until the
ion interacted or left the pellicle. The scanning
and measurements were performed with three-coordi-
nate digitized microscopes with one micron read-out
accuracy. The interactions were classified as
follows:

Type 1. Projectile fragmentation, no visible
target fragmentation.
Type 2. Target and projectile fragmentation.

Projectile may fragment, as in Type
1, or suffer catastropic destruction.
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Type 3. Target fragmentation, no detectable
change in charge of the incident

ion, i.e., the inverse of Type 1.

Bvents of Type 1 were selected for the study
of projectile fragmentation. They were intensively
examined for all secondary particles, for which
jonization and angle measurements were made [£0.16°
(S.D.) in the horizontal plane and * 0.39° in the
vertical plane].

Table 1 summarizes the data interaction mean-
free-path-length results of the experiment. The
scanning efficiency was near 100% for events in
which the difference betweeen the charges of the
beam and principal fragment AZ=Zg- Zp=2. Frag-
mentation events for which AZ=0 or 1 tend to be
missed, particularly when there is little or no
evidence for excitation of the target nucleus. A
re-scan of about one-third of the C,N, O-tract data
contributed, out of 1059 events, 16 new events, all
of which were Types 1 and 3, AZ=0, and 1 only.

The isotope production cross section of
Lindstrom et al.l were used to correct for the scan-
ning losses of AZ=0 and 1 events. The corrections
to Nobs (to give Nigra1) Wwere: 12¢, 16+ 25; 16O,

69 £21; 81112 by interpo%ation of the C and O cross
section TN, 31:33. No corrections were made to-the
dHe data. Given in Table 1 are the mumber of events
Naz=1, for which the charges of the principal frag-
ment differs from that of the incident ion by AZ>1.
Table 1 concludes with the measured interaction-
mean-free paths, Xt?k-al and Apz 21 in nuclear emul-
sion for 4e, 12¢, 14N, 160 nuclei, E=2.1 GeV/n.

An empirical expression for the total reac-

tion cross section that is useful to interpret the

data given in Table 1 is the geometrical formula
first proposed by Bradt and Peters,

Table 1.

Interaction mean-free-path length data.

g

_ Trroz(ABl/s +fﬁ}/3-b)2. )

BT

where Ag and At are the mass numbers of the beam
and target nuclei, respectively, the constant b is
the overlap parameter and r( is the constant of pro-
portionality in the expr;ssmn for the geometrical
nuclear radius T4 =71 1/3, Because the parameters
1y and b are coupled, we find that consistent fits
to our mean-free-path data can be obtained for rg
and b in the ranges 1.4<rp<1.7 fmand 1.2<b<1.9.
The fragmentation cross sections, (A7>1)measured by
Lindstrom, et al.,3 for 12C and 190, E=2.1 GeV/n,
gave the first evidence that the overlap b is not
constant, but depends upon the mass, i.e., radius,
of the beam nmucleus. The theoretical results of
Bowman, Swiatecki, and Tsang# and Barshay, Dover,
and Vary> support this observation. Bowman et al.,
describe heavy ion collisions under the conditions
of i) abrasion, the shearing off of nuclear volume
of the projectile by the target and 1ii) ablation,
further loss of material by the projectile due to
evaporated particles. From this model one obtains
and expression for the overlap parameter bpy »7 that
is appropriate for the shearing-off of at least one
unit of charge.® In their investigation on the =~
factorization of total cross sections in nucleus-
nucleus collisions, Barshay et al.> calculated the
total reaction cross sections using Glauber theory
and a geometrical nuclear model. The mumerical re-
sults given in Tables 3 and 4 of Barshay et al.®can
be ordered in terms of the Bradt-Peters relation,
Fig. 1. We have determined, by least squares fit-
ting, the overlap parameter bygtgq appropriate to
these total reaction cross sections as a functionof
projectile mass Ap, i.e., the lighter of the two
interacting nuclel.

Tabulated

are: Nj, the number of observed interactions of type 1,
Nobs = ZiNis Ntotal = Nops corrected for scanning losses of
AZ =0 and 1 events, and Np7>1, the number of charge-changing

(AZ>1 events.

The interaction lengths evaluated from Nigta]

and Na7>1 are App0q and Xpgs 15 respectively.

Beam de 12, 14 16,
Ny 104 149 118 119
N, 853 858 883 849
N; 54 88 58 55
Nobs 1011 1095 1059 1023
Niotal 1011 1111#39  1090:47  1092+38
Nyz >1 957 1044439 1031:45 104036
Pathlength(cm) 22080 15302 14895 14174
Meotal  (am)  21.840.5 13.8£0.5 13.7£0.6 13.0:0.5
Mz >1  (am)  23.1:0.8 14.7¢0.6 14.5:0.6  13.60.5




|
[6,./m1® (fm)
@

T

Ref  Barshay , Dover .and Vary /' —

¢

Phys. Rev. Cll, 360(1975)

. i /‘—AB>4O
[ 4

[/—CNO

s
|5aA+K %~y%§? ]

49 .
//7/

oy
o
/ o

182

Fig. 1. Least squares fits to the total reaction
cross sections computed by Barshay, Dover, and
Vary (Ref. 5) ordered by Ag =Apip, the mass of the
lighter of the two interacting nuclei in terms of -
the Bradt-Peters relation, Eq. 1. ‘The intercepts
with the abscissa are the overlap parameters b for
the specific cases where Ag is 1, 4, [12, 14, 16]
and > 40. The values of b versus ‘Ag are tabulated
in Table 2. : CXBL 758-1914)

Table 2. Overlap parameters b derived from theory and experiment- used to calculate 1nter-‘
action path lengths A, and Ainea1 for comparison with this experiment. The rg radii
are from least squares fi%s to t e numerlcal results given in Ref. 5.

a b C.

d b

Beam baz>1 Az 1 ) - totalq ' Peotal
(Ap) (fm) :
1 0.97-0.91  1.0(3%c),1.2¢%60) 1.31:0.02 - 1.04x0.07 1.0¢"%0),1.2(*%0)
4 0.88-0.80 1.3740.03  0.810.17
12 0.81-0.71 0.66 0.47
12,14,16  0.80-0.70P 1.35:0.03  0.48:0.17
16 0.79-0. 69 0.50 0.30
>40 1.29¢0.02  -0.2120.20
ro(av )= 1.32+0.02

%Ref. 4. To indicate target dependence of Eq. 2, bAZ>1 for H and ‘Pb targets are given.

bAlso equal to bAZ>>1 for A, = 14.

B
“Ref. 3.
dRef. 5 and Fig. 1.
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To interrelate the results of this experiment

with those of Lindstrom et al.,
Barshay et al., we take the following approach:

Bowmari et-al. and:
1)

Select the appropriate value of the overlap param-
eters b, given-in Table 2, for each beam particle

and nuclear constituents in:emulsion.
, where ni(T) is.the number of

Acalc.= (Zini(T)GBT)'

Table 3

_eters b-derived from Refs.
to data of this experiment.

2) Compute -

Calculated interaction mear-free-path lengths (cm) using overlap
3, 4, and 5 and values of rp that give minimum x

nuélel T per m111111ter in emulsion. 3) Determine
the best estimate of rg by the mlnlmlzatlon of
= (T A-Aggq ) /0%

The computed path lehgths are compared with
experiment in Table 3. We find that the mean-free-
path lengths of 4He, 12¢, 14N and 100 nuclei in

calc

aram-
fits

o
(fm)

b

4 160

He 12

C

L4y

Apz > 1 (cm)
Experiment
}‘,to.tal (cam)

Experiment

Eq. (2) Ref. 4)
Table 4 (Ref. 3)

Table 3 (Ref.
Table 3 (Ref.

1.24
1.23

1.25
- 1.23

5)
3)

22.3

23,1£0.8 .

22.2

21.8x0.7

15.2

15.7
14.7+0.6

14.3
13.7
14.5+0.6

13.6
13.2
13.6£0.5

12.8
12.4
13.0+0.5

14.1
14.7
13.8%0.6

13.4
13.4
13.7£0.6
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Fig. 2. The combined projected angular distribu-
tion for Z=1 fragments, C, N, and O projectiles,

. < 16°, The shaded area is bounded by curves
tgat are the sum of two Gaussian distributions,
0=1.% and 1.5, and 7.5°, normalized to unit
areas. (XBL 758-1913)

emylsion are well accounted for by the Bradt-Peters
expression, Eq. (1). The observations are best ex-
plained when rg ~ 1.24 fm and the overlap parameters
b is 'a variable dependent on Ap=Ayip, the lighter
of the projectile and target nucle1 partaking in the
collision, Fig. 1. However, the possibility that b -
may depend upon both the proj ectile and target nu-
clei camnot be rule out by the present experiment.

Approximately 10% of all the C, N, and O frag-
mentation is emulsion exhibit projectile fragmenta-
tion only, i.e., Type 1. Figures 2 and 3 present,
respectively, the composite projected angular dis-
tribution for Z=1 and Z=2 secondaries from the
fragmentation of 12¢, 14N and 160 nuclei at 2.1
GeV/n.  The angular distribution data were combined
because we observed no statistically significant
difference between them. The projected angular dis-
tribution for Z=1 particles, shows a peaked distri-
bution at 0 deg, with about 99% of all secondaries
restricted to the forward hemisphere. In Fig. 2 we
show the structure of the Z=1 distribution for
bproj < < 16 deg. The projected angular distribution
has a narrow central peak, superimposed upon, and
distinct from, a broader distribution. The observed
projected angular distribution for Z =2 secondaries
is given in Fig. 3. This distribution is dominated
by ‘a narrow forward peak, having a characteristic
width 2 1.0

In Table 4 we tabulate the average momentum

‘widths (S.D) for the CNO group measured by Greiner,
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Fig. 3. Angular distribution, prbjected onto the

emulsion plane, for He ZEZ 2) fragments, from the

fragmentation of 1 N, and 160 projectiles. All
interactions of Type 1 Curve is a Gaussian distri-
bution, o=0.67", fitted to the data for Oproj <1.5.

(XBL 766-8257)

et al.’” and §iven by the theoretical work of Lepore
and Riddell,¢ and the corresponding angular widths

0{0proj) for the Z=1 and Z isotopes. The produc-

Table 4.
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tion-weighted values of 0(8prpj), denoted as 071
and 07=) are the quantities to be compared with the
experimental results.

Referring to Fig. 2, the narrow, forward peak
of the Z=1 fragments can be fitted by a Gaussian
distribution, with oz=7 =1.3-1.5°, in good agree-
ment with the results of Greiner, et al.7 and the
theory of Lepore and Riddell,8 provided the large-
angle background events can be described by a Gaus-
sian distribution o~ 7.5°, whose amplitude is about
1/3 of the central peak. Figure 3 is the projected
angular distributions for the Z=2 (He) isotopes from
the fragmentation of C,N, and O nuclei in emulsion.
Drawn through the distribution is a Gaussian curve
whose O(S.D.) =0.67° is based on data restricted to

< 1.5, Correcting for measurement error, we
ogtaln 07=9 = 0. 65° .

The general agreement between the values of
07=1 and o7=2 from the data of Greiner, et al.,
(which pertain to longitudinal momentum distribu-
tions) and this experiment argues for the equality
of the longitudinal and transverse momentum distri-
butions inthe projectile frame for the respective
Z=1and Z=2 nuclei. Furthermore, within measure-
ment errors, we also have verified that the trans-
verse momentum distributions of the He nuclei pro-
jected onto orthogonal planes in the emulsion are
equal. Thus, to about a 10% level, we have shown
the momentum distribution of the He isotopes in the
projectile frame of reference is consistent with
isotropy.
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COULOMB DISSOCIATION- OF RELATIVISTIC 2C AND 0 NUCLEI

Harry H. Heckman and Peter J. Lindstrom

Experimental evidence for the dissociation of
Bevatron/Bevalac beam nuclei in the nuclear Coulomb
fields of target nuclei has come from experiments
on the target dependence of the isotopic production
cross sections for secondary nuclei produced by the
fragmentation of 2C and 160 nuclei at energig
E = 1.05 GeV/n (12C) and 2.1 GeV/n (12C and 100).1
By use of photonuclear cross section data and the
Weizsacker-Williams (WW) method of virtual quanta/
we are able to account for the measured cross
sections and to determine the minimum impact
parameters for Coulomb dissociation of heavy-ion
projectiles.

2,3

8 —— T T T T T

- . —
18,
6} ’50—-2,Islﬁ 2.1 GeV/n §
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Fig. 1, Target factors yr plotted versus target

mass Ap(AMU), from Lindstrom, et al. 1 Individual
Values of yy are shown for the single- nucleorll %oss
cro7s sections indicated. The curve yp

-0.8 is drawn through the mean tarfet fact prs,
shown with error bars, for all cross sections . o
where AF < AB -2. (XBL 763- 5’52)

Essential to our analysis is that the cross
sections ohm for the reaction B+T » F+ ..., where
B, T and F are the bean, target and fragment nuclei,
are factorable. That is, c =Y YT, where c% is
dependent on B and F only ang YT 1s the target
factor, %otted in Fig. 1 are the target factors
Yr = UE /YR Versus target mass AT(AMU) 1" For
fragment nuc1e1 with mass Agp SAy-2, i.e., at
least two nucleons are removed from the beam
projectile, all isotopic production cross sections,
for a given target, are interrelated by a unique
target factor, Yy. Striking deviation of Yy from
Yr, Up to 30% in Pb, are observed for those frag-
mentation cross sectlons that involve the loss of
one nucleon from the projectile. The differences
between the observed values of yr and YT increase
approximately as Z4 of the target, indicative of
the Coulomb effect.

We have applied the Weizsdacker-Williams
method of virtual quanta to estimate the cross
sectioni Xor Coulomb dissociation of relativistic
nuclei.”™™ To the extent that N{w), the equivalent
number of virtual photons per MeV, is the same for
all electric and magnetic multipoles, the Weizsicker-
Williams cross section for the dissociation of a-
nucleus, at velocity B, by the Coulomb field of
a target nucleus, atomic mumber Z, is given by

yw = f cv«(w)N(w)dw y @8]
%o

where oy, (w) is the measured photonuclear cross
section at photon energy w. The number density of
v1rtua1 photons has the functional form N(w) =
(22/wB?) F (8, wbpin/BY) , where bpip, the minimum
1mpact parameter, is the only adjustable parameter
in oyy.

By equating .yw, Eq. (1), we have determined
that the impact parameter bmJ,n appropriate for each
cross section. The minimum Impact parameter is

defined by the relation by, = 1§ ; + )1 - d,

where the ry i's are the 10% charge-density radii-
of the beam and target nuc1e1, and d is the
radial- -overlap distance.” The values of by

obtained in this experiment are, to within nhe
accuracy of the data, confined to a limited range
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Fig. 2. Distributions of overlap distances d(byin),
and their means, derived from oyy(exp) when fitted.
to the Weizsicker-Williams cross sections oy, as
given by a) Jackson? and b) Jickle and Pilkuhn,3
The dark horizontal bar delineates the overlap
region bounded by 0 < d < tp+tr, the sum of the
charge-skin thicknesses of the beam and ‘target =
nuclei. o (XBL 763-881)

in d. Presented in Fig. 2 are histograms of the
overlap-distances 'd that account ‘for the exgeri—
mental cross sections oyy(exp) for 12C and 100
projectiles in Ag and P@wtargets. ,

The standard deviations of the d-distributions
are compatible with the statistical errors in oy
(exp). Principle systematic errors come-from theory
(N{w)), the measure photonuclear cross sections -
oy (W), .and.-those inherent in the method used to ex-
tract oyy(exp) from GET. A 12% change in oy(w), a
typical error in-the “~“photonuclear cross section
data, leads to a 1-fm change in d(byip).

Figure 3 presents the cross-section data from.
this experiment, oyy(exp) = UET-YE?T, plotted as a
function of target mass. Superimposed on the data
are curves of the computed cross sections W
(Jackle and Pilkuhn) evaluated for a constant
over overlap distance d = 3.0 fm. '

Following Lindstrom ¢ al.flwe find that for
Ap =12, yp = (Agl/3 + Apl/3-0.8) (see Fig. 1),
g%ich when expressed in terms of 1y 1 becomes
Yr « (rg 1 * 9.1 -2.0). Thus, we find that an
e¥fectivé over?ép distance in ¥y of d'=2.0 fm
accounts for the nuclear (direct-interaction) part
of the total fragmentation cross sections, a value
that agrees well with the d's (0.4 and 3.0 fm,
see Fig. 2) deduced from the impact parameters
that. account. for -the Coulomb dissociation. cress
sections.
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Fig. 3. Target dependence of the measured cross
sections oy(exp) for- the Coulomb dissociation re-
actions indicated. The curves: are computed using
the Jickle and Pilkuhn form of oy with-d= 3.0 fm,
- (XBL 763-883)

The salient features of oyy(exp), we conclude,
are attributable to the fragmentation of projectile
nuclei by the Coulomb field of the target nucleus.
The value of by, derived from oyy(exp) limits the
radial overlap, 3, of the colliding nuclei to-dis-
tances comparable to their charge-skin thicknesses,
t, a manifestation of the effects of nuclear absorp-
tion. The Coulomb and nuclear fragmentation pro-
cesses are related by the result that d ~ d' which
shows that the maximum overlap distance that accounts
for Coulomb dissociation, in eSsence, tantamount to
the nuclear overlap distance required to account for
nucléar (direct-interaction) fragmentation.
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PRODUCTION OF LIGHT NUCLEI IN NUCLEUS-NUCLEUS COLLISIONS
AT 1.5 AND 2.1 GeV/NUCLEON .

J. Papp,” J. Jaros,t L. Schroeder, J. Staples,
H. Steiner, A. Wagner,; and J. Wiss

The availability of heavy-ion beams at Berke-
ley with kinetic energies in the range of 1-2 GeV/
nucleon has opened up new areas of experimental in-
vestigation. In this expériment, we measured the
singlg partlcle inclusive spectra of light nuclei
(p,d,~He, He, a) produce at 2.5 (lab) by beams, of
1.05 and 2.1 GeV/n deuterons and alphas, and by 1.05
GeV/n carbon nuclei bombarding a variety of targets
(Be,C,Cu,Pb). The detection system consisted of a
magnetic spectrometer which measured p/z from 0.50
to 5.0 GeV/c, and plastic scintillation counters for
measuring:TOF and dE/dx.

There were several reasons for making these
measurements:

1. To obtain information on the nuclear
structure of the incident projectile by
studying projectile fragmentation.

2. To test whether high energy physics
concepts, such as. scaling and limiting
fragmentation can be applied to nuclear
processes at these energies.

, Datal for the production of 1light nuclei at
2.5 (lab) by 1.05 GeV/n incident deuteron, alpha,
and carbon nuclei on a carbon target are shown in
F1g 1_(a,b,c). :The Lorentz invariant cross section
E/k? d%g/dodk is plotted against the momentum (k) of
the detected fragment. From these data we can make
the following observations concerning fragments
11ghter than the projectile:

1. The alpha particle is seen to fragment
into protons, as well as significant num-
bers of deuterons, tritons, and “He.

2. For each projectile, the momentum spectra
for individual fragments are strongly
peaked, and extend over approximately 2
to 3 orders of magnitude in the cross

3. The value of the momentum at the peak of
each of these fragmentation distributions
is approximately equal to the momentum/
nucleon in the incident projectile. This
feature has been observed for heavier frag-
ments from.beams of carbon, nitrogen, and
oxygen by Heckman and collaborators.2

4. Where overlapping data points exist, the
34 and 3He production cross sections
agree.reasonably well as expected for
particles from the same isospin multiple.

For fragments more massive than the projectile
(Fig. la) the spectra are observed to fall off as
the momentum is increased. This is to be expected
if these particles are either knocked out of the
target, the result of pick-up processes, or arise
from complicated final-state interactions.

Some insight into the production mechanism
can be obtained by studying the dependence of the
production cross section on the target mass. We
have parametrized the production cross section in
the form: ¢ = A%, where A is the mass of the
target. In Fig. 2 we have plotted the coefficient
n versus the momentum of the produced particle for
alpha particle collisions at 1.05 GeV/n. For
momenta in the projectiles fragmentation region the
cross section varies as Al/3, suggestive of a
peripheral interaction. At lower momentum the
cross section exhibits a rapid growth. For the
case of tritons the cross section starts to approach
A%, The following picture of the production of
light nuclear particles at forward angles emerges.
At high momenta, projectile fragmentation dominates
all _processes and is a surface phenomena varying as
~ Al As the momentum is decreased other
processes start to contribute to the cross section.
The exact nature of these processes is not known
at present, but will be the subject of future
investigations.

We are presently studying these data to see

if limiting fragmentation for processes like
d+A->p+Xor a+A~ p+X holds at these energies.
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NUCLEUS-NUCLEUS TOTAL CROSS SECTIONS

John Jaros, Owen Chamberlain, Herbert Steiner, Albrecht Wagner,
Raymond Fuzesy, Lee Schroeder, Leonard Anderson, and Gilbert Shapiro

We performed an experiment at the Bevatron 10000 T T

in which we measured the total cross section for :

reactions initiated by protons, deuterons, alphas, /
and carbon nuclei on targets of hydrogen, deuterium, /
helium, and carbon. Measurements of proton-nucleus ;
cross sections in the GeV/nucleon energy range have /
already been well explained in terms of Glauber's FACTOMZAHON\’
multiple scattering theory.1'3 Using parameters
describing nucleon-nucleon scattering and the known
nuclear sizes, Glauber theory has accurately
predicted these total cross sections without
invoking any special effects and, in fact, ignoring
such genuine complications as nuclear correlations 1000 - / 7]
and Fermi momentum. The formalism of the theory /
has been extended to encompass nucleus-nucleus
collisions# and has been used by several authors>™
to predict total and inelastic cross sections for
various nucleus-nucleus reactions.

GLAUBER
THEORY

The theory is essentially geometrical and
predicts that total cross sections are approximately
proportional to the square of an interaction radius
that goes like-the sum of the radii of the colliding
objects. If Ar and are the atomic mass_numbers
of the target gnd prﬁ?ectile, aTOT ~ (ATi7 3+A§1/ 3z, 100
Deviations from this simple behavior might indicate
the presence of new processes in these collisions.
In view of the unique conditions that occur in
collisions of nuclei, we may hope for some surprises.
A carbon-carbon collision at energies presently
available can produce states of reasonably high
energy density over a volume an order of magnitude
greater than occurs in pp collisions. The Coulomb
forces involved when large nuclei interact are no
longer small compared to the nuclear forces. The L1t 11111l L 11
interplay between the two should be important and |0| 5 0 50
interesting. The collision of two nuclei provides
a new environment for nucleon-nucleon collisions. A
Does a proton which has interacted in one part of )

a nucleus behave as a "'regular' proton in subsequent Fig. 1. Predictions for op(AA) vs A.

o; (AA) (mb)

collisions? (XBL-7511-9047)
An observation due to Gribovi0 also motivated . .

this experiment. He noted that a naive application the differences between geometrical and factorization

of Regge factorization to nucleus-nucleus reactions relation predictions for op(AA) as a function of A.

leads to a very different A dependence for op than
that expected from geometrical grounds. The argument
is as follows: The optical theorem relates o (AB)

to the imaginary part of the elastic scattering
amplitude F, If we assume this amplitude is
dominated by the Pomeron, factorization lets us
write it as F ~ gpagpp, where gpp is the coupling

of a Pomeron to nucleus A at t=0, etc. for gpp*
Thus cT(AB) ~ 8ppSpR’ and similarly GT(BB) ~ gPBZ

We measured total gross sections for protons,
deuterons, alphas, and 12¢ on hydrogen, deuterium,
helium, and carbon targets at 1,55 and 2.89 (_SeV[c
per nucleon using the ''good geometry' transmission
method., In addition, we measured the inelastic
cross sections and elastic slope parameters for i
reactions initiated by deuterons, alphas, and 12C..
The factorization relation op(AA) = o7 (AB) 2/ch (BB) is
and o7 (AA) N(/%RI)*Z. Consequently, the "factorization  violated for some of these reactions. Our results

relation” og = GTZ (AB)/o7(BB) obtains. If we generally agree with Glauber theory predictions
use this to predict op(AA) from the input op(pA) except in their deta}led energy behavior. We f}gd
and put or(pA) ~ A2/3 whi;h roughly represents the or.~ 144 (A 175 4 Apl 3-1.48)% and o1y ~ 78(AT +
data, we 1i;:i.nd or(AA) ~ A%/3. This differs radically Apl/3 - 1.2'5)2, where Ar(Ap) is the atomic mass
from the behavior_ expected in a §eometric picture number of the target (projectile) and the cross
where o7(AA) ~ (Al/ S+ al/ 3)2 ~ AZ/3 Figure 1 shows sections are given in mb (see Figs. 2 and 3).
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INCLUSIVE PION PRODUCTION IN COLLISIONS OF RELATIVISTIC
PROTONS, DEUTERONS, ALPHAS, AND CARBON IONS WITH NUCLEI

J. Papp,t J. ‘Jarbé,i L. Schroeder, J. Staples
H. Steiner, A. Wagner,§ and J. Wiss

We hav measured smgle partlcle inclusive
spectra of m and m mesons produced at 2.5 (1ab) in
the collision of 1.05-4.2-GeV protons, 1.05- and
2.10 GeV/nucleon deuterons and o particles, and 1.05
GeV/nucleon 14C nuclei with various targets at an an-
gle of 2.5° (lab). . The negative-pion spectra show
scaling behavior. The results are compared to a sim-
ple model in which individual nucleons in the pro-
jectile j_nteract with the target to produce .pions.

. Our results on the yields of negative pions
from collisions of 1.05-4.2-GeV (kmetlc energy)
protons with a carbon target are shown 1121 1(a).
The Lorentz-invariant cross section (E/k )dZG/dek
where E is the energy of the outgoing 7~ and k is
its momentum, is plotted against the scaling vari-
able x'=Xk*/(k*)payx, where k* is the longitudi-
nal momentum of the pion in the overall center-of-

mass system, The most striking feature of the data
is that the spectra tend to lie on top of eachother.

“Similar results are obtained for other targets.

Higher-energy datal,2 (12-, 19-, and 24-GeV protons
on Be) also fall oh the same curve. Scaling behav-
jor, where the pion yield does not depend on the en-
ergy but ‘only on a 'scaling variable x' (at fixed k),
is familiar in high-energy nucleon-nucleon interac-
tions.; The remarkable feature of the present data
is that scaling behavior persists,. at least approx-
Jmately, down to.1 GeV. It must be kept in mind
that since this exper:ment was performed at a fixed
lab angle of 2.5, k. is not qu1te constant. This
effect is most J.mportant near x'=1 where it could .
change our results by as much as a factor of 2.
However, since the-scaling fit encompasses more than
6 decades a variation of even a factor of 2 near
the end points would not produce observable devia-
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Fig. 1.

Invariant cross section for pion production at 2.5°

(1ab) from

a carbon versus the scaling variable x' = ki#*/(kl*)pax: (a) Negative-pion
production by 1.05-4.2-GeV protons, (b) positive-pion production by 1.05-"

4,2-GeV. protons, (c) negative-pion production by
Cleon‘deuterons (circles) and a's (squares).

tions from the trend of the data to scale. The nt
production spectra are shown in Fig. 1(b). They do
not scale nearly as well as those of negative pions,
especially at low proton energies.

Invariant negative-pion production cross sec-
tions for 1.05- and 2.1-GeV/nucleon deuterons and
o's incident on carbon are shown as a function. of x'
in Fig. 1(c). .Again scaling is reasonably well sat-
isfied. We see that the heavier the projectile the
more rapid is the falloff as x' increases. This
result indicates that nuclei, which are relatively
loosely bound objects, tend not to transfer a large

fraction of their kinetic energy to individual pions.

In the case of deuterons, our x' distributions in
the interval 0.5 < x' < 1 fall much more steeply
than those of Baldin et al.,3 who measured
productlon at 0° by deuterons of about 8 GeV on Cu.

, The plon productlon cross sections for 2.1-
GeV/mucleon protons, deuterons, and o particles. on
carbon are compared in Fig. 2. Two features are
evident: (1) The ratio of the cross sections for.
produc1ng low-momentum negatlve pions (~1 GeV/c) by
a's, deuterons, and protons is approximately 10;5:1.
(2) The specttum of observed pions extends to higher
energies as the mass of the projectile is increased.
The larger production cross sections in the case of
deuterons and o's can be attrlbuted to the presence
of neutrons, which produce 7 's more copiously than
do protons, and to the increased energy of the sys-
tem, Our measureTents of m  production.by beams of
1.05- GeV/nui%eon 2C ‘show that the ratio of m pro-
ductlon by *4C to m  production by a particles is

3.0+0.3 at a momentum of 750 MeV/c for all targets

In an attempt to determine the importance of
mechanisms in which several nucleons in an energetic

nuclear projectile act cooperatively to produce pions.

we have compared our experimental results to calcula-
tions based on a model in which all pions are
produced in individual nucleon-nucleus collisions.

shown

1.05- and 2.1-GeV/nu-
(XBL-7411-8244)
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Fig. 2. Laboratory cross section d%0/dodk for neg-
ative-pion production at 2.5 (lab) by 2.1-GeV/
nucleon proton, deuteron, and o beams on carbon tar-
get versus the laboratory momentum of the pion. The
solid lines are hand-drawn and are to serve as a
guide to the eye only. Only statistical errors are
(XBL 748-3897)
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where a refers to the projectile and A to the target
nucleus. W_.(P_,P.) is the momentum distribution of
the nucleon™ N “inside the projectile as transformed

to the lab system. By cga i: symmetry cgcﬂ*'( N> K )=

(—ﬁN ). For o pC T ( ) we have used our ex-
perlmental y determmed cross sections at 2.5° (1ab)
and corrected them for the transverse-momentum vari-
ation by assuming that at all momenta considered in
these measurements such a variation can be fitted
with an exponential of the form expl- 5|kﬂsm(ek

- eﬁN)]

In the case of the deuteron WdA@dsisN) was ob-
tained from the Lorentz transformation of a ngrmal-v
ized Hulthén w; %ve fun%t}on of the form |#(q)|
[q+a )" 1= (q%+82) with a=45,7 MéV and B=5.2
MeV (q is the nucleon momentum in the rest frame of
the deuteron). The predictions are shown together
with the data points in Fig. 3(a). The fits repro-
duce quite well the general behavior of the mea-
sured cross sections for fast pions as a functionof
pion momentum. There are no free parameters. These
results disagree with the conclusions of Baldin et
al.’ who claim to be unable to fit their data with
such a model.

The case of a's is complicated by the fact
that the single-nucleon momentum distribution isnot
well known. From electromagnetic-form-factor exper-
iments one can deduce a charge distribution but it
is difficult to translate this to the momentum dis-

T T T T T T T T T T 7 T 7T 177
L 1 . _
(a) d+C—~7+x 2 (b) a+C—~7"+x
102 |— »].05 GeV/nucleont- 1,05 GeV/nucleon
- 2.1 GeV/nucleon + #2.1 GeV/nucleon—
'2’: IOI
S -
3> L
[}
e
~
E 100 —
3 L
[
o
a 10+
E -
slg
%|S |02j
Wi
1073}
|0-4lllllilllllllll‘
1.0 20. 30 40 1.0 20 3.0 4.0
klo® (Gev/c)
Fig. 3. Invariant cross section for negative-pion

production at 2.5 (lab) by 1.05- and 2.1-GeV/nucleon
(a) deuteron and (b) o beams versus the laboratory
momentum of the pion. The solid lines in each case
represent the predictions of the model as described
in the text. (XBL 7411-8243)

tribution of the individual nucleons |¢,(q)|%. As a
first approximation to ¢y(q) we Fourier " transformed
the square root of the nuclear-charge distribution?
As before W NPy PN) was then obtained by transform-
ing | ¢y, (@? to *the 1ab system. The results are
shown %n Fig. 3(b). Although the general trends of
the data are reproduced by the model, quantitatively
the agreement is not good. At this point we are un-
able to say whether this is due to a poor choice for
WOLN(? ,?N) or to a breakdown of the model. Further
work 1s in progress for both deuterons and a's.

Pion production from Be, Cu, and Pb is quite
similar to that from carbon. The shape of the spec-
tra is independent of the target material for
k_>1GeV/c. The ma%l}ﬁtude of these cross sections
is proportional to A™/~, suggesting that fast pions
are produced in peripheral collisions. For lower-
momentum pions, the A degendence becomes more
pronounced (e.g., for k; = 500 MeV/c),
suggesting that slow pions are produced in more
central collisions.

For 1sosp1n-zero nuclei like deuterons, o par-
ticles, and c charge symmetry predlcts that in the
reactlons d+C~»nf+X and o + C>7t+ X the ratio
of 7* to 7~ production should be unity. In every
case our results are consistent with this predic-
tion to within the experimental errors of about 10%.
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DIFFRACTIVE SCATTERING OF HEAVY IONS

A. R. Clark, W. R. Holley, D. Keefe, L. T. Kerth, R. E. Morgado,* -
M. Richardson,t G. Schnurmacher, L. S. Schroeder, and A. R. Zingher

This experiment has measured 12C+p -~ X+P',
4He+p + X+p' and ptp > X+p' inelastic scattering.
We used a Bevalac beam 12C, 4He, p at 4.2 GeV/c
charge rigidity on a stationary liquid hydrogen tar-
get, observed the recoil proton p', and summed over
X the unseen outgoing beam, We measured the double
differential cross section dzc/dthXZ as a function
of the momentum transfer V=t =200-300 MeV/c) and
the excitation energy (By =My - Mc,He,p = 0-250 MeV).
This_is equivalent to missing mass squared A=MX2
- Mc2=0-6 GeVZ and -t=.04 to .09 (GeV/c)2. This
probes both the nuclear structure and the dynamics
of diffractive scattering. It tests whether ideas
of asymptotic scattering, particularly ReggeMueller
pomeron phenomenology, are relevant to heavy baryon
physics. These ideas of a collective baryon scat-
tering contrast with individual nucléon models such
as the Glauber model.

This region of relatively small momentum trans-
fer t is expected to be dominated by diffractive
scattering. It is relatively easy to measure a snall
momentum transfer to a stationary target. This is a
major advantage over a proton beam on a carbon tar-
get; there a small change in a large momentum would
require a high-resolution spectrometer. A small
disadvantage is that we are somewhat sensitive to
Coulomb scattering of the recoil proton. This re-
gion goes from elastic scattering, thru the nuclear
excitations and beyond the pion threshold. At these
large missing masses (or large excitation), should
the cross section increase as the pion channel opens?
The corresponding situation at F.N.A.L. is p+p->X+p
with large excitation and small momentum. transfer.
Once the missing mass is large and many channels are
open (e.g., X =p +many pions), then the double dif-
ferential cross section approaches an asymptotic
limit. Additional pion thresholds open up at the
expense of previous channels. This can be under-
stood via the Regge-Mueller pomeron phenomenology.
Can relativistic nuclei be effectively described by
the same ideas? This picture contrasts with the
Glauber model of nucleus-proton collisions as anum-
ber of individual nucleon-proton collisions. 'The
latter model predicts that the double differential
cross section should rise when the pion channel
opens up.

We have constructed a single arm spectrometer
(Fig. 1) to look at the recoil protons. The spec-
trometer consists of three parts: a target, aquad-
rupole doublet, and scintillators. First is a lig-
uid hydrogen target with a very thin aluminum wall.
This minimizes Coulomb scattering to allow us to
look at low recoil proton momenta, and thus low
momentum transfer. The second part is a magnetic
quadrupole doublet which rotates around the target.
It is between the target and the detectors, and it
focuses parallel to point in the horizontal plane,
point to point in the vertical plane. This gives a
large vertical acceptance with a precisely defined
horizontal scattering angle. The third part is a
sequence of eleven thin scintillators which measure

dE/dX and range
scintillators

Multiple wire

proportional
chumber/

Liquid hydrogen
target with
thin Al walls - 75
Multiple wire - 50
proportional
chamber—/
Track tfo rotate
spectrometer - 25
- 10
-\ N
lonization chamber E=3) AN 0
: - Seale

22-"" Seattering

telescope (inches)

Vacuum window
Secondary emission
monitor

Bevalac beam

Fig. 1. A simplified plan view of the recoil pro-
ton spectrometer for this experiment.
(XBL 766-8333)

the proton kinetic energy from its range in the
scintillators. In addition, detailed pulse height
measurements in each scintillator show the charac-
teristic Bragg peak from valid stopping protons.
This separated them from the secondary pions, and
from protons which interact in the scintillators
or which go out the side. It is critical to avoid
such contaminations at large excitation. There,
valid protons are only a small fraction of the par-
ticles produced from the target.

A necessary part of this experiment was to
calibrate absolutely the response of an ion cham-
ber to these heavy ion beams. In conjunction with
A. R. Smith and J. B. McCaslin we_also measured the
absolute cross section for 12C+12C + X+ 1IC, These
calibrations should be useful for other experiments
which use these techniques.

Our data -are presently under analysis. A
preliminary sample is shown in Fig. 2. There are
several different dynamic re%'zions. At the lowest
excitation is a peak Tocp » Cp. This preliminary
sample cannot resolve 12Cp+12C(4,4 MeV) p from
truly elastic scattering; but with further analysis
of more data we will try to resolve it. The next
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‘certain that there is no contamination.

two shoulders may be due to the giant dipole res-
onance, or quasi ap scattering, and quasi pp scat-
tering. Other data show these structures more
clearly, and no conclusions should be drawn until
the data analysis is complete. Beyond these peaks
the cross section falls by an order of magnitude.
This region puts new demands on Glauber calculations.
Usually these calculations assume negligibly small
energy transfer in the individual collisions, or
else sum over all possible energy transfers. Here
we measure a large excitation energy, so a better
calculation is required. The relevant theory was
discussed above. Again, no reliable conclusion can
be drawn until the analysis is complete, and we are
Our ulti-
mate resolution should be a few MeV in excitation,
above *2% in momentum transfer v~t, and a few per-

cent uncertainty in the cross section.

Footnotes

. ,
Arizona Medical Center, Tuscon, Arizona.

TPhysics Dept.,

Harvard University, Cambridge,
Mass. '

Fig. 2._ Relative double differential cross .section
d25/dM2 dt at fixed momentum transfer /-t = 231
MeV/c and variable laboratory proton recoil angle.
The abscissa is 90 degrees minus the angle between
the laboratory recoil proton direction and the beam
direction. This angle determine the excitation
energy, and some representative values are shown.
These excitations include a 1 degree overall adjust-
ment in the angular scale. The bars are nominal
Poisson errors. (XBL 766-8334)

PROJECTILE FRAGMENTATION AND ASSOCIATED MULTIPLICITY
DISTRIBUTIONS IN RELATIVISTIC HEAVY ION COLLISIONS

J. Carroll, V. Perez-Mendez, E. Whipple, M. Gazzaly,* J. Geaga,”
G. Igo,* J. McClelland,* M. Nsser,* A. Sagle,* and H. Spinka”

A large aperture moveable magnetic spectrom-
eter, instrumented with multi-wire proportional
chambers and scintillation . counters has been set
up in Channel II at the Bevalac. The basic proper-
ties of the spectrometer (originally installed to
study forward elastic scattering) are listed below.

AR~ 0.8 msr TOF 31 feet
theta: range -1,14° resolution 0.1
‘ bite 1
- P/Z- : range 0-7.5 GeV/c resolution - 0.5%
: bite . +20%

\A.layout of the spectrometer is shown in Fig. 1.

A pre11m1nar{ parasitic run with 1,05 GeV/n
160 incident on a 12C target demonstrated that the
spectrometer was suitable for measuring the frag-
mentation cross sections and was capable of identi-
fying the light isotopes up to 4He which dominate -
the .flux of fragments scattered. through more than a
few degrees. .

_ The spectrometer has since been augmented by
an array of 30 lucite Cerenkov detectors surrounding
the beam downstream from the target. These detectors
are in the form of azimuthal segments covering all
of the azimuthal coordinate which is not occupied
by the spectrometer acceptance. The angular
acceptance of the array can be adjusted to include
the ranges 4-12° or 5-16° by varying the target-
to-detector distance. The kinematics of the
reaction ensure that this angular range will .
accept a large fraction of the fragments from the
projectile which have received a momentum transfer
greater than the typical nuclear Fermi momentum.

The lucite detectors have a velocity threshold
Bth ~ 0.7, and are thus completely insensitive. ‘to
fragments evaporated from the target.

Using. this array we can study the multiplicity
distribution of projectile fragments (including the
infrequent pions) in association ‘with fragments of
various masses, charges, momenta, and angles detect-
ed in the spectrometer. One can, of course,.also
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select for large multiplicity and study the effects
on the distribution of particles in the spectrom-
eter. Both spectrometer and Cerenkov array cover
the range of angles at which one might expect to see
shock waves, and one can use the spectrometer to see
if larger multiplicities are associated with frag-
ment momentum distributions that can be ascribed to
an increasgd nuclear temperature.

Data have been taken for 2.1 GeV/nucleon 12C
and 1.8 GeV/nucleon 40Ar beams on beryllium and
copper targets. While even a preliminary analysis
is not yet complete, certain observations can be
made:

One can see a trend toward higher multi-
plicities associated with higher momentum
transfers. This can be seen in Fig. 2
for the case of the 1.8 GeV/micleon 40Ar
beam on the “Be target. The average
multiplicity varies from ~4 to ~8 as the
P/Z and angle are varied from 2.0 GeV/c
at 4.5 to 5.15 GeV/c at 12.5°.

The production of charge 2 fragments
relative to charge 1 fragments decreases
with scattering angle and scattered
momentun as shown in Fig. 3.

The widths of the fragmentation peaks in
momentum are much broader than the Fermi
momentum even at elab = 4.5,

We are proceeding with the analysis and hope
to soon have momentum, angular, and multiplicity
distributions for the different types of fragments.

Footnote

*
University of California, Los Angeles, California
90024,

Target Fragmentation

NUCLEAR GAMMA RAYS FOLLOWI>NG INTERACTION WITH
RELATIVISTIC CARBON PROJECTILES

T. Shibata,* H. Ejiri,* R. Anhoit,t H. Bowman, J. G. loannou-Yannou,
J. O. Rasmussen, E. Rauscher, S. Nagamiya,+ and K. Nakait

Discrete nuclear gamma rays following
interactions of relativistic 12C projectiles
with 12¢, 197, 38Sr and 207pb weré observed at
E(12C) = 3 and 12.6 GeV. The lartest yields of
the observed gamma rays were from low-lying
excited states of target nuclei, and there were
also identified lines from nuclei of mass number
slightly less than that of the target nuclei.

The work reported here mainly involves
bombardments by 12C at 1.05 GeV/nucleon and
0.25 GeV/nucleon, and the targets studied were
"teflon" (ChFon), natural Sr (82.4% 88Sr) and

enriched 207Pb (92.8%). The gamma-ray energy
range studied was from 80 keV to 2.5 MeV.

The Bevatron provided relativistic carbon
12¢ jon beams with energies 1.05 GeV/nucleon
and 0.25 GeV/nucleon. (Earlier, 4.88 GeV/n
protons and 0.4 GeV/n carbon ions were also used
for survey runs.) The beam intensities were
adjusted so as to get adequate peak counting
rates of about 4,000 C/sec for gamma detectors
and the proper live times (50-70%). They were
about 0.25 x 107 carbon ions/burst for
0.25 GeV/nucleon. The accelerator was operated
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3 Gev 12¢ + 207pp measured by the coaxial Ge(Li)
detector. The common lines due to Ge of the
detector, Al of the beam tube, ratioactivities,
etc., are denoted asa) (511 keV B*R7),
b) [596 keV 74Ge(mn')], c) (835 kevoHn),
d) (844 keV 27A1), e) (1014 keV 27A1),
£) 1040 keV 70Ge), h) (1277 keV 22Na).

(XBL 761-227)
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Fig. 4. Transition schemes f%67the prominent

gamma rays observed with the Pb target.

(XBL 761-233)

in either of two modes, one with the rf power
applied to the acceleration resonator and another
without the rf power applied during the beam
extraction from the accelerator. The former mode
provides microscopic rf bunched beam pulses with
intervals of 455 nsec for 1.05 GeV/n and 653 nsec
for 0.25 GeV/n. Since the macroscopic beam
bursts of about 1 sec duration come every 5 or

6 sec and each beam burst consists of a narrow
(<20 nsec) microscopic beam pulse every ~500 nsec,
the coincidence arrangement considerably reduced
the gamma-ray background. The dead times were
measured by comparing the number of pulser pulses
recorded in the multichannel PHA and the number
of those fed into the preamplifier. Here the
pulser pulse fed into one preamplifier was
triggered by the scaled-down gamma ray pulses
from another detector, and vice versa.

Gamma rays from the teflon and strontium
targets were measured at _§ = 127.5° and 6 = 90°.
The gamma rays from the 07pp target were measured
only at 127.5°

Many discrete gamma rays following
relativistic 12C-induced nuclear reactigns on
12¢, 19F, natural Sr (83% of 88Sr) and 207pb
were observed. Some of the observed gamma-ray
spectra from the Ge(Li) detectors are shown in
Figs. 1 and 2. The transition schemes for most
of the observed gamma rays are given in Figs. 3

and 4. The observed gamma rays come from excited
states of the target nuclei and nearby products
derived by few-nucleon removal. The strong
"continuum background' was .established as largely
target-originated, since it, drops during target-
out runs. The "continuum Background" is considered
to be mainly due to unreso¥ved gamma rays and their
Compton tails from numerous low-yield products of
nonperipheral processes.

The cross sections for the prominent gamma

lines were obtained from the observed yields at
§ = 127.5°, where the angular distribution effect
is negligible because P,(cos8) ~ 0. The measured
relative intensities of the prominent gamma rays
are given in Table 1. The absolute cross sections
for the strongest gamma lines, the-relative inten-
sities of which are given as 1?8 in Table 1, are
39+15 mb (24+12 mb) for the 19F 5%/2 » 1%/2
transition from the 3 GeV (12.6 GeV) 12C + teflon,
100+ 43 mb (74 +'41 mb) for the 88sy 2¥ 0%
transition from the 3 GeV (12.6 GeV) 12¢ + sr,
and 220 + 130 mb (157 100 mb) for the 207pb 57/2 »
%842 transition from the 3 GeV (12.6 GeV) 12C+

Pb. : : ‘

The following observations can‘be

made from
the measured gamma ray yields: co

1. Target nuclei (bound states) are strongly
excited. Thus, gamma rays from the low-lying
excited states are strong. The cross sections

are of the order of 100 mb.

2. Gamma rays from the low-lying states (the

second 5/2* state in 19F, the first 2+ state
in 88gr, the f%rst 5/2- state and the first
3/2" state in 407pb) are always dominant.
These low-lying states in 207pb are 88Sr are
partly (half or more) populated by gamma
cascades from the higher excited states.

3. Delayed gamma rays from the 13/2% state in
¢U/pb are prominent for the 07pb target
{spin 1/2)... This indicates considerable
excitation of high spin particle-hole states.
Such excitation is quite unlikely in inelastic
scattering of low-energy heavy ions.

Gamma rays following few-nucleon removal from
the target nuclei are well observed with cross
sections of 10 ~ 100 mb. Many bound states




Table 1. .Relative intenéities of vy rays»fbllowing relativistic carbon-induced reactions.
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Target kV) ‘Transition Reaction Iy(O.ZS GeV/n) IY(l GeV/n) Prompt or Delayed
12. 717:4:0.7 08 1%5" “1n, -1p 92 £ 19 116 + 23 Prompt
19 109.0 Yp 2 o2 on, Op 24 £ 3
19 57 1° ; )
197.0¢0.5 '%F > > on, Op 100 + 24 100 £ 31 Delayed 1, ,, = 89 ns
1981.0:1.0 80 2%»0" on, -1p 68 + 16 83 + 27  Prompt
936.5:0.5 1OF 3%»17 “1n, Op 38+ 8 42 £ 23 Prompt only ‘
936.5:0.5 18p(s*) 3tu1t ~1n, Op 16 & 5 <38 Delayed 7, ,(57) = 151 ns -
17, 1% 5" - :
869.0:0.5 01 »> -2n, -1p 30 + 8 21+12  Prompt
297.2¢0.5 10N 3752 *-1n, -2p 9 £ 2 Prompt
Doy . 88 +
(op.43 sy 1836.420.7  O%sr 270 on, Op 100 + 28 100 + 36 Prompt
898.0£0.7 . S8gr 372" On, Op 65 + 18 33 + 21 Prompt
" 1049.4+0.5  8Osr 250" ~2n, Op 18 + 12 55 + 23 Prompt
1153.0:0.5  S%sr 452" -2n, Op 36 + 18 64 + 24 - Prompt
493.00.7 SYsr 2%>0* ~4n, Op 36 + 14 <27 Prompt
207p, " 569.7:0.5  *07pp 3 o1 On, Op 100 + 18 100 + 46 Prompt only
. . ’ +
207, 13 5 1 137\ _
569.940.5 2.l oo 84 + 16 Delayed T1/2<—2-> = 0.85 s
897.3:0.7 pp > o1 On, Op 43 + 14 98 + 52 Prompt
+ + .
207, 13° 5 137 _ ¢
1063.60.7 P13 .2 on, Op 92 + 28 Delayed Tl/z(—z) - 0.85 5.
. 206 + o+
803.2%0.5 Pb .2 =0 -1n, Op 56 = 13 91 + 36 Prompt only
803.2+0.5 - “%%pb(77y 2*0"  -1n, Op 24 + 8 <52 Delayed 7, ,,(77) = 126 us -
537.5:0.5  200pp 3*.p* ~1n, Op 10 + 3 <60 Prompt only
881.020.7. 20%b(77) 4*s2*  -1n,0p 20 + 8 <60 Delayed T, ,(77) = 126 us
899.2:0.7  “O%p 250" 30, Op 16 + 15 <60 Prompt only
899.2:0.7  2%pb(a*y 2507 -3m, 0p 20 + 8 <60 Delayed T, ,,(4%) = 0.29 s
374.7:0.7  “O%pp(a’y 4%2" -3, 0p 17 + 11 Delayed T, ,(4") = 0.29 s
+ - - +
205 13" 97 5 137 _
os6.1:1.0 Ppp L3 2.5 Lo 0p 19 + 7 Delayed Tl/z(-—z>— 5 us
*Intensitiés are relative to the underlined 100. Normalizations to absolute cross sections are given in the

text.




are probably excited, and thus some particular
gamma rays (mostly for the transition from the
first excited state to the ground state) get
the largest yield by feeding from the higher
excited state.

5. The yield of gamma rays from residual nuclei

signifies that protons as well as neutrons

are likelg to be_removed from the light target
nuclei (19F and 12C). On the other hand gamma
rays from nuclei of the same Z but lower
neutron number than the target are predomi-
nantly observed with the heavier targets
nuclei (88Sr and 207pb). The 80Kkr 2 - 0*
gamma-ray cross section is less than one-
quarter of that for 86Sr for 0.25 GeV/n Cl2

on 88Sr, and less than one-half for 1.05 GeV/n.

6. Little dependence of the gamma ray yield on
the incident projectile energies is observed.

7. The total cross section for these peripheral
processes amounts to an appreciable fraction
(10 ~ 15%) of the geometrical cross section
of m(R; + Ry)Z.

The measured relative intensities for the
4,8 GeV/c 12C teflon target are 100+34, 4421 and
29+9 for the 19F 5+/2-1F/2, 180 2* > 0* and 19F
17/2+1%/2 transitions, respectively. The absolute
value for the 19F 5%/21%/2 is 41#15 mb. The val-
ues for the 4.88 GeV protons on the teflon target
are 100£8, 47+10 and 32+3 for the 19F 5*/2+1%/2,
180 2+ + 0* and 19F 1 /2+1 /2 transitions, rﬁpec—
tjvely. The absolute cross section for the *7F
57/2+1%/2 is 555 mb. It is interesting to note
that both the rela{'ve and absolute cross sections
for the 400 MeV/n ~“C and 4.88 GeV p* projectiles
are not very much diff%rent from those for the 250
MeV/n and 1.05 GeV/n 14C projectiles.

Earlier gamma-ray work with relativistic

protons+ and pionsz' on light target nuclei
(A < 60) showed that alpha-removal products are
prominent. It has been suggested that this
observation may be explained by ordinary cascade-
evaporation theory, for charged-particle
evaporation is comparable to neutron evaporation
for light elements and binding energy consider-
ations force large yields on even-even products
in the center of the valley of stability. There
is no inconsistency in our observation of only
small yields of alpha-removal products for
strontium and lead targets, since at these higher
atomic numbers neutron evaporation predominates
over charged-particle evaporation. OQur very
recent, partially analyzed results from 250 MeV/n

C ions on sulfur and clacium targets show
prominence of alpha-removal products, just as
in the cited proton and pion work. In the case
‘of our teflon targets, even if alpha-removal
products are significant, we would not expect
to observe any gamma rays, as their energies
would be beyond our range of observation.

In Fig. 5 are plotted the 2%*-0% gamma-ray
relative yields for various even-even products,
as a function of neutrons removed from the target.
Solid points are for 3 GeV and open circles,
for 12.6 GeV 12C irradiation. The points show
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an exponential fall-off of a factor of 1/e for
about four neutrons removed. If each neutron
removal requires 7-8 MeV, the éxponential
dependence implies a characteristic energy of
about 30 MeV in the monotonic fall-off of
probability of primary excitation energy.
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= |
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I ¢ 8
=
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20 r 206
10 L L 204 A L
0 2 4 b *M
NUMBER OF NEUTRONS REMOVED
Fig. 5. Relative intensities of the 2" - 0f

transitions in even Sr and Pb isotopes vs number
(m) of neutrons removed. The closed and open
c%rcles are the values for the 3 GeV and 12.6 GeV
1 C, and mass numbers are also given. The solid
lines represent the empirical expression

I(m) = exp(-m/4.3). (XBL 766-8091)
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FRAGMENTS FROM C, Al, Ag, AND U IRRADIATED BY

HIGH ENERGY PROTONS

R. G. Sextro, G. D. Westfall, A, M. Poskanzer,
and A. M. Zebelman

Using a counter telescope consisting of a
thin gas ionization AE counter and a 100 um
silicon E detector,* energy spectra and angular
distributions of fragments produced by the irradia-
tion of C, Al, Ag, and U with high energy protons
have been measured. Previous measurements of
fragments from these targets“™* were restricted,
by the lower energy cutoff of the AE detector
which ranged from 1.5 MeV/nucleon for the lighter
fragments to 2.5 MeV/nucleon for the heavier
fragments. The present results extend down to
0.6 MeV/nucleon for all fragments observed.

The measurements consisted of three sets of
experiments. The first used a 4.9 GeV proton
beam to bombard C and Al targets where energy
spectra were measured for all products at 20, 45,
90, 135, and 160°. The second set of experiments
used 2.1 GeV protons on the same targets where
measurements were made at 20, 90,and 160°. The
third experiment used a 4.9 GeV proton beam to
irradiate the Ag and U targets where energy spectra
were observed at 90° for Ag and at 20, 90, and 160°
for U.

Figure 1 shows the energy spectra of He
through C fragments at 90° from 2.1 GeV protons
on a C target. The dashed lines in this figure
are drawn to guide the eye. Using projectile -
fragmentation data,” the observed energy spectra
were extended to zero energy which allowed the
integration of the energy spectra to obtain angular
distributions and total production cross sections
for each element observed.

The energy spectra of He through Na fragments
observed at 90° from 4.9 GeV protons on Al are
shown in Fig. 2. The solid lines indicate
previous data taken with silicon detector
telescopes while the dashed lines represent the
gas telescope data. Despite the lower energy
cutoff of the gas AE counter, the peak in the
energy spectra of the higher-7Z fragments from Al
is not measured. Currently, an attempt is being
made to calculate from available projectile frag-
mentation data this low energy part of the spectra
in order to allow the integration of the energy
spectra.

In Fig. 3 energy spectra for F through Ar
fragments measured at 90° produced by 4.9 GeV
protons incident on U are shown. Note that each
successive element has been suppressed by a factor
of two. The data points are shown for Ne and Ar
to demonstrate the energy range of the gas
telescope data. Beyond these points the solid
line signifies data taken with silicon detector
telescopes. The energy spectra were fitted using
an evaporation model and parameters were derived
which were similar to those found for the lower-Z
fragments in previous works. The energy spectra
were integrated to obtain angular distributions

and total production cross sections for each
element observed.
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Fig. 1. Energy spectra at 90° for fragments from

2.1 GeV protons on C.
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Figure 4 shows the energy spectra of F through
Ar fragments produced by 4.9 GeV protons incident
on a Ag target. A preliminary attempt was made
to fit these spectra with a simple evaporation model.
However, the parameters derived were not con-
sistent with previous data on lower-Z fragments.
This discrepancy may indicate the onset of some
mechanism other than evaporation.
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COUNTER EXPERIMENTS IN THE THIN TARGET AREA AT LAMPF

G. W. Butler,* D. G. Perry,* A. M. Poskanzer,
J. B. Natowitz,+ F. Plasil,# and L. P. Remsbergs

The energy spectra of boron through
magnesium nuclides produced in the interaction
of 800 MeV protons with a uranium target have
been determined at 90° (lab) by dE/dx and time-
of-flight techniques with a silicon detector
telescope. The experiment was done in the LAMPF
Thin Target Area at a proton beam intensity of
10 pA. Fragment flight times were determined
over the 25 cm distance between the AE and E
detectors and simultaneously over the 4.3 m
distance from the target to the AE detector,
utilizing the 201 MHz (5 nsec) Linac rf pulse
as one of the timing signals. The nuclear charge
(Z) of the fragments was determined from the

dBE/dx information and the mass (A) of the fragments
was determined from both the time-of-flight and
the energy signals via the equation A = E x T2,
The time resolution over the 25 cm flight path
was 0.25 nsec (FWHM) for carbon nuclides,
corresponding to a mass resolution of 5.2%. The
time resolution over the 4.3 m flight path was
0.9 nsec (FWHM), corresgonding to a mass
resolution of 1.1% for 13C. This dramatic
improvement in mass resolution is obtained using
the information from the short flight path
measurement to determine which rf pulse the
fragment originated from, and then timing from
the rf over the long flight path.
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EVAPORATION-LIKE FRAGMENTS FROM URANIUM IRRADIATED BY
2.1 GeV/Nucleon 2C AND 2°Ne IONS

A. M. Poskanzer, A. Sandoval, R. G. Sextro,
and H. H. Gutbrod

The study of low energy fragments from
uranium irradiated by high energy protonsl :and
alpha particles? has been extended to heavier
projectiles at the Bevalac. The purpose of the
experimental program is to study nuclear matter
at high temperatures using the evaporation-like
energy spectra of the light target fragments as a
probe of highly excited nuclear matter.

The energy spectra for He through B fragments
at 90° in the lab are shown in Fig. 1 for the
Ne irradiation. The shapes of the 4He and 7Li
fragments are compared in Fig. 2 for all the

projectiles used so far. It can be seen that the
energy at the maximum, which is detérmined mainly
by the Coulomb barrier, remains fixed. However,

as the mass of the projectile increases, the
spectra become considerably broader, the flattening
on the high energy side béing indicative of the
high temperatures produced in the collision.

(See Table 1). In Fig. 3 the strong increase in
production cross section with mass of the pro-
jectile is shown for 4He fragments. For the

2.1 GeV/nucleon’ZONe ions the total 4He production
cross section is estimated to be =29 b, or an
average of seven alpha particles emitted per
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Table 1. Apparent temperatures and relative cross sections.

Projectile Temperature (MeV) Relative cross section
14 e "1 "Be
5 GeV protons 10 1
2.1 GeV/nucleon alphas 12

2.1 GeV/mucleon 2ONe 15 8 1 18
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interaction. Lower-yield fragments, like 7Be,
which are known to be produced only at high
excitation energies, show an even more dramatic
increase in relative cross section, as shown in
Table 1. N

References

1. A. M. Poskanzer, G. W. Butler and E. XK. Hyde,
Phys. Rev. C 3,882 (1971).

2. A. M. Zebelman, A. M. Poskanzer, J. D. Bowman,
R. G. Sextro and V. E. Viola, Jr., Phys. Rev. C
11, 1280 (1975).

SEARCH FOR FRAGMENT EMISSION FROM NUCLEAR SHOCK WAVES*

A. M. Poskanzer, R. G. Sextro, A. M. Zebelman,
H. H. Gutbrod, A. Sandoval, and R. Stock +

For central collisions of nuclei at

relativistic energies, recent theoretical investi-

gations have focused on the question of how large
amounts of energy and momentum are transferred
from projectile to target nucleons, and on the

early events in the evolution of hot, high-density

regions as thermal equilibrium is approached. In
particular, the formation of squirts of nuclear
matter, or of nuclear shock waves carrying large
transverse momentum and compressional energy,

has been predicted. These would be formed in
central collisions if the projectile velocity
exceeds the nuclear sound velocity which is about
0.2 ¢c. The models are in disagreement about the
angles in the lab system at which emission should
occur, some predicting a narrow peak at angles
ranging from 25° to 45° depending systematically
on the incident energy while others anticipate

a broad range of forward angles for the fragments.

Baumgardt et al.l studied the prong angular
distributions of star events produced in A%Cl
crystals irradiated with 0.87-GeV/nucleon 10
They report the observation of narrow peaking in
do/d6, with angular widths of about 20° full
width at half-maximum (FWHM).
in that experiment are due to protons less than
28 MeV and He nuclei less than 200 MeV/nucleon,
with no further discrimination with respect to
energy and isotope.

0 ions.

The prongs analyzed

We have, therefore, undertaken a study at
the Bevalac of target-fragment energy spectra
and angular distributions with a AE-E counter
telescope that would identify He fragments with
15 < E < 150 MeV/nucleon. The beams used were
2.7-GeV protons, 0.7- and 1.05-GeVY/nucleon alpha
particles, and 1.05-GeV/nucleon +Y0 ions. Targets
of natural silver and uranium, about 200 to B
300 mg/cm¢ thick, were mounted in a scattering
chamber equipped with a detector telescope
consisting of a 1-mm-thick Si transmission counter
as a AE detector, and a 5-cm-thick plastic
scintillator (Pilot B) coupled to a 2.5-cm-diam
phototube as an E detector. The telescope
subtended a solid angle of 5 msr.

‘The energy calibration of the spectra was
obtained for each kind of particle from the AE
signals in the surface barrier detector by use
of the known relation between energy loss in the
AE counter and total- kinetic energy. Due to the
excellent resolution in AE and E, it was possible
to identify the helium and lithium isotopes
produced in.the reaction. - Spectra were taken
in steps of 10° or sometimes in steps of 5°.

Spectra are shown in Fig. 1 for 3He and 4He
emission at 20° in the lab system from a U target
bombarded with several projectiles and energies.
For energies above 50 MeV/nucleon, the cross
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"sections increase by more than an order of:.
magnitude as the projectile changes from p to

4He, and from 'He to 16O. The “He spectrum
from 100 + U is remarkably flat, with cross
sections above 1 mb/MeV-sr even at 150 MeV/nucleon.

For He produced from 16O + Ag, the angular
distributions are shown in Fig. 2 for four
successive-bins of energy. ' The peak in do/dé has’
a width of about 60° FWHM; its position shifts-
from 58° in the low-energy bin to about 30° above
100 MeV/nucléon where the angular distributions -
show little further change in shape. -The same
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Fig. 2. Differential cross sections per unit

angle, do/d6, of 3He fragments emitted in various

energ{ domains between 20 and 150 MeV/nucleon

from 160 + - Ag at 1.05-GeV/nucleon incident energy.
(XBL 758-3792)

behavior is observed for all other combinations
of target, projectile, and reaction product. No
narrow peaking comparable w1th the 20° width
obsérved by Baumgardt et al.l is found.

Even though our data are not selected for
high multiplicity events we. can compare our
absolute cross section with those of Baumgardt
et al.l Their reported peak (20° wide at 40°
width do/dQ = 0.7 b/sr) camnot be hidden under
our smooth angular distributions for 160 on Ag
at 1.05.GeV/nucleon. We conclude that the events
of Baumgardt et al.l are not due to high energy
He nuclei.

Our data present evidence for the
nonevaporative emission of 3He and He Their
cross sections scale roughly with A% (A, being
the projectile mass). "At 1 GeV/nucleon, a
possible explanatlon for the production of high
energy SHe and 4He can be the final state
interactions of cascade nucleons.
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CENTRAL COLLISIONS OF RELATIVISTIC HEAVY IONS

H. H. Gutbrod, A. Sandoval, J. Gosset, W. G. Meyer,
A. M. Poskanzer, G. D. Westfall, and R. Stock*

A central collision of relativistic heavy
ions with a target nucleus is characterized by a
high multiplicity of emitted fragments. In
nuclear track detectorsl (AgCl and AgBr) star
events with many prongs have been selected and
analyzed in rough energy bins (white, grey, and
black tracks) obtaining angular distributions.
Since a full scanning with the determination of
charge, mass, and energy of the prong is nearly
impossible, conclusions drawn from this kind
of data are very gross. To obtain more infor-
mation regarding these central colligions we
have improved our experimental setup® by installing
15 plastic scintillators (tag counters) connected
to 2 in. diam photomultipliers around our
scattering chamber. A special thin Al cover was
built which served two purposes: (1) it increased
the chamber volume by 80% so that large volume
detector systems can be installed. (2) It
serves as a thin (3/8 in.) absorber so that

/ Tag counter
Photomultiplier on

/plus’ric scintillator

1/8 inch
3/8 inch aluminy

cover .
o
Beam - /F
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Multiplicity detector
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AE-E telescope
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Fig. 1.
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Fig. 3. Multiplicity distributions for the systems
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the tag counters do not measure the target-
evaporation products. Furthermore, the tag
counters did not subtend the angle from 0° to

15° in order to avoid any events due to break

up of the projectile in a peripheral collision.
The AE-E detector described in Ref. 2 was used as




Table 1.

9 7

Average multiplicity of particles (outside the

chamber dome) with E>45 MeV/nucleon for p, d, t, and
E>20 MeV for pions associated to the reaction products -

detected in the telescope.

Q was determined from the

angular distributions of protons with 45‘<Ep<300 MeV.

corr
1+ —

Particle 3 4

Reaction D T He  'He
MeV/Nucleon

250 10.5 11 12 12 12

200 + g 400 17 18 18 19

2100 ~63 ~68 ~66 ~T77 ~74

One + A1 2100 26 27 28 27
e + U 400 3.3 3.3 3.2 3.2 2.9

a monitor and a new silicon-scintillator telescope
was built consisting of a 2 mm Si detgctor AE
counter with an active area of 300 mm¢ followed
by a 10 cm conically shaped plastic scintillator
with a 2 in. phototube. A particle detected in
this telescope opened a 30-nsec gate in the 16-fold
discriminator and coincidence latch of the 15

tag counters. Therefore, a particle detected

in the telescope was 1dent1f1ed by A, Z, E, 6 and
the relative multiplicity of the star it belonged
to, as well as by the information on which tag
counters had fired. ' Thus, a rough spatial dis-
tribution of the mu1t1p11c1ty events could be
detected.

Figure 1 shows the exgerlmental layout.
With this setup we studied 20Ne induced reactions
on U at 250, 400 and 2100 MeV/nucleon and on Al

at 2100 MeV/nucleon, and 4He induced reactions

on U at 400 MeV/nucleon. Hydrogen and helium
fragments could be measured up to an energy of

260 and 300 MeV/nucleon respectively, and isotopic
separation was obtained in hydrogen up to

100 MeV/nucleon and in helium up to 130 MeV/nucleon.

Figure 2 shows a comparison of some spectra.
Figure 3 shows the.difference in the multiplicity
distribution for different target- prOJectlle

combinations at various energies. The single
particle inclusive spectra of d, t, SHe and 4He
could be related to the measured proton spectra
using the Butler-Pearson formalism for final state
interaction between cascade nucleons, as modified
by Schwarzschild and Zupancic.® The final state
interaction as a mechanism for the production

of the complex fragments is furthermore suggested
by the observation that the complex fragments

are associated with a higher average multiplicity
than that associated with protons (Table 1).
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FINAL STATE INTERACTIONS IN RELATIVISTIC HEAVY-ION REACTIONS

P. J. Johansen, J. Gosset, H. H. Gutbrod, W. G. Meyer,
A. M. Poskanzer, A. Sandoval and G. D. Westfall

Experiments recently performed at the Bevalac -

by H. Gutbrod et al.l have been the’ study of this
project. The projectiles were
leon, 400 MeV/nucleon and 2.1 GeV/nucleon, and e
at 400 MeV/nucleon. The target was in all cases
U. From these experiments we have a series of

. - fragments, p, d, t,
Ne at 250 MeV/nuc-

double differential cross sections of the lighter
3He and 4He in an energy range
from 15 MeV/nucleon to 100 MeV/nucleon.

To explain these sgectra; a theory by S. T.
Butler and C. A. Pearson’ has been applied. The
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theory was originally used to describe the deuteron
production in 25-GeV p on U reactions as a final
state interaction. Here, the idea is to describe
the spectra of the emitted composite particles, such
as d, t, 3He, He, in the relativistic heavy ion
reactions on the basis of the momentum distribution
of the cascade nucleons. These nucleons can react
with each other to form composite fragments with the
surrounding nuclear matter acting as catalyst. In
the phenomenological model this is described by
assuming, that particles closer together in momentum
space than a certain distance py will stick together
and form heavier fragments.

A. Schwarzschild and €. Zupan&id3»4 simplified
the model of Butler and Pearson, and for the

relativistic case we get:

d*n o = L d%n “a%n 4r 3 N-1
Z NI 2 Z 3 P
p~dpdQ p dpd? \ p dpdQ
ey

N is the mass number of the fragment, ps the radius
in momentum_space needed for the fragment to co-
alesce,dZp?dpdn is the number of shower particles
per event per volume element in momentum space, dZn
N /pzdpdﬂ is the number of composite particles
per event per volume element in momentum space,
and v is the Lorentz factor for a nucleon of
momentum p.
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To test this theory, fits have been made for
the different fragments. Input in this model is the
experimentally determined distribution of protons.
Since the total cross section for cascade particle
production has not been measured, Eq. (1) has been
rewritten in terms of the proton cross section.
Neglecting the difference of Opp VS Opp, We get:

dol,y) . (dPalpron VY K(x,y)
dEdQ dEdR [m\/ﬁfﬁjjzﬁj]x+y—l
(2)
471135 Xyl A Y
Koy =\ 35 Tyl \ 7w
o ly! ot
Table 1. Radius po (MeV/c) of the momentum sphere

for coalescence.

3

po@ @ p CHe)  p (‘He)

MeV/c) Mev/c) MeV/c) MeV/c)
20Ne on
2383

129 129 129 142

400 Mev/
nucleon

X being the number of protons and Y the number of
neutrons in the composite particle.

So far we have been able to show, that the
production of d, t,3He and “He in these reactions
can be explained within a factor of 2 in the frame-
work of A, Schwarzschild et al. 3,4 (Fig. 1).

The value of py (Table 1) is very sensitive
to the value of Ogeq [see Bq. (2)]. Our estimate
comes around 130 MeV/c as compared to 100 MeV/c of
Ref. 2, and 400 MeV/c of Ref. 3.

In continuation of this project more work is
in progress to examine the possibility of describ-
ing also the heavier fragments like the Li and Be
isotopes by this mechanism, and to introduce a
simple model to describe the energy and angular de-
pendence of the shower particles.
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D. MESONIC ATOMS AND ATOMIC PHYSICS

MESONIC ATOMS

Clyde Wiegand, Garry Godfrey and Gary Lum

Z-Dependence of Kaonic X-Ray Intensities

We completed a survey of the intensities of
x rays emitted when negative kaons were stopped in
91 targets ranging from Z=2 through Z=92.1 Some
of the targets were pure isotopes and some were
compounds. Included were x rays from kaonic atoms
and X" hyperonic atoms. Xaonic x-ray intensities
for low principal quantum number, n, transitions
varied from 0.1 to 0.5 x rays/Ket D and showed a
remarkable dependence on Z (see Fig. 1). Peaks
occurred near elements with closed electron shells.
There is no satisfactory explanation of this Z
dependence. A calculation of the kaons' cascade
into the nuclei was made in an attempt to reproduce
the measured intensities. Initial kaon distributions
at n= 30 proportional to (22+1) out to certain fp,y
were used to begin the cascade. No kaons were
assumed to be in angular momentum states higher than
the assigned fpay. Values of %, were changed with
Z to fit the measured intensities. This scheme of
arbitrarily truncated distributions reasonably
reproduced the An = -1 transition but gave An = -2
intensities high by a factor of two. It was
suggested that 5,5 might be related to an impact
parameter with a lever arm equal to one-half the
distance between atoms, but this scheme was umsat-
isfactory.

Absence of Kaon Decay

There was a remote possibility that certain
electronic configurations could result in metastable
orbital states for kaons due to suppression of Auger
emission. If the cascade got '"hung up'', kaons could
decay with their natural meanlife of 1.24x 1078 sec.
During some of the x-ray measurements we searched
for muons from X~ > u~ +_v and established an upper
limit of 0.05 per Kggn-~ Therefore, stopped kaons
disappeared in nuclear reactions as had always been
assumed.

Effect of Hydrides

We found that oxygen in a Hj0 target and C in
a target of CH (polyvinyltoluene) emitted markedly
fewer kaonic x rays than oxygen or carbon alone,
although it is known that only abouE 3% of the
kaons interacted with free protons.” Several other
hydrides have been tested to show that the presence
. of hydride bonds reduced the x-ray intensities. The
-mechanism that influences mesonic cascades in the
presence of hydride bonds is probably related to
the one that controls cascades in elements.

Loss of x-ray intensities from low n transi-
tions is apparently caused by mesons being captured
into predominantly low £ states where they react
with nuclei at high n levels. Or, atomic capture
starts with statistical distributions that shift
toward low % states due to Stark mixing or some
other effect induced by electric fields of partic-
ular electronic configurations.

Observation of Dynamic E2 Mixing Via Kaonic
X-Ray Intensities

A nuclear resonance effect was observed
etwegn a kaonic atom and a nuclear transition in
BMo. S Our intensity measurements gave 98Mo (n=6+5)/

92Mo (n=6+5) = 0.16+ 0.16 instead of the no-mixing
value of 1. Dynamic E2 mixjng caused kaons to be
strongly absorbed from the “°Mo atomic state n=6,
=5, in agreement with theoretical predictions.
The effect occurs when the energy of a nuclear
excited state nearlg equals a kaonic atom de-exci-
tation energy. In 98Mo mixing of the |kaon n=6,
2=5 |nucleus 0% ground state) with the |kaon n=4,
%= 73 |nucleus 2% excited> is expected to cause kaons
to be strongly ahsorbed from the new n=6, 2=5
eigenstate. In “°Mo the first nuclear excited
states lies at 787.4 keV and the kaonic atom
transition n = 6+4 is 798.2 keV. As a

control we compared 98Mo with 92Mo whose first
nuclear excited state lies at 1540 keV. Figure 2
shows portions of the x-ray spectra where the
intensities are equal for the undisturbed n=7-+6
transitions. e n=6>5 line is present in ““Mo
and absent in “°Mo. Studies of E2 mixing, which is
due to the quadrupole moment of the excited nuclear
state, could lead to information on states not
directly accessible in kaonic atoms. In our case,
the kaonic n=4, £=3 state.

Anisotropy of X-Ray Angular Distributions

There is a possibility that the distribution i
of x rays emitted by mesonic atoms is not isotropicﬂ
Anisotropy relative to the direction of the imping-
ing beam could occur if the momenta of the mesons
were sufficiently large at the instant of atomic
capture. The axes of rotation of the mesonic atoms
would be confined to a plane perpendicular to the
beam direction. It was shown that theoretically
the orientations should be preserved during Auger
and dipole x-ray emission. Existence of an aniso-
tropy would give valuabie information on the mech-




Intensities in x-rays per stopped kaon

OO0 o U450 49 959

213
0 IO 20 30 4O 50 60 70 80 90 r ' /l, . r T
06/ ,n 10~-9 © - "
0.4} } 4
92
~ Mo ©
i i
- -
120 .
80F .
>
b
h'd 40 | -
ot WMKAM
O Q= 1 1 /1, [ 1 i
™~
n T T T /L T T T
},_
Z -
- 98M
O ©
U -
L ’L wbwﬂmm
160 |80 270 290
0.6 ] ENERGY (KEV)
- 3 : K,n=5 ~4 | '
0.4+
% Portlons of the kaonic x-ray spectra of
| J 98Mo showing the attenuation of the
0.2
1 4 | n _6+5 11ne in ““Mo due to dynamic EZ mixing of
0 : , , , a nuclear and an atomic state. (XBL 7512-9940)
0.6
K,n=4—+3
0.4 f
0.2} 1 \‘\
0 — : + + t +
| K,n=3-+2
0.4r 1 Fig. 1. Intensity versus Z of observed principal
- : ( n = -1) kaonic x-ray lines. Filled in and open
0.2+ , 1 points apply to experiments made at different times.
M ] The smooth curve shows intensities calculated by a
I R T SR S T SR R cascade program. (XBL 752-2417)

0]
O 10 20 30 40 50 &0 70 80 90
: Atomic ngmber, VA :



214

anism of formation of mesonic atoms. In a recent
experiment we measured the distributions of x rays
from pionic argon. Analysis of the results

shows intensities in the beam direction and
perpendicular to the beam direction to be equal
within a few percent where the maximum effect
could have been 50%.
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MULTIPLE SCATTERING AND ENERGY LOSS STRAGGLING
OF HEAVY IONS

B. G. Harvey and J. Mahoney

The performance of instruments for the identi-
fication of heavy ions is often limited by multiple
scattering and the energy loss straggling. For
example, the resolution of angular measurement made
by double position measurements in a spectrometer
focal plane detector can be limited by heavy ion
multiple scattering in the gas space between two
position-counter planes. The determination of
atomic number Z depends upon the measurement of
energy loss dE/dx, and in a well-designed instrument
the dE/dx resolution should be almost entirely fixed
by the energy loss straggling. Instrument and
experiment design, therefore, require the accurate
calculation of heavy ion multiple scattering and
energy loss straggling.

Multiple Scattering

The theory of multiple scatteringl,Z2 and the
tables of Sigmund and WinterbonZ are in good agree-
ment with recent experimental work.5>% The Rochester
measurements,” however, appear to give RMS multiple
scattering angles that are too large by a factor of
2 or 3. We have compared multiple scattering angles
eléz (HWHM) extracted from the Sigmund and Winterbon
tables with values calculated from the old formula.

3,922 x 10"8¢ 7, (2.+1)Z°

) 1E*1)2,
0., = 0.585
1/2 T
1
( 211.9 t Z)+1 ) 1/2
x In . rad
21273+-222/3 A7

where 671/7 is the half width at half maximum, A;
and Zj refer to the scattering medium, Z; to the
heavy_ion, t is the thickness of the scatterer in
ug/cm®, and E is the heavy ion energy in MeV. The
empirical factor 0.585 brings the formula into
agreement with Sigmmd and Winterbon to within

10% over a very wide range of parameter values
provided that t is greater than 20 pg/cm”. Contrary
to the findings of the Rochester group, agreement
with experiment is obtained even down to 1 MeV/A
when Z, is used rather than the effective charge

of the heavy ion.

Energy Loss Straggling

In contrast, the theory of energy loss strag-
gling still needs improvement. Moreover, experimen-
tal measurements in thin foils require a uniformity
of thickness on a microscopic scale that is very
difficult to obtain.’ At low velocities, electron
pick-up and loss contributes markedly to the energy
loss straggling.

For the purpose of predicting the dE/dx strag-
gling that will be obtained in a gas-filled propor-
tional counter or ion chamber, we find that the
simple equation

SE = Kzz\/ET keV FWHM

is very useful. However, K is energy dependent.
For 190 in propane it varies from 1.13 (80 MeV) to
0.95 (300 MeV), the drop being perhaps due to the
lesser importance of electron pick-up and loss at
the higher ion velocity. In Ar-7%CH,, the value
of X 1is also about 1.
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MEASUREMENT OF ATOMIC CHARGE EXCHANGE CROSS
SECTIONS FOR HIGH ENERGY HEAVY IONS

Fred Bieser,* Bruce Cork,Hank Crawford, Douglas Greiner,
Harry Heckman, Peter Lindstrom, Grant Raisbeck,+ and Lance Wilson

The effective charge of an ion passing through
matter is not a constant. The ion is continually
picking up electrons from the medium, storing them
in its vacant orbitals, and then losing them again
in subsequent collisions. The rate at which this
happens depends on the ion's nuclear charge Zy, its
velocity By, and the electron distribution in the
medium, which is characterized by the nuclear charge
of the medium Z,. At low ion velocities, By < Zja,
the number of electrons localized on the ion, an
hence its effective charge Z*, is a rapidly varying
function of Br. At very high velocities, By >>Zja,
the ion spends most of its time fully stripped o%
electrons, occasionally attaching a single electron
and losing it again before it has a chance to
attach another. We are using the high velocity
(R~ 0.65 to 0.95), fully stripped ion beams of the
Bevalac to investigate the rate at which single
electron attachment and loss occurs for heavy ions
(6 < Z1 < 26) as they pass through various solid
and gaseous targets (4 < Z, < 79). We present here
some results for Ne ions incident at 250 MeV/nucleon
and 2.1 GeV/nucleon on various thick solid targets.

The experiment was originally motivated by an
astrophysical problem concerning the propagation of
cosmic rays_which can only decay by capturing a
K-electron.! By measuring the relative abundance
of these K-capture isotopes in the cosmic rays, as
a function of energy, and measuring the single
electron attachment and loss cross sections for
them, we will have another way to probe the envir-
onment in which the cosmic rays travel.

The problem of the effective charge of ions
passing through matter at low velocities [B < .15,
(10 MeV/nucleon] has been investigated by many
experimenters. Based zn data for alpha particles
and ions as heavy as 8%Kr at low B1, a theoretical
framework describing the attachment and loss process
has evolved. This theory is most easily understood
and applied to single electﬁon systems; however,
since even light ions like UAr have more than one
electron attached, on the average, at 10 MeV/nucleon,
data to test the theories in their simple 1 e form
has not been available before this experiment. By
measuring the electron attachment and loss cross
sections, o, and oy, as a function of By, Iy, Iy
we will provide input for the cosmic ray propagation
calculation and be able to test atomic-charge-
exchange theories on simple systems at energies
not previously investigated.

The experiment is performed in Bevalac Beam
33, using the spectrometer, by passing a beam of

fully stripped ions, Z*=Zy, first through a target
(gas or solid), then through a magnetic field and
into a charge-measuring solid state detector tele-
scope (four Si(Li) detectors in a row). The angle
through which the ion is deflected by the magnetic
field depends on the momentum and effective charge
of the ion. By placing a detector telescope at the
angle corresponding to Z¥=Z77-1 and a secondary
emission monitor at the angle for Z*=Zy we are
able to count the number of ions emerging from the
target with an electron attached N(Zt - 1), and the
number which emerge fully stripped, &(ZI).

The ratio N(Z-1)/N(Z) depends on the attach-
ment and loss cross sections and on the target
thickness, such that —o. N.X

NEZ-1/N(Z) = oy /op (1 - e LT

where Ny = mumber of target atoms/cm3 and X = target
thickness (cm). For thick targets, X>>-1/NT0L, the
ratio is independent of X and represents

a dynamic equilibrium between attachment and loss
processes. We can calculate op assuming that
electrons are lost in collisions with target
electrons and nuclei in which the energy transfer
exceeds the attached electrons binding energy, and
that By >> By, the velocity of glectrons in the

medium. Thus, following Bohr,# we find per target
atom,
: Tt o2
'OL = 4'nao ——i—z———(—g—
I I

where a, = Bohr radius. For 20Ne traversing 27p1
at By v 0.95, we expect to find that an equilibrium
will be reached in targets thicker than 1 mg/cm®.
As we go to higher Z,, however, B, ~v aZy is no
longer small with respect to By and our simple
formula for oy, is no longer valid. The loss cross
section should decrease because low energy transfer
collisions will become a larger fraction of the

e - e interactions. Thus, at Z;=80 we would
expect the thickness in which equilibrium is
reached to be greater than 300 ug/cmZ.

There are two distinct processes that can
lead to electron attachment: nonradiative (dominat-
ing at low energies) and radiative. The nonradiative
process is a three-body process involving the trans-
fer of the electron from the target nucleus to the
incident ion. Because little work exists on the
relativistic problem, for comparison with experiment
we have used the nonrelativistic calculation of



216

Brinkman and Kramers® for a hydrogenic medium. 10 , T T 11 T 110
After making corrections for attachment into higher
states, and the screening of the nuclear charge,

we find the formula (per target atom) becomes, s ¢ 250 MeV/ nuc 5

0 21 GeV/nuc
B 2 .18 S ~ 5 8 )
Orad = 1.202 rK(ﬂao 27°/5) ZI (ZM sl) [
2 24-5 2 24-5
x [s™+ (ZI+ZM-51) ] [s™+ (ZI—Zm+sl) ]

where s = u'l-\/Z(Y -1) , a, is the Bohr radius, o
rg is the number of K shell electrons in the medium
and sy is the K-shell screening constant (0 for £05 ~ -los
hydrogen; 0.3 otherwise). 3
5]
£

As the inverse to photoionization, the radia-
tive attachment process is a two body process in W
which a "free" electron becomes bound to a nucleus o N
and simultaneously emits a photon in order to N
conserve energy. In this context, the word free N
means that the orbital velocities of electrons in . o Ol
the medium are negligible when compared to the
incident ion's velocity. We have used the principle
of detailed balance, the relativistic photoioniza- '05' ‘1 7’ I(') |l3 2|8 ?|3 IO-85
tion formula of Pratt et al.4 and corrected for
attachments into higher states to obtain the follow- 7 medium
ing radiative attachment formula per atom

2 . 1y .
_ 5 4 T Fig. 1. Calculated equilibrium ratios N(Z1-1)/
= (1.202) 3/2 ZI Zmo‘ R R o N(Z1) relative to the ratio in Be target vs nuclear

o
2 2.4
(T+M )= M C charge of target medium. (XBL 766-8269)

rad -

2

Mc™5 '
X[ T ] (81> [4/3+%—%l 100 I I T r—]'000

50| Calculated ratios at
. 1 1+8 ’ ' 250 MeV/nuc for
X1l - — n (5 £ Z
( zgyz n (1'5))] cor 7178) radiative P
and non radiative o - ¢ o

—500

where o is the Thompson cross section, M, is an processes
atomic mass unit, T 1is the kinetic energy per
nucleon, and f.,.. is the correction function of
Ref. 3.

Note that for large y, theory predicts
5 ~ 70 Y-6
n-rad m
target there should exist an energy above which
radiative attachment dominates. Thus, by varying
the target materials and ion energies, we can test
for a change in the relative importance of the two

processes. .

-1
and Orad v Zm Y © so that for each

Ol

[RE(medium)/ RE(Be)} rad
[Re (medium) /Rg (Be)] 44

In June 1975 we made preliminary measurements
of the thick target eq%librium ratio, Rg = N(Z1-1)/
N(Z1) = opfoy, for Ne*tU ions traversing targets of
Be, Mylar,‘-A%, Ni, and Ta. In Fig. 1 we show the
equilibrium ratios for all targets relative to the
equilibrium ratio for the Be target, RE(Z,)/RE(4), ol L L | o
plotted against Zj calculated according to the I 7 1013 28 73 100
theoretical formulae presented above. In Fig. 2 . '
we show the same ratios calculated for the cases Z medium
of only nonradiative attachment process and only
radiative attachment process at 250 MeV/nucleon. Fig. 2. Calculated equilibrium ratios relative to
Our preliminary data show that we have clearly seen the ratio in Be assuming attachment occurs by either
a contribution from the radiative attachment of nonradiative process (right hand scale) or radiative
electrons. : , process (left hand scale) only. (XBL 766-8270)
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There are discrepancies between the theoreti-
cal calculations and the measured data. We are
presently exploring a relativistically correct
theoretical description based on the two processes
mentioned earlier which we hope will more reasonably
describe the measured data. We are continuing the
experimental investigation in summer 1976 to measure
both Rp and op (and hence o7) for C and Ar beams at
250 Mes/nucleon and 2.1 GeV/nucleon as well as for
Ne at 500 MeV/nucleon and 1 GeV/nucleon.
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ATOMIC K-VACANCY PRODUCTION WITH 3 GeV CARBON IONS

R. Anholt,* J. loannou-Yannou, H. Bowman, E. Rauscher,
S. Nagamiya, J. O. Rasmussen, T. Shibata,++ H. Ejiri +

K-vacancy production by relativistic heavy
charged particles is a completely unexplored field.
Measurements with relativistic protonsl,< indicated
that an additional term must be added to the cross
section given by the Plane Wave Born3 (PWBA) and
Binary Encounter? (BEA) Approximations. These
theories only account for the interaction between
the static Coulomb fields of the projectile and
electron. This contribution is called longitudinal
excitation because the interaction exerts a force
parallel to the momentum transfer. At relativistic
energies, the current-current interaction between
the two particles is also_important and gives rise
to transverse excitation.® For projectile energies
greater than approximately 2 GeV/amu (v constant

=~ ¢), the PWBA and BEA cross sections no longer
change with projectile energy. The transverse
contrlbutlon, however, causes the total cross
section to rise as the In v4+ C where vy = [1- 82] A
B=vyi/c, and C is a constant.

The experimental procedure was identical to
the procedure described in Ref. 2.

The measured cross sections are compared with
various theories in Fig. 1. The BEA and PWBA cross
sections were obtained from universal curves given
by Garcia et al.” and Basbas et al.® The reduced
ion velocity was taken as Bc/vg where vy = (2Ug/m)
and Uy is the X binding energy.

Two relat1v1st1c modifications to these
theories should be made. For large v /VK, the PWBA
and BEA cross sections approach (but never equal)
the integrated Rutherford cross section (op) for
scattering an initially stationary electron with
an energy transfer e =>Uy. For relativistic heavy
ions og should approach the integrated McKinley-
Feshbach cross section (oyp) for relativistic
electrons on nuclei.

The second relativistic correction factor
comes from the inclusion of the transverse term.

103 | ] T T T T
——= PWBA
— BEA
Ny —-~— Corr BEA
\ I Corr PWBA
104 ‘
b
10°
102
] i ] i | 1 ]
20 30 40 50 60 70 8 90
Z, '
Fig. 1. K-vacancy production cross sections versus

target atomic number. Comparison is made with the
PWBA and BEA theories and relativistically corrected
PWBA and BEA theories. (XBL 761-449)

We have evaluated this contribution using the PWBA
dipole approximation which is only valid when

2 Vl/V >> 1. In these cases 2 Vl/VK lies between
1.67and 10.

The measured cross sections generally lie
lower than the predictions of the PWBA, BEA, and
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relativistically corrected theories. For lower
atomic numbers, the BEA theory works best; for
higher atomic number, all theories fail. The first
relativistic correction becomes important at higher
atomic numbers, lowering the cross sections, bring-
ing them closer to experiment. The additive trans-
verse contribution is not very important at these
velocities.

We have considered whether the polarization,’
binding,® and charge-exchange effects might account
for the discrepancy between experiment and theory.
For 2vy/vg > 1, the polarization effect is expected
to be more important than the binding correction
and should give a positive contribution to the X-
vacancy cross section. We evaluated the polarization
contribution and found it adds only 2, 4, and 12%,
respectively, for the Ni, Ag, and Pb targets. There
are also negative contributions from the binding
effect, so the net polarization plus binding
correction is liable to be smaller than these
factors. Charge-exchange contributions are expected
to give a positive contribution to oy also.

Thus, while the measured cross sections
clearly lie lower than the predictions of the first
order PWBA and BEA theories, the polarization and
charge exchange contributions to these cross sections
appear to be negligible and, in any case, in the
wrong direction to explain the discrepancy.
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K VACANCY PRODUCTION BY 4.88 GeV PROTONS"

R. Anholt,t 8. Nagamiya, H. Bowman, J. loannou-Yannou
E. Rauscher, and J. O. Rasmussen

K-vacancy production cross sections were
measured at the Berkeley Bevatron for 4.88 GeV
proton bombardments of Ni, Zr, Mo, Ag, Tb, Ta, Pt,
Au, Pb, and U. These cross sections were compared
with the Binary Encounterl (BEA) and Plane Wave
Born Approximations4 (PWBA) and were found to lie
higher than theory by a factor of 1.2 to 2.5.

The BEA and PWBA calculations account only
for the interaction between the static Coulomb
fields of the projectile and target electron. At
relativistic energies, the interaction between the
currents of the two particles is also 1mportant,
since the projectile current has 8 = vy/c =
The matrix element for this 1nteract10n is glven by

Z e2

1 ->
5 f dk =
27 S

? - @0’

5> A > >
cAexp(ikeT.)|0>
7% j

ey

where Z1 is the projectile atomic number, o and o;
are Dirac m§trices gperating on projectile wave-
functions |p> and [P'> and electronic wavefunctions

In> and |0> respectively, and E, = Ej - Ep. We
express |p> and [P'> as plane waves and follow1ng
Fano”, Eq. (1) is reduced and the cross section is
obtained from

24 o > > 2
4nZle 18, + G_(a)]|"adq
do = —2 LS (2)
,VZ ( 2 EZ/CZ)Z
1 g a ho
- - > > A >
where qp = E /Vl, B = 8- (B*q)q, and Gn(q) =

2<n|a exp(ig- r)|0> No interference between the
J longitudinal excitation amplitude (interaction
between the static Coulomb fields) and the trans-
verse amplitude (interaction between the currents)
is present. It is seen that G,(q) is nothing more
than the fully retarded dipole velocity matrix
element for photoelectric absorption. Following
Merzbacher,“ we use nonrelativistic one electron
continuum and 1s wavefumctions to calculate G,(q).
The cross section is integrated over continuum
energies (excitation to bound states is neglected).

The cross section is unimportant at nonrela-
tivistic projectile velocities. For relativistic
projectiles, it rises as fny“ withy = (1-8 )fl 2
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For reduced velocities vq/vg = Bc/vg >> 1, it is
given by.) making the dlpo}e approxma ion 25,2
(exp(ig*T) = 1): og = 1.06 - 104 z /ZZ(Q,n(YZ)—B )/B
barns.

Figure 1 compares theory with experiment.
The transverse term does not quite bring theory

3 T T T T T T T

2 —

| - —
A PWBA
e PWBA+ CURRENTS

O ] ] 1 | L 1 1

20 40 60 80 100
Z2
Fig. 1. Ratios of experimental to theoretically

calculated cross sections. (XBL 766-8223)
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