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ABSTRACT

The mechaniams involved in the production of fast a -

particles in 12c induced reactions have been investigated

12c 4 208

for the Pb syctem at bombarding energies of r.(nc)

= 132, 187 and 230 MeV. Aabsolute cross sections have been

ZOBPb ( 12c, e

20

Be (g.8.)).,

12c% o +

determined for the reactions

20 8 8

8eb( 12c, %ne (2.94 Mev)) ana 2%%pp( 1%, Be)
by double and triple coincidence measurements of the
sequential decay c=-particies. Irclusive a-particle
production cross sections were alsc measured at 2(12C)- 187
MeV for comparison. It is found that the simple inelastic

lzc“ - a + aBe). does not

scattering process ( 12(:.
contribute significantly to the production of fast a-
particles but that the production of aBe nuclei by projectle
fragmentation is an important source of a-particles. At

the highest bombarding energy investigated (19 MeV/A) it



12c + 3a fragmentation reaction becomes

12C - Qa + sae

appears that the
more prominent at the expense of the
fragmentation channel. Although qualitatively these results
are not in disagreement with the incomplete fusion model
predictions of Wilczynski it is concluded thet projectile
spectroscopic properties and/or final state interactions are
important in fragmentation reactions for these bombarding
energies.

In a kinenmatically complete experiment the direct and
the sequential breakup channels of 10 MeV/A 7L1 projectiles

lzc and 2°an targets. By

have been investigated with
appropriate arrangement of detector telescopes it was
possible to define a kinematical window which allowed for
the unambigious observation of both the direct (to the a-t
continuum) and the sequential components of a heavy-~ion
projectile breakup reaction. A semiclassical Monte Carlo
type projectile breakup calculation was constructed which
qQualitatively reproduced the measured a-t coincidence cross

secton as a function of the laboratory angle.
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I. INTRODUCTION

A prominent feature of reactions involving very
asymmetric heavy-ion systems at bombarding energies of .8-20
MeV/nucleon is the copious production of ncncompound a-
particles with mean velocities close to that of the
projectile. 1In addition, inclusive energy spectra of
projectile-like products in light heavy-ion {(6< A < 20)
induced reactions at similar energies show a dominant, broad
peak centered near energies corresponding to the beam
velocity. Por comparison light-ion (A< 4) induced reactions
over a bombarding energy range of 20-40 MeV/nucleon also
display in the inclusive spectra a characteristic broad
maximum near beam velocity. Indeed, as early as 1947 Serber
(Sed47) proposed & simple model to explain the production of
fast neutrons observed from deuteron induced reactions.

Inclusive measurements of light-ion induced reactions
have been extensively analyzed (Sed7, Ma78, Wu78, Bu78,
Wu79a, Wu79b, Bo80). 1t is found that a fairly larzge
fraction of the total reaction cross sectien goes into the
production of the lighter, fast products. Interpretotions
of the inclusive energy spectra and the light preduct
cngular distributions have involved projectilce broakup
nechanisms. Serber model type calculsatiocns (278, (w78,
{lu79a, Wu79b) qualitatively zeproduced the imcluscive dako
cuggesting that the light-icn breakup precoss eceurs within

the peripheral region of the torget auvclews and thot the



observed energy spectra are a reflection of the internal
momentum distribution of the fragments in their initial
bound stata. Distorted-vave Born approximation (DWBA)
calculations (Bu78, Ba80a, £h80) were also performed ani
were found to be in reasonable agreement with the data.
Coincidence (exclusive) measurements (Bu79, Xo79, MaBO,
AaBl) supported the projectile breakup picture.

For these light-ion induced reactions the following
processes were found: i) sequential breakup (for an a-
particle projectile! where the interaction between the
target and the projectile causes an inelastic scattering
transition, creating an excited o-particle, G.o which
subseguently decays by particle emission; ii) "quasielastic”
or “quasifree” breakup where the projectile, viewed as
composed of a participant fragment and a spectator fragment,
interacts with the target nucleus to produce & fragmented
projectile while leaving the target in the ground state;
iii) inelastic breakup whereby the participant fragment of
ii) interacts inelastically with the target nucleus (i.e.,
the target is excited) and iv) breakup followed by
absorption of a portion of the projectile by the target
nucleus with the remaining spsctator fragment escaping with
nearly its initial momentum. Purthermore, it was concluded
that the quasielastic breakup and the sequential breakup
processes accounted for only a small percentuge of the

inclusive cross sections (Bu?78, Bu79, Ko79, Ha80). Rother,



inelastic breakup and breakup with absorption, taken
together, reprasent the dominant processes. Finally, DWBA
calculations (Bu78, Bu79) indicated thac the inelastic
breakup process of the a-particlc is about o factor of four
stronger than the elastic process.

The light-ion projectile fragmentation investigations
outlined above serve %o indicate of the current interest in
understanding the mechanisas involved in these processes and
also i{llustrate clearly the motivation for studying the
breakup of both light and heavy projectiles. Information
concerning internal momentum distributions, projectile and
target spectroscopic properties, scattering and transition
amplitudes, clustering probability, absorption cross
sections, limiting angular momenta, final state interactions
and so on can be gieaned from careful studies of projectile
breakup and/or fast-particle producing reactions. It was in
this spirit, in part, that the present work was initiated.

The experimental and theoretical situation in heavy-ion
breakup studies over bombarding snergies of .8-20
MeV/nucleon is not as well defined as in the light-ien
fragmentation work. Although the observation of fast o-
particle production and the suggestion of the invoilvement of
& projectile breakup mechanism was made as early as 1961 by
Britt and Quinton (Br6l), only recently has emphasis been
focused upon understanding the origin of such particles. As

will be discussed in section IIA there are st present &



considerable number of conflicting resuits, ambiguous
measurements snd possibly incorrect analyses (which confound
a difficult situation further). This, in part, is due to
the larger number of particips~ing projectile nucleons (6 <
A £ 29). 1In principle, however, there should exist some
sinilarities between the processes involved in the
diasociation of the deuteron, helium-3 and the a-particle
and the more massive (6 < A < 20) projectiles. Indeed there
is evidence (to be briefly discussed in the next section)
that massive absorption processes, sequential ducay
processes and quasielastic fragmentation processes occur in
light heavy-ion induced reactions. However, & determination
of the rclative strengths of these processes rejuires much
further investigation.

In order to define more accurately the relative
importance of different reaction processes, involving light

heavy-ions, the dissociation of 12c and 7L£ projectiles has

been investigated. A set of experiments utilizing a 12,
beam focused on i) determining whether the seguentizl
breakup channel, 12c’ - a + Ble was an important source of
fast alpha particies; (ii) determining the Bne production
cross section and its possible influence on the fast a-
particle yield; and i1ii) extending and complementing the
previous studies involving 12c and 1‘0 projectiles (Brél,
K074, Wi79a, Wi79b, Wi79c) in the interesting energy range

of .10~-20 MeV/nuclecn. Section C of chapter II presents



background saterial which places the work presented in

section 2 of chapter IV in a Proper perspective. In

126 induced studies, a kinematically

7&1 beam was performed searching

addition to these
complete experiment with a
for 4irect projectils breakup. Althsagh at the higher
bonbarding snergies (> 3¢ ieV/nucleon) it is commonly
assumed that projectile fragementation occurs there is little
conclusive experimental evidence, in terms of a
kinematically complete experiment, which demonstrates that
the process of direct (non-sequential) projectile breakup
occurs, especially in the "transition region® of 10-20
MeV/nucleon where the fragmentation process is expected to
become prominent. The 7&1 projectile is particularly
suitable for observing, under proper kinematical conditions,
direct breakup. Section B of chapter IV presents the

120 ana Tpi & 208py

results for the interaction of the 7L1 +
systems at !(7L1)- 70 MeV.

All coincidence data presented were collected with a
vertically arranged counter system which was similar in
configuration to that previously employed in the detection
of uqbound reaction products (Ja76a, Ja76b, St79). This
system is discussed in detail alony with other experimental
details in section III.

Section V presents a gummary and conclusions of the
data presentsd. Two appendices, A and B, follow section V.

They discuss in detail the necessary 2fficiency calculations



and the semiclassical breakup simulation program SATURN.



1XI. Theoretical and experimental ennsiderations

2. _Mechanisms of fast-particle production.

Barly measurements of Britt and Quinton (Br6l) noted
the large production of fast a-particles with mean
velocities close to that of the projectile. These workers
suggested that the principal process involved was the
breakup of the incident projectile in an interaction with
the surface of the target nucleus. It was no® until the
measurements of Galin et 2l. (Ga74) that interest was
renewed in determining the origin of the fast alrha
particles., Measurements of a~y coincidencs by Inamura et
al. (In77) indicated that many of the fast q-particles are
produced in reactions that can be reyarded as massive
tzansfer/incomplete fusion, that is, only a portion of the
projectile is captured or fuses with the target nucleus.
Additional experimental invesztigations(Ca?7, Ca78, 2078,
Ya79, Ge79, Wi79%a, Wi79b, Ba80b, Wig0) have established
conclusively the exirtence of an incomplete fusion reaction
mechanisp in the interaction of 6&1 to 16o projectilee with
heavy targets at bombucding energies of . 7--17 MeV/aucleon.
Furthermore, evidence has been obtsined that csntral
coliisions do not, in general, participate in incomplete

fusion reactions and that this magss transfer process occurs



over a narrow range of entrance channel angular momenta, 1,
beginning naar the critical angular momentuwm, 1cr' for
complete fusion. PFinally, it is found that the average
angular momentum transferred to the target nucleus in the
capture of projectile fragaments increases linearly with
captured mass.

K. Siwek-Wilczynska et al. (Wi79%a, Wi79b) recentl:
proposed a simple model of incomplete fusion reactions.
Fror a study of o=y coincideaces resulting from the
dominant inccmplete fusion reactions 16°Gd(lzc. a) and
leocd(lzc,za ) at bombtarding energies of 7.5-16.7 MeV/A
Siwek- Wilczynska et al. concluded that incomplete fusion
reactions are simply an extension of the fusion process to
angular momentum values &bove the initial system”s critical

angular momentum, 1 . Each virtual projectils fragment was

cr
assumed to carry a part of the Totel angular mosentum in
proportion to its mass number. The capture cf a projectile
fragment by the target nucleus was postulated to occur
within sharp l-windows which are defined in relation to the
critical angular momentuam for the target plus fragaent
system. Above a bombarding energy of approximately 15 MeV/A
the balance of the nuclear, the Coulomdb and the centrifugal
forces is no longer sufficient for the cupture of a
Projectile fragment to occur and therzfore, the cross
section for binary incomplete fusion processes must begin to

decreanse while multibody fragmentation processes increase in



mognitude.

Nore recently the generalized concept of critical
angular momentum was extended by J. Wilczynski et al.
(Wi80) with the proporal of a sum rule model that permits
one to riudict absolute cross seciions for all incomplete
fusion channels as well as for complete fusion. 1In this
model, reaction channel cross sections (see equation II-1)
are strongly dependent upon, 1) a phase space factor which
has an erponential dependence on the grcund st.ots Q-value,
Qgg and 2) transaission coefficients which create an 1-

window effe¢ct. The formulas necec3ary for calculating each

reaction chunncl evoss section, ¢ (1), ere;
1
@ o7
o(i)=nX 150(21+1)N1T1(i)exp((Qgg(i)-Qc(i))/T) (II-1)
The normalization factor “1 is calculated from the sum rule:
Nl lel(i)exp((Qgg(i)-Qc(i))/T) =] (11-2)

The transmission coefficients 11(1) are assumed to be of the

form:
Ty(1) = ((Ivexp((1-1,4,(1))/ 8,72 (11-3)

Fhe limiting angular momentum 11‘. is taken to be;

ilin(i)ﬂ(nplmf) x 1, (target+captured fragment) (I11-4)
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where .b is the mass of the projectile, a, is thc mass of
the captured fragment lnd-le‘ is calculated from the balance

of forces:

2, ¥ (C3+C5)° A GG | nne’

(1 _+.5)
er b (Cy+C,) (c1+c?)2

) (11-5)

Here p is the reduced mass, vy is the surface-tension
coefficient and cl and C, are the half-density radii.
This sum rule model (WiB0) was found to pradict rather

well the binary reaction cross sections resulting from

14 159

incomplete fusion reactions in the "N 2 Tb system and

the excitation functions for the two mo 5 incomplete fusmion

lzc + 16066 sys~em. Houcver, it sheuld be

noted tha*t for the 12c + 16°Gd system over bombarding

channels in the

energiss of 90-200 MeV, only 20-40% of the measured singlesz
a ~particles resulted from the incomplete fusion reaction
channels (lzc.a ) and (120.2¢ ). Above about 15 MeV/A for
the 12c + lsocd system, the multibody fragmentation channel
is predicted to become prominent. Presumably the multibody
fragmentation channel is respcnsible for the production of
large amounts of fast-alpha pa:zticles via the 12c - 3a
geaction, although the relative scrength of chis reacticn
channel compared to other multibody channels is not provided
by the sum rule model. Purthersmore, this simple model does
not contain any allowance for projectile spectroscopic

properties nor does it predict any useful final state



features such as particle angular distributions, particle-
particle correlations and particle energy spectra. Thus,
for some systems (most notably 12c+u°Gd) the incomplete
fusion sum rule reasonably predicts the incomplete fusion
cross sections but it only suggests the source of the
remaining 808 or so of singles ao-Darticles. (Recent
particle-y measurements of Hsu et al. (Hs91) found

20

evidence for the onset of a multibody process with a “ Ne

projectile arocund 17 MeV/A bombarding energy).

A description of the broad bell shaped peak in the
spectra of particles lighter than the beam (6 < Mocan < 20)
has been attempied with several projectile fragmentation
models. The simplest model, which was used extenaively in
light~icn breakup studies as pointed out in section I, is
that due to Serber (Se47). In this model, the projectile is
represented as & bound cluster pair, ons :luster which
interacts with the target and the «ther (obaerved) cluster
which behaves as a spectator. The observed fragment
spectrum results from a coupling of the momentum
cistribution of the fragments in the projectile to the
projectile velocity in the laboratory and then
multiplication by a phase spece factor. Thus, if the
propability that & given froagment hags a somentum p in the

projectile is

Pip) = w12 (11-6)



wherae

o) = 112 1 vrdexp(ip-r/mydr (11-7)

with ¥ (r) the rslative wavefunction, then the differential

cross section for the observed particle can be written as
2 2 4
(4% /A, dE, )= |¥(p) | “my(2m,E,) (1I-8)

where p = P¢ = Poeam and where it is assumed (in this
equation) that the participant fragment ig absorbed by the
tazget rucleus. Tabor et al. (Ta8la) have analyzad the
shapes of the inclusive energy spectra of particles lighter

160 and 180 induced reactions at 72

than the projectile from
and 141 MeV. There it was found that a slightly modified
Serosr model type calculation, which assumeéd only a two-
body final state, $ette: reprodv~ed the spectral shap=s than
one which assumed that both projectile fragments remained
free (multibody final state). Thiz suggests that for this
system massive transfer is a probable event and the
incomplete fusion model discussed above might be applicable.
{Indeed, a union of the Serber model and the incomplete
fusion model might prove interesting to investigate).

However, it should be nroted that the shapes of the 180
¢



a3

-

"fragmentation® spectra were found to be almost completsly
independent of tho target, suggesting that projectile
properties may determine to a large extent the inclusive
spectra.

The deficienciog of the Serber type mocdel are several.
First, the model predicts cnly inclusive particle
properties. If multibody fragmentation iz involved, the
inclusive particle measurements are highly incomplete
(kinematically). Conclusions about inclusive particle
spectre are tenuous at beat, since there are other models
which explain such data equally well. PFuthermore, the
Serber model neglects possibly important distortion effects
and also assumes (in most calculaticns) total target
absorbtion of the participant or total transparency to the
participant. These deficiencies necessarily imply that a
Serber model interpretation of inclusive data is suggestive
at best.

More involved plane-wave Born appioxination (PWBA) and
distorted-wave Born approximation calculations have been
performed to interpret direct reaction contributions to
inclusive spectra (Ja?7?, PFr79, McBO, UdB0, Zu8Oa, Ta8lb).
The general PWBA and DNBA thecries have been discussed
extengively elsewhere (Au70, Ja70) and therefore only a
susmary of the pertinent conclusions from the PWEA and DWEA
analysis will follow.

It was first pointsd out by Jackson (Ja77) that the
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isotope production cross section factorization noted in 1‘0
studies at 315 MeV and 35.6 GeV (Ge76) could also be
explained by a direct-reaction fragmentation model using the
DWBA representation. This model yielded the following
predictions: 1) direct fragmentation ias relatively
independent of the target nucleus, ii) the transfer and
capture of a projectile fiagment depends on the nature of
the resulting bound state and thus iii) fragment capture, it
is suggested, is the most likely explanation of the
departure from factorization at lower energies (such as 1490
MeV).

McVoy (McB80), using a modified PWBA approach, concluded
that the 150+2%%pp gng 160+4au data of Gelbke et al. (Ge77a,
Ge?78, BiB0) at bombarding energies of 140-315 MeV result
from a direct fragmentation or transfer reacticn and that
the Fermi motion within the projectile is responsible for
most of the width of the inclusive energy spectra. BHowever,
the predicted widths for a transfer mechanism or for a
fragmentation mechanis. differ by only S0%. This is not
enough, it is ~oncluded, to be able to reliably distinguish
between these two mechanisms. Furthermore, the absolute
magnitudes of the crozs sections are totzlly unreliable in
the PWBA approach.

Udagava and Tamura (UdB0) recantly claimed to have
explained the large cross section of fast light prriicles

{(slphas) in heavy-ion induced reactions with a two-atep



breakup-fusion model. In this model projectile breakup
ccocurs first, followed by an &bsorption of the more massive
projectile fragment by the target. PFor the system 1‘l+1591b
at 115 MaV good agreement between the shapez of the alpha
particle energy spectra and angular distributions and the
breakup-fusion calculations was obtained. However, it was
necessary to employ an overall normalizaticn factor. The
conclusion of this study resembles that which was found in
the g-particle breakup studies mentioned in section I,
i.e., breakup fusion contributes (perhaps significantly) to
the production of fast particles. It is inleresting to note
that the microscopic approach of Udagawa and Tamura
addresses the same mechanism as proposed via the sum rule
model by Wilczynski et al. (Wi80). A reliable, absolute
DWBA calculation will be necessary for a complete
understanding of these reactions.

Frohlich et al. (Fr79) recently analyzed the continuum
spectra in the reactions (zoue. o), (l‘ 108) and ( 9Be)
on a ‘OCa target at 262, 153 and 149 MeV, respectively.
Calculating the continuum spectra, assuming a direct alpha-
transfer reaction using an exact-finite-range DNBEA method
(vhich however required a noramalization constant), these
authors were able to reproduce the shape of the (I‘N.IDB)
and (nc.’so) spectra but not the (2%we,l%0) spectra. The
(20

projectile.

ue. O) ancmaly was attributed to direct breakup of the



The (2%e,1€0) anomaly of Problich et al. was
investigated further in & mcore kinematically complete
coincidence seasurement by Takada et al. (Ta8lb).
Unfortunately, a number of kinematic conclusions drawn from
their data could guite easily ba the result of 2 bias
introduced by the gecmetrical configuration of thei:
detectors. Montheless, Takada et al. conclude that the
breakup process is guite dominant at forward angles bdut the
absorption of the breakup particles with the target is also
very important.

Ir addition to the models @iscussed above, several
other models have been proposed to explain the various
inclusive particle properties, in particular, fast light
particlzs. Gross and Wilczynski (Gr?77) proposed that the
strong radial ccmponent of the dissipative force is
responsible for the production of fast o-particles at
forward angles. This “piston model®" however was found tc be
inconsistent with data from several experiments. Another
proposal, the "hot-spot®" model, by Gottschalk and Westrom
(Go77, Go79) assumes that the incident particle excites a
localized area of the target which rapidly de-excites by
alpha particle emission. SBuch & phenomenon appears to have
160'12

been obsecved in the 58&1( Ca ) reaction at 92 MeV by

Ho et al. (Ho77). 1t ia difficult to assess theoretically
the importance of feoat alpha particle production via a hot
spot formation at higher bombarding energies. However, at
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204 MeV 1‘0 bombarding energy it was found that this
sechanism was not an important source of fast particles
(Yo80) .

It is also possible to apply a simple model developed
for projectile fragmentation reactions at relativistic
snergies to reactions at . 20 MeV/A (Ge77a, 8¢c77). Por
projectile fragmentation reactions at relativistic energics
the momentum distributions of the observed fragments in the
projectile rest frame are well described by & Gaussian

diattibutiog,
2,, 2
a%0ap> = ¢~ (PPp)"/20 (11-8)

where Py is the momentum corresponding to the peak of the
distribution in the inciusive spectra and ¢ is a constant
for a given projectile and fragment mass. This equation can
be understood (Pe73, Go74) by assuming that there is a
sudden liberation of virtunal clusters with the target
serving only to inject energy into the incident heavy ion.
Definite predictions for the value of o result. By
transforming equation (II-9) to the laboratory system, as

given in (11-10),

e o (20, Yoxpi —X(E, -2aEcost+a®)]  (11-10)
o e A SIELNEL



with 2a% = .iv.z where L)) is the fragsent mass, Vg is

approximately the velocity of the projectile frame and E, is
the laboratory energy, it is possible to predict inclusive
particle energy spectra and angular &istributions. It
should be noted that equation (II-9) can be desrived assuming
that the projectile has come to thermal equilbrium at a well
defined excitation temperature (Go74). This ambiguity
necessarily confuses any interpretation of inclusive data

within the context of eguation (II-10).

B. Sequential decay discussion

Section IIA considered mechanisms which result in a
direct dissocliation of the projectile on a time scale
comparable to the nuclear transit time. Although some
investigations (Ge77b, Wud0) concluded that seguential decay
is not an important mechanism in fast particle production,
by its very nature sequential decay can account for numerous
inclusive and coincidence measurement features. Therefore
the possibility of a contribution from seguential decays to
1nciuuive and coincidence measurements must be considered.

A nuclear reaction between a projectile P and a target
nucleus T producing three final particles 1, 2 and 3 via
seguential decay may proceed in one of three manners as

indicated in (II-1ll) - (11-13).



MY o+ (42T 43 o+ 24243 (11-11)
PHT o+ 1+ (243)° + 14243 (11-12)
PeT + (143)" 4 2 - 14243 (11-13)

The kinematics for a three body reaction have been discussed
in detail elsevhere (Oh53). Assuming the mechanisa
represented by equation (II-11l), a definite relationship
exists between the sequential decay energy £ and the
laboratory energies B and E, of the decay products 1 and 2,

€ =(1/(my+m,) ) (M 2 43 Eo-2 (mym,E ) /2008 61,0 (21-10)

where 912 is the angle between the directions of particles
1 and 2. Egquation (II-14) has a double valued sclution for
Ey; and E; for a definite 6., Owing to the vector addition
of two velocities the laboratory velocity of particle 1 or 2
may exceed even the projectile’s velocity-thus creating
“fast® particles. Purthermore, according to this eguation a
small value of € corresponds to a saell 812, Thus the
products of sequential decays involving small decay energies
are confined to & narrow cone in the laboratory. Those
products from sequential decays involving large decay
energies will be confined to a relatively larger decay cone.
Therefore, the contribution of segquential decay channels to
particle-particle angular correlation measurements may
depend heavily upon the detector configuration.

Pigure II-1 shows a NMonte Carlo simulation of an
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angular correlation exp:riment where only seguential _ccay
producis ny and m, were detected. The exact masses ‘nvolved
and the excitation energy probability distribaticn .or n"
are not important since this is a general kinematic
illustration. Plo“ted in the upper half of fig. II-1 is
the relative coincidence intensity as a function of the
angular separation of the two detectors. 1t can be seen
that the angular correlation peaks when the two detectors
are near each other. A near exponential decrease in the
coincidence intensity is seen as the counter separation
increases. The lower portion of fig. II-1 shows the
average relative energy, 312 (212- ¢ above) for each angular
geparation. As the angular separation increases the
coincidences observed are weighted more to higher decay
energies, i.e., higher relative energies 312. Contrary t»
the claim of others (Ge77b) the observation of such behavior
(as illustrated in fig. 1II-l) in actual experiments may
signal the presence of a segquential decay mechanism.
Recently, several investigations have indiecated the
presence of sequential decay channels in proje:tile
dissociation and/or fast particle producing reactions (Ra80,
B180, Yo80, Vva8l, Go8l, Wa8l, Ho8l). EBither projectile-
like or target-liks fragments or both are found to be
involved in the seguential decay processes. In general, the
relative importance of sequential decay processes which

produce fast light particles and contribute to single



particle inclusive spectra is not known due to a lack of
comprahensive investigations.

In section IV results are presented of an investigation
into the importance of projectile ssquential decay in 12C

7

and ‘Li induced reactions.

C. 12c dissociation considsrations

lzc induced reactions on heavy targets have been
studied by several groups (Brél, Ey73, Ko74, Ba78, wWi79a,
Wi7?79b, Wi79c). Measurements of the angular distributions,
enerqgy spectra and differential cross sections of alpha
particles emitted in the bombardment of Au and Bi targets by
126 MeV 12C nuclei permitted Britt and Quinton (Br6l) to
conclude that a majority of the alpha particles observed
(scme 900 mb) resulted from a direct process, most likely
breakup of the incident projectile. Eyal et al. (Ey73)
crudely estimated that about 150 mb of unbound Bse nuclei
are produced in the 12c+197Au reaction at 125 MeV bombarding
energy. Kozub et al. (Fo74) complemented the work of Eyal
et al. by measuring the cross section for the production of
aBe(O".g.l.) nuclei in the 12c+197nu reaction at 126 Mev.
It was deterwuined that about 37 mbdb of ‘Be(g.l.) were
produced which indicated strongly that a aubstantial amount
of cross section existed for the production of excited

ptates of aBe. Measurements of the cross section of



incomplete fusion reactions for the 12c+1‘°cd systes at
bombarding energies cf 90-200 MeV permitted Siwek-Wilczynska
et al. (Wi7%a, Wi79D) to suggest that the projectile
fragmentation channel, (Izc,au ), i=s the docminant source of
fast alpha particles, especially for increased bombarding
energies.

As indicated in secticns IIA and 1IB several reaction
mechanisms might explain the obser+rations noted above. An
intuitive understanding of these observations is possible
with a simple heuristic model of limiting angular momentum
(Ha80). As pointed out by Brink (Br72), transfer reactions
between heavy ions st snergies well above the Coulomd
barrier have large transfer probabilities only If certain
kinematic conditions are saticfied. 1In particular, the
transfer ccoss gection will be the largest when the
transferred particle retains nearly the velocity of the
projectile. Semiclassically, this implies that the angular
momentum transferced to the hsavy residual nucleus is given
by mvR/h where m is the transferred mass, R is the “radius®
at which the transfer occurs and v is the relative velocity
of the projectile and target. For some velocity v the
attractive interaction bstween the transferred particle and
the target nucleus ~ill no lenger be sufficient to capture
tae tronsferred fragment. The fragment escapes before its
angular momentum and anergy can be abscrbed by the target

system.



Figure 11-2 shows the transferred angular msomentum 23 a
functizs of the transferred fragment mass for the three 12c
bcabarding energies employed in this work. The dashed line
represents the criticel angular momentus for sach fragment-
torget system as calculated by Wilczynski (Wi73). 1t is
seen that at the lowest energy, 132 MeV, transfer occurs
without exceesding lcztt. At 187 MeV up to six or seven
nucleons can be transferrad before lcttt is surpassed.

Thus, transfer of a 'le nucleus may not be possible,
suggesting that a large increase in ‘nc preduction may occur
between 132 and 187 MeV. At the highest bombarding energy
of 230 MeV, transfer of four nucleons just about exceeds
1cr1t‘ Thue, at the higher energies nucleon irunsfer turns
into a fragmentation process.

Pigure 1I-3 shows the excitation energy of the final
nucleus as a function of the transferred fragment mass. The
slopes of the three curves correspond to the excitation
energy per transferred nucleon. A rapid reesission of
nucleons is likely if the excitation enezgy per transferred
nucleon excesds the binding enzrgy per nucleon. Again this
suggest that a fragmentation process may begin to become
prominent around 1!6 MeV for this projectile-target systenm.

Wilczynski et al. (Wi80) suggest that the cnset of
fragasntation occurs at arourd 15 HeV/A. This follows from
their sum rule model which is a natural extension, in an

empirical way, of the aimple arguments presented above.
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Pigure 1I-4 presents the incomplete fusion calculations as
discussed in section IIA. Parameters employed were
determined in a similar fashion to those in reference WiBO.
Pigure II-4a indicates that for lower angular momenta, the
complete fusion channel has the largasst probability factors
{(see the factor on the ordinate axis). At higher angular
momentum values the incomplete fusion (massive transfer)
channels (lzc,c ) and (12c,z¢ ) become evident. Predicted
cross section trends are shown in fig. II-db.

Figure II-4 is found to be rather similar to the

12,1605 system (WiB0). There

predictions made for the
such calculations adequately reproduced the excitation
functions for the measured incomplete fusion channels
lsocd(lzc,a ) and 160Gd(126,2c ), which were found to
account for 20-40% of the inclusive alpha particles. Thus,
12C+2°8

it is expected that the Pb system has a similar

contribution of fast alpha particles from the incomplete
fusion channels 208?b(12C,u ) and 2°8Pb(lzc,2u ).

Another prominent feature of fig. 1II-4 is the cross
section prediction for the multibody fragmentation channel,
denoted (lzc,lzc‘). A rapid rise in the fragmentation cross
section is expected between . 130 MeV and . 190 MeV. Owing
to the fact that the three alpha breakup threshold has the
most positive Q-value relative to other fragmentation
channels, it is expected ( cf. Ar7l, Vo76) that a large _
portion of the (lzc,lzc') curve will be compesed of threc
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alpha prodiuction cross section. However, 4s previously
noted, the incomplete fusicsn sum rule modzl does not specify
tais information.

In general there are several sechanisas which seea
likely to contribute to fast alpha particle productior for
the 12c+2”9b cystea. PFigure 1I-5 presents a highly
pictorial representation of four likely mechanisms.
Mechaniam i) illustrates the excitation of the 12C
projectile via an invelastic scattering process. 12c excited
states above 7.4 MeV can decay sequentially into a + Bne
fragments. Typical inelastic scattering cross sections are
on the order of mb and it is expected mechanism i) should
have a similar yield. The mechanisa depicted in part ii)
represents a direct fragmentation of the 12c projectile into
an alpha particle and a BBe nucleus. The mechanism depicted
in part iii) also represents a direct fragmentation, but one
which produces three free alpha particles, no intermediate
8Be nucleus is involved. Finally, the mechanism depicted in
fig. 1II-5, part iv) represents a massive tranafer process.
Of course, this process could include a ane transfer with an
alpha particle ejectile. An additional mechanisa, nct
shown, which is a variant of iv) is an alpha transfer
coupled with a ele-! interaction which causes a direct
breakup of the loosly bound %e nucleus. This latter
process and that depicted in iv) are not differentiated in
the (lzc.zu } incomplete fusion cross section calculation
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(wiso).

Thus, it is of interest to investigate the production
of the sequential decay products lzc' and °le in 12c induced
reactions for energies in the range of 10-20 MeV/nucleon.

In section IVA measurements of the production cross sections
for 1’c' and 33, nuclei are presented. These measurements
provide important complementary information to thzt obtained
previously (Br6l, By73, Ko74, Wi7?9a, Wi73%, Wi?9c).

Finally, it should be noted that only one other study
has been reported (Va8l) which has attempted to investigate
comprehensively the contribution from several reaction
channels to the production of fast alpha particles from a

particular system.

D. 7Li dissociation considerations

The previous sections have indicated the current
situation with regard to projectile dissociation and fast
particle producing reactions (induced by light heavy-ions
such as 12C). Although there are a wide variety of
projectile breakup models which prediet the occurrence of
particular cbservable features in a given reaction, there
still is no clear understanding of the majority of
experimental data. Praguentation or breakup, by definition,
implies the existence of several pro&ucts in a nuclear

reaction. Therefore, to a large extent, the lack of a clear



definition of the processes involved in light heavy-ion
induced reactions is due toc the ambiguous and kinematically
incomplete experiments that have been performed to this
point. 1Indeed, it seems that by invoking simple sequential
decgy and transfer machanisms it is passible to explain
numerous experimental investigations which were interpreted
by various fragmentation models. The importance of
understanding the role of fragmentation mechanisms in the
bombarding energy region of . 10-20 MeV/nucleon suggests
that it would be extreamely valuable to isolate definitively
a direct (i.e., non-seguential) projectile breakup. This
then was partially the motivation for collecting the
experimental data presented in section IVB.

A recent study (Ca80) of the breakip of 75 MeV sLi
projectiles into a+d fragments cited evidence for two
possible mechanisme. The first was identified clearly as
sequential breakup through the 2.18 Mev GLi state. The
second mechanism was assigned to direct projectile breakup
because a+d coincidence events were observed beyond the
6L1'(2.18 MeV) sequential-breakup kinematic cone. BHowever,
these evants could also have been due to transitions through
bigher 6Li states which all have large energy widths. This
lattezr possibility apparently was noc considered.

Por the cobservation of a possible direct projectile
breakup a projectile should be used with a large energy

geparation between the breakup threshcld and the naxt



excited state. A suitable projectile is ’Li in which the
first o decaying state is at 4.63 MeV (AJ79), 2.16 MeV
above the a+t breakup threshold. By an appropriate
arrangement of detector telescopes it is possible to define
a kinematical "window® which permita the unambiguous
observation of both the direct and the sequential breakup of
the 7L1 projectile. Appendix A discusses the kinematics of
sequential decsy. However, from a welocity vector diagram
the maximum energy separation between the sequential decay
peaks in a projected energy spectrum can be easily seen to
result when the two coincident counters coincide as cloaely
as possible in their location. If the breakup transition is
restricted to a quasielastic process (i.e., it is required
that the target is not excited in the transition) then the
observation of a or t events with energies that fall
between the sequential decay peaks will signal a i
dissociation event that did not proceed through one of its
excited states. PFor the geometry emrloyed in this study and
described in section III, events with an a-t relative
energy smaller than - 2.1 MeV could be clearly distinguished
from all possible sequential breakup events.

Only a few inves:igations have been previously reported
concerning the interaction of 7L1 projectiles (B(7L1) < 37
MeV) with heavy targeta (Qu7l, Ha72, P£73, Qu74). One of
the two coincidence measurements (Qu74) focused on examining

the 7&1'(6.63) ssquential breakup transition for 7L1



projectiles of 37 MaV (considerably lower than the 70 MeV
emaployed in this investigation). The other coincidence

19700 system from 27-45

measuresent (Qu7l) examined the 7L1+
MeV bombarding energy and concluded that the copious
emission of alpha particles and tritons could not be
accounted for by a projectile breakup hypothesis. Instead,
it vas concluded that these projectile residues were emitted
from a quasi- bound rotating system formed bty the target and

the loosely bound projectile.



IIT1. Experimental Technique

A. Cyclotron, External Beam ¥ .cilities, Scatter Chamber

All experimental results presented here were obtained
utilizing Lawrence Berkeley Laboratory”s variable energy,
sector Jsocuse® 88-inch cyclotron. This accelerator has the
capabil: *y of acceierating positive ions (A>4) to a maximum
kinetic ene.;y of 160q2/A {MeV) for ions of charge g and
mass A(amu). For this work, beams of 7Li, 12c, 13c and 160
were produced in a Penning Ion Gaﬁge {PIG) mource with
intensities of up to one microamp as required on target.
The cyclotron microscopic duty cycle for these beams was
typically about five percent, i.e., beam bursts of abont
five nanoseconds duration every one hundred nanoseconds {see
fig. III-5). All extracted cyclotron beam used in this
study was transmitted to the concrete shielded experim-ntal
area known as Cave 2.

Figure il1X-1l depicts the laycut of the external beam
facilities associated with Cave 2. Accelerated beam bunches
were extracted from the cyclotron into the staging line by
electrostatic deflection. There the beam was defined
initially by a 2.5 cm wide horizontal collimator, then
radially focused by s quadrupole dpublet and vertically and
horizontally adjusted with centering magnets. The beam was
then deflected 39.5° with a ovitching dipole magmet and
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directed through an adjustable vertical analyzing slit
(normally of 1.5 mam width). Two quadrupole doublet magnets
were then used to focus the beam to a spot about 2x2 -2 on
the target. Beam transmission3 of ~30% were routinely
cbtained. The besm energy resolution as defined by the
switching magnet and the Cave 2 analyzing slit was about
g.148,

The beam quality and integrity when it was first
focused snd during the experiments was monitored by
inserting remote controlled Al,0, scintillator screens
(wvhich could be viewed by TV cameras) into the beam line and
scatter chamber. Electrometer readouts on all collimators
were also employed to assist in insuring that all beams were
properly aligned and focused during an experiment.

The scatter chamber was 51 cm in diameter and contained
a beam entrance port, an exit port leading to a Farasday cup,
several roughing and pumping ports, a remotely controlled,
multi-position target ladder and two remotely movable
detector telescope platforms. The suyiter chamber was kept
at a vacuum presaure of about 3x10”% vorr by a
turbomolecular pumsp with a liquid nitrcogen cold trap to
minimize the back streaming of pump oil. The adjoining bean
line typically was kept at a preasure of .'ix].l:l'6 Torr by an
0il diffusion pump. On one of the aovable platforms two or
three particle telescopes were mounted and partially

anclosed in a housing of aluminum and tantalum. The other



platforn was used primarily for mounting sicgle counters for
monitoring target degradation and noraalizing cross
sections. Strong permaneni: magnets were placed in front of
all detector telescopes to deflect electrons that were
ejected from the target by collisicns with beaa particles.

B. Targets
Only solid targets were used in the work presented

here. All targets consiated of a thin layered, self-
supporting sheet of the enriched target material. Typical
target dimensions were 300-1500 ug/cnz of thickness with an

2. All tzrgets were mounted on aluminum

area of about 2 cm
target holders of which up to seven could be stacked in the
target ladder. Since Pb targets oxidize slowly they were
continually kept under vacuum. Target thicknesses were
deternined after each experiment by measurement of the
en2zgy reduction of 6.06 MeV and 8.78 MeV g ~particles (from
a 212Po/ 212 Bi o -source) which had passed through tke
targets. Target thicknesses determined in this manner are
estimated to be accurate to within + 10%.

Por targets with a lower melting point,such as 2°8Pb.
it was necessary to monitor continually the integrity of the
target during its bombardment with beam. This was
acconplished by measuring at a fixed laboratory angle the

amount of elastically scattered beam (per micro Coulcmb



incident) on target. As a further precaution beam currents
were kept low, less than about 100 narcamperes., on such low
melting targets. By measuring the (7L1,'l¢(g.l.)) and
(7L1,sni.) transitions an upper limit on the amount of light

k 2°°Pb targets wvas

contaminants on the . 1.5 -g/cl2 thiel
established to be 20 ug/c-2. which contributed a negligible

amount of events to cross section estimates.

C. Detection EBystem
In the studies presented here the detection of

sequentially decaying reaction products (of projectile
parentage) was of principal interest. In kinematically
complete experiments the spatial arrangement of particle
telescopes can severely restrict or enhance the observation
of certain multibody final states. For instance, the
detection of sequentially décaying reaction products is
enhanced when the particle telescopes are separated by an
angular amount that is similar to the maximum opening angle
of the decay fragments (in the laboratory frame). Detection
probability is further enhanced if large solid angle
counters are employed. However, large solid angle counters
imply poorer energy resclution (due to the 4E/dS ), Oon the
other hand, small solid angle counters imply lower
coincidence counting rates and a worse true to random

zoincidence ratio. Thus, thare are several factors which



must be considered in selecting a coincidence detection
Bystem. These are: 1) the range of opening angles between
sequential decay fragments, 2) the experimental tolerance in
energy resolution, 3) the counting rate deemed aatisfactory
and 4) an acceptable ratio of true to random coincidences.

Given these considerations a reasonable detection
system for the observation of °Be (g.s.), ®Be (2.94 Mev),
lzc’ and 7L1' reaction products is depicted schematically in
fig. I1I~2. 1In its fullest extent, the detection systenm
consisted of three AB~E counter telescopes mounted on a
movable platform and arranged in a vertical fashion with
respect to the normal scattering plane. Particle telescopes
labeled 1 and 2 were located symmetrically above and below
the scattering plane; i.e., the collimator pnst between
these two telescopes was bisected by the horizontal reaction
Plane. The third telescope was always located above the
reaction plane. Behind each E counter (and not ghown in
fig. 1III-2) was a Ezej counter which vetoed any (generally
unexpected) high energy events in which the particle
completely traversed the AE-E system.

Table III-1 lists the pertinent dimensons of the
detection system shown in fig. III-2. Coincidence events
between any pair of telescopes were recorded. Telescope
combination 1-2 was most suitable for detecting unbound
particles with small decay energies, such as BBe(g.s.) (.092

MeV), because the two telescopes were separated by only
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Table 111-1 3 The Detection System Geometry

Collimator"” Radial Angular
Distance Distance Separation
out of from Center-to-center
Plane Target to (deg.)
Tele- | Upper Lower | Telescope
scope | Limit Limit Center
(cm,) (cm.) Tel.l Tel.2 Tel.3
1 -.175 =1.0 11.52 -- 5.9 16.8
2 1.0 .175 11.52 5.9 - 10.9
3 3.19 2.49 11.85 16.8 10.% --

'The collimator width for all telescopes was 0.6 cm.
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about 3°° This combination was also the most suitable for
separating the sequential decay peaks in projected energy
spectra due o the velocity addition effect (see appendis A
and £ig. A~6). Telescope combination 1-3 was more suitable
for attempting to observe sequential decays of large decay
energies.

For this detection system the horizontal acceptance
anole, as determined by the collimater width, was 3°-
Zuwever, the effective “horizontal®™ acceptance angle was
slightly larger than this, especially for the telescope
combinations 2-3 and 1-3, due to the system capability off
detecting sequential decay events where the center-of-mass
direction of the unbound ejectile is slightly out of the
reaction plane. Typical energy resolution was about 400 te
600 keV full width at half maximum (FWHM) depending upon the

reaction.

D. Detectors

In all of these experiments, silicon solid state
detectors developed at LBL were employed. All AE counters
consisted of phosphorus-diffused silicon of thicknesses
between 100 and 220 ﬁm. The E counters were constructed of
lithium drifted silicon (5i(Li)) and were 5 mm thick. For
telescope combination 1-2 it was necessary to fabricate

pairs of AE counters and pairs of E counters on a single
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silicon wafer of the appropriate thickness. A dead region
menufactured between the two halves of the wafer effectively
restrlct;d charge collection to the respective half of the
counter. Por the zrej counters either AE type or E type
counters were smployed. The bias applied to each counter
was the highest possible, in order to minimize the charge
collecton time. Typically the 4 E counters were biased
between 4300 and +400 volts and the E counters between +900
and +1207 volts. To reduce the counter noise and leakage
current induced by the thermal motion of the electrons, a
thermoelectric cooling device was employed to keep the
temperature of the counters near -10° C. With AE and E
counters of t-Icknesses as specified above, it was possible
to detect tr’tons of energies between 5 and 48 MeV and alpha

particles of energies between 19 and 124 MeV.

E. Data Acquisition System

Pigure II1I-3 shows a slightly simplified block diagram
of the electronics used in acquiring all coincidence data.
Bach detector was bissed through a charge- sensi:ive
preamplifier. Charge pulses induced in the E detectors were
collected, and amplifie«d and then transmitted .50 meters to
the respective high rate linear amplifiers. Each AE
preamplifier, in addition to producing an output comparable

in rise time to the E detector preampliers, produced a fast



Fig. III-3



pickoff signal !pich was used for coincidence timing
purposes. The slow output of the AE preamplifier also fed
a high rate linear amplifier. The fast AE preamplifier
output signal was further amplified in tlie counting area by
a fast (2ns) amplifier. All fast signals were transmitted
by low capacitance 50 ohm cables, whereas all slcw analog
signals wvere transmitted by 125 ohm cables. Each negative
signal output from the fast amplifier was then transmitted
to a constant fraction discriminator (CPD). Three output
signals from the CFD’s were used to i) serve as input for a
pile-up-rejector (PUR): 1ii) to start or stop the
appropriate time-to-amplitude converters (TAC) and iii) to
strobe the single channel analyzers (SCA) which verified
that a valid analog signal had emerged from the high rate
linear amplifiers. Each amplifer alsc fed a delay gate
which was strobed by a master coincidence logic pulse ( if a
valid particle-particle coincidence was established).
Coincidence units (and/or modules) received the SCA
outputs assoclated with each AE, E and Erej analog eignal
as well as an output from a PUR. A valid telescope event
sent a logir pulse to another coincidence modnle which
determined if there was a simultanecus particle-particle
coincidence. A particle-particle coincidence in any of the
three telescope-telcoscope combinatons, 1-2, 1-3 or 2-3
produced a master logic pulse which strobed all delay gates
and & 16 channel Multiplexer/ADC system. All an2log energy
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signals and TAC pulse height signals {9 parametors total)
were stretched to 2 ys width and used as input into the
Multiplexer. BStretched signals were then sent sequentially
(40 us/parameter) by the Multiplexer aystem to an analog-
to-digital converter. Upon computer reguest the digital
equivalent of each analog signal was transmitted to a buffer
area of a ModComp IV/25 computer. Digital event data
acquisition, processing for display on a CRT screen and
event-by-event storage on seven or nine-track (800 or 1600
BP1) magnetic tape, were handled by the program CHAOS (now
refered to as MINUS 3) (Ma 79).

In addition to the primary AE, E and !:ej counters and
their associated electronics an additional counter
(typically, a 5 mm thick Si(Li) detector) was employed on
the opposite gide of the beam axis to serve as: 1) a
monitor of possible target degradaticn, ii) an additional
check on the total integrated current from run to run and
iii) an external trigger for a pulser system. The pulser
system in turn was used to monitor the overall system dead
time. Pulse signals were injected into each of the A E and
E preamps. The ratio of the ~umber of pulser induced
telescope-telesccne coincidences recorded on tape to the
~umber of pulser signals sent repreasented the total active
time for thst coincidence system. Thas the systeam
combinations 1-2, l-3 ad 2-3 had different dead times. Dead

tises were primarily a function of the AE count rates which



were generally limited to < 20,000/s, with AE3 having the
lowest counting rate due to its position further out of
plane and its smaller colid angle. Typical dead times were
S8 to 20%.

Paticle identification was performed both on and off-
line by generating, via software, the standard light-ion

identificaton algorithm (Go64),
PI « (aE + B)? - BF (IT1-1)

The exponent P assumed values 1.71 < P < 1.79 and was
optimized by viewing a two-dimensonal PI vs Etotal plot.
Figure 1lI-4 slows a particle identificaton spectrum for A <

4.

For the lzc' + a+ aBe inv.stigation it was necessary

to detect two a -particles in one particle telescope in
coincidence with a third o-particle in another telescope.

If two a -particles enter the same telescope, each with

about the same kinetic energy, they will identify together

as a 7Li event (W>72). 12c * events were ldentified then as

an a + 7L1 coincidence. (For the Pb target, a gate on thre

a + sBe total energy served to remove any real c + 7Li

12

coincidences from the quasielastic ~“C breakup peak due to

the Q-value difference).
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P, Data Analysis
fvent-by-event data were analyzed off-line by re-

sorting the stored binary data on either a ModComp 1V/25 or
a Classic mini-computer. All event sorting, data display,
spectral integrations and centroid determinations as well as
other fitting procedures were performed with the programs
CHAOS and MULTID (Ma79). Additional spectral snalysis and
plotting to a Textronix flatbed plotter were handled by the
histogram manipulation program SINGLE (BiSl).

While re-sorting data, software gates were established
in the necessary PI spectra, TAC spectra and energy spectr-a.
Pigure III-5 displays a representative TAC or time-of-flight
difference ( ATOF) spectrum. Gates of - 4 n& in width were
set in the inter-beam burst peak and in the intra-beam burst
peak. The events which resulted from coincidences between
beam bursts provided a reasonable estimate of the random
coincidences occurring and , therefore, were subtracted from
those events which resulted from intra-beam burst gating.
The gating condition of particle-particle coincidences
within 2 ns corresponded to allowing slightly aore time
difforence than the maximum possible time-of-flight
difference calculable from kinr~atic conditions.

Total energy and projected energy spectra were c::ated
via software manipulations for esch coincidence channel
under investigation. Bnergy calibrations were determined by

a least-squares fitting procedure to known transitions.
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Projected snergy spectra were analyzed with three body
kinematics by convertirg the observed particle energy to a
relative energy (for sequential decay reactions). This was
performed assuming an average angular separation of the two
particle telescopes involved. An effective solid angle was
then calculated using the appropriate program UPEC or ALPHA
(Bi8l) (which are discussed at length in appendix A ).
Production crcss sections for sequentially decsying reaction

products were calculated using the formula

do 2.66X10°'NzZA
—- (111-2)
48 Id . fT

where N= the number of counts of interest
Z= the avcerage charge state of the beam particles
aftef transversing the target
A= the target mass (amuj
I= the integrated beam current in micro Coulombs
d‘}etf = the effective solid angle (sr)
= dn x detection efficiency
f= the fractional counter system live time
= (1.0 - dead time)
T= the target thicineas ( -g/cmZ)
Energy integrated double differential cross sections
vere calculsted in an analogous manner with dq replaced
with 4 8 a 02 . Absolute differential cross sections for

the direct breakup component to be discussed in section IV



could not be calculated as was done for the sequentiasl
breakup components due to a lack of a priori knowledge of
the mechanisms involved in direct projectle breaskup.
Systematic errors in all cross section estimates are
estimated to be no more than about 258 and are primarily due
to possible errors in the estimation of the total dead time,
the integrated charge, the target thickness and the

detection system”s solid angle.



IV. Experisental Results and Discussion

12

e + 2085,

A
It has been speculated (Br6l, Wi7%9a, Wi79b) thet the
large production of o-particles in 12c induced reactions
(at 10~20 MeV/A bombarding energy) on heavy targets is
predominantly due to projectile breakup. Purthermore,
particle-y measurements with the system 12c + lsocd indicate
that this projectile fragmentation process on the average
does not excite the target nucleus (Wi79a, wi7%b).
Presente¢d below are experimental resulis concerning the

production of a -particlés from the 12c + 208

Pb syatem at
E(IZC)- 132, 18% and 230 MeV bombarding energy.

Figure IV-1 shows a series of a-particle spectra that
resulted from the bombardment of a 1.5 mg/cm2 zost target

2C beam. The a-particle lower energy

with a 187 Mev *
counter cutoff for these (and other) spectra is seen to be
~20 MeV. The prominent features of these spectra are the
same as those reporteé by Britt and Quinton (Br6l). At
forward angles the spectra are dominated by a broad, bell
shaped peak centered a few MeV below the beam velocity.
The angular distribution of the energy-integrated

differential cross section is shown in fig. 1IV-2. 1t is
atrongly peaked in the forward direction, increasing almost

exponentially with decreasing laboratory angle. As was
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determined previously (Brbtl), the evaporation a -plrticies
show a relatively flat &9/dQ angular distribytion. The
total o-particle produition cross section was cbtained by
integrating the angular distributior shown in fig. IV-2
from 0° < 8, < 50.° Extrapolation of this angular
distribution to near zero degrees was done as indicated by
the dashed line. Por 3(12C)- 187 MeV the total g -particle
v.oss section was found to be . 1100 mb(+ 258). This is
quite similar to the a -particle production cross section
measured by Wilczynska et al. (Wi78b). For comparison, the
geometric and total reaction cross sections are about 2200
and 3600 mb, respectively.

Particle~particle coincidence measurements we:e
performed with vertically arranged AE-E type telescopes as
described in section III. For the bombarding energies of
132 and 187 MeV, only the 1-2 detection system was employed.
At the highest energy, 230 MeV, all three coincidence
combinations were recorded. Pigure IV-3a shows the summed
energy of coincident events (corrected for randoms) in which
one telescope recorded an g -particle and any particle
entered the second telescope. Three features are prominent:
two quasielastic peaks near the beam energy and a broad bump
centered slightly below two~thirds of the beam energy. The
peak at 178 AeV is determined kinematically to be the
£ 12

quasielastic breakup o C into the g and 8Be channel {(Q-

value=~7,28 MeV). This interpretation is based further on
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the observation that the particle identification spectrum in
the other telescope, corresponding to events in thiz peak,

7L1 position, as is

shows a single grouping near the
expected if two a-particles of approximately the same
energy simultaneocusly entered this telescope (see section
III). (An actual o + 7L1 coincidence is ruled out by Q-
value considerations).

The second quasielastic peak corresponds to a + 93,

coincidences which result from the decay of excited 13C

nuclei that are produced via a neutron pickup to 13C states
located above the breakup thrieshold. This transition is
discussed in more detail in section IVB.

Figure IV-3b shows the total energy spectrum when both
telescopes register an a —-particle in coincidence ( it
should be notad from this spectrum that the majority of
coincident events in fig. 1IV-3a arise from such 2
coincidences). Most of the contribution to the fig. 1IV-3b
spectrum arises from decaying Bne nuclel, although as will
be discussed below, there is some contributicn from the
(Bequential) 3 a decay of 12c with only one a-particle from
ese being recorded in a given telescope.

Further interpretation of the character of the 12C'
breakup transition can be obtained from the aBe projected
energy spectrum arising from o + sne(Zu )} events yielding a
total energy of 178 MeV. Such a spectrum is ahown in fig.

8

IV-4. The nature of the contribution to this projected “Be
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spectrum from different Mraekup staces of 12c will depend
upon the relative energy of the fragments, as well as upon
the individual telescope collimator sizes and the angular
separation between the telescopes. Thus the 0+' 7.66 MeV

12; (A375) will have a breakup energy of ¢ =0.788

state of
MeV which, with this detection geometry, results in a broad
peak at - 120 MeV, vhile the 37, 9.64 MeV state for which

€ =2,27 MeV results in two narrow pPeaks. (The kinematics ~€¢
sequential decays are discuss»d in appendix A). With the 1-
2 telescope configuratici the detection probabllity for
higher lying 120 stuf:es is prohibitively small.

The probabjlity for detecting (with a two telesccpe
system) quasielastic breakup events with variable decay
energies such as the 7.6 and 9.6 MeV states of 120 were
calculated with a Monte Carlo simuiation code ( which is
described in detail in appendix A). This numerical
calculation assumed that all breakup fragments are
distributed isotropically with recpect to the 12C° rest
frame. This assumption necessarily introduces a potential
error whose magnjtude is difficult to assess because of our
lack of knowledae of the reaction mechanism and the
transition probabilities. PFor instance, the Monte Carlo
simulation showed that if the 7.6 and 9.6 MeV 12c states are
equally populated then the experimental contrxibution to the
quasielastic peak in fig. IV-3a from the 7.6 MeV state

should be & factor of 6.7 greater then the contribution from



a2

the 9.6 MeV state. However, the experimental value is 16:1.
The difference between these two ratios could either
indicats that the 7.6 MeV state has a higher excitation
probability than the 9.6 Mev state or that the observead
yield of the 37, 9.6 MeV state is suppressed due to spin
alignment. (For certain extreme conditions of alignment the
detection prcbability of lzc. (9.6 MeV) at this energy may
be reduced by as much as a factor of seven). Similar
arguments may be applied to higher states which were
investigated with the other two detector configurations 2-3

12C bombarding energy of 2310 MeV. Table aA-1l

12

and 1-3 at a
containg typical C' quasiela tic breakup detection
efficiencies for the three telescope combinations at the
highest bombarding energy investigated.

The differential cross sections of the quasielastic
peak ( 7.6 and 3.6 Mev 12C states only) for the three
energies invertigated are shewn in fig. IV-5a. Each
angular distribution is found to peak near the grazing angle
suggesting that this breakup process is a pheripheral
phenomenon. The total 12c. production cross section as
measured with detector combination 1-2 is shown in fig. 1IV-
Sb. Total cross sections are found to be on the order of
mb, far below the total g-particle cross sections for these
bombarding energies. Measurements at 230 MeV with the other
telescope combinations 1-3 and 2-3 purmit the conclusion

that the production of 12c' nuclei with excitation energies
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between 9.6 and 16 MeV is also negligible, compared to the
total a -particle cross section. An upper estimate of the

12.*

maximur differential cross section at 230 MeV for C

production with excitation energies above 9.6 MeV is . 15
mb/sr. Thus the production of sequentially decaying 12C
nuclei is not a significant source of fast alpha particles.

2

The observation of a total quasielastic 1 C. production

cross section on the order of a few mb is consistent with

lzc target ( cf. 5Sp6$S.

inelastic scattering studies with a
Sm73, Bi74). Analysis of a+ sne coincidences (which could
have been confused with a -7L1 events} for more negative Q-
values, i.e., a mutual excitation process, does not alter
the conclusion that lzc' production and subsequent
sequential decay is not a prominent source of fast alpha
particles.

Figure IV-6a shows a (lzc, o ) spectrum taken with
detector system 1-2. Pigures IV-6b - 6d shovw projected
sprectra for a +a events with a total energy located within
the indicated gates. The prominent peak centered at one-
half of the total a +a energy is kinematically consistent
with the production of BBe(g-s-) nuclei ( decay energy of
.092 MeV, Aj79). The broad, weak bumps are consistent
kinematically with the decay or the broad 2.94 eV, first
excited state of a!e. Por this detector configuration the
probability of detecting aBe(g.s.) nuclei was a factor of 5-
10 larger than that of detecting sne(z.94neV) nuclei.
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Purther confirsation that mainly .lc nuclei were detected
comes fram fig. 1IV-7 which shows s (126. ao } spectrum taken
with the 2-3 detector system. This systea has a telescope-
to~ telescope angular separation grester than the ‘3‘(9...)
decay cone, but not the .IC(Z.SlHQV) decay cone. Thus, as
discussed in appendix A, if a30(2.94 MeV) is produced in the
reaction, we expect to see the cbserved double bump
structuze in the projected spectra, reflecting sequential
decays from the broad first excited stste of ‘Be.

Figure IV-8 shows & lzctlzc,un ) total energy spectrum
for comparison. The shape is rather similar to that
obtained with the lead target except that the broad bell
shaped peak is centered at significantly lower energies than
that obrained with the heavy target.

Pigures IV-9, IV-10 and IV~1ll show Wilczynski- type
diagrams for BBe(g.s.) production at the three bombarding
energies investigated. These diagrams plot the double
differential cross section dz ¢ /4R dE of the 8Be(g-s.)
products as a function of their kinetic energy and their
laboratory scattering angle. Such diagrams highlight both
the energy and the angular distributions. All three figures
shov a ridge near c.am velocity which extends from the
maximum towards backward angles. There is little or no
evidance of a ridge extending back from gero degrees as is
characteristic of a deep inelastic reaction. o other

significant features are evident.
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Figure IV=12 shows the absolute differential cross
section for the production of eBe(g-l-) nuclei. These cross
sections were obtained by integrating the (lzc, oo ) spectra
by energy bins with the appropiate detection probability for
aBe(g.s.) nuclei folded in. A similar procedure was
performed for the eBe(Z.N MeV) events (for which the
angular distributions are not shown). Detection probability
curves are found in appendix A. The angular distributions
of both BBe products are very similar. Increasing cross
section vith decreasing angles and steeper angular
distributions with increasing bombarding energy are evident
in fig. 1IV-12. Cross sections up to several hundred mb are
apparent, suggesting that a sjignificant fraction of the
inclusive a -particles arise from decaying Bne nuclei.

Further information can be obtained from the ghapes of
these angular distributions. The shift in the angle of the
peak of each angular distribution suggests that there is an

interaction radius, Ry such that outside Ri the “Be

production cross section decreases with increasing radius
and inside of R1 the BBe nuclei are absorbed to a higher
extent. In cases where the Sommerfeld parameter n>>1 it is
possible to try to correlate the emission angle 6 with the
distance of closest approach, Rnin . If it is assumed that
the BBe nucl2i continue approximately on the Rutherford

1l

trajectory of the incoming 2C projectile, then the

following relation exists between Rmin and 6 , the center-
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of-mass scattering angle:

zpz,rez (1+1/8in{ 2))

Rpin * (Iv-1)

ZEen

Using equation (IV-1l) it is possible to transform the
angular distribution do/dQ into the quantity d¢ /Rhindnnin

via the expression:

do =16 v Egy 8in>(0/2) (do /dg )
— 5 (Iv-2)
9Rpin Zplo®

The angular distributions from heavy-ion collisions have

been analyzed previously in this m:nner (Mc60, Br6l, Ne80).
Pigure IV-13 shows the experimental angular

distribution of 8Be(g.s.) nuclei transformed into

do /Rmindnmin

be interpreted as a measure of the probability of aBe

versus Rnin. The quantity do /RmindRmin can
production at a given distance of closest approach. (Due to
distortion by the nuclear potential this view should be
taken cautiously). In this representation the form of the
angular distribution should be approximately independent of
the beam energy. It is seen that the distributions peak
near 12 fermis, which corresponds very closely to the sum of
the radii for the target and projectile for an ry = 1.5 fm.
Grazing collisions are most probable; interactions which

produce 8Be at other radii are hindered. For a projectile
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breakup mechanism, absorption jof aae nuclei at s=maller radii
would be a likely situation.

For a direct comparison of singles a« -particle and BBe
cross sections the integrated total cross sections for
sBe(gr,l.) production are shown in fig. 1IV-14. °ae(z.94
MeV) production cross sections also were obtained for the
two bombarding energies E(12C) = 187, 230 MeV; the detection
efficiency of BBe(Z.Sl) nuclel for the bombarding energy of
132 MeV was too low for its observation. Total cross
sections for 83e(2.94 MeV) production were found to be 175
mb and 180 mb at 187 and 230 MeV, respectively. The ratios
of the production of ®Be(g.s.) to °Be(2.94 MeV) are 1:1.9
and 1:1.85 for the 187 and 230 MeV bombarding energies,
respectively. Figure IV~14 indicates a rapid rise in Bae
cross section over the energy range of 12-16 MeV/A. This
trend is consistent with the rapid rise in a-particle
production cross sections sneasured between 90 and 200 MeV
12¢ bombarding energy. Purthermore, total Bpe cross
sections, by virtue of their magnitude, are clearly able to
explain a significant portion of the inclusive a-particles.

Prom the measurements of Siwek-Wilczynska et al.
(Wi79b) it is known that - 20-40% =i -he inclusive o -
particles result from the incomplete fusion reactions
(12C, r~) and itzc.2u )« The ®pe measurements reported here
are far in excess of the (120.20 } cross section for

incomplete fusion. Hence, projectile fragmentation must be
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responsible. ZIt can be concluded that for each aBe observed
in excess of the incomplete fusion 2 a“s expected, a third

o -part .cle was liberated initially. Therefore, a numerical
accounting of the origin of inclusive ce-particles for
2(12c) = 187 MeV can be obtained with the following
assumptions: 1) 20-408% of the inclusive a -particles result
from the inconplete_fusion process; ii) the incomplete
fusion reactions (lzC. G) and (lzc.z ) have about the same

aBe‘l that do not originate in

cross section; and iii) the
an incomplete fusion process are accompanied by a third o -
particle. Given these assumptions it is determined that
some B0-908% of the inclusive o -particles are accounted for.
Furthermore, at the bombarding energy of 187 MeV, projectile
fragmentation into ? o particles is the largest source of

a -particles.

The excitation function for a-particle production
between 90 and 200 Mev 2C hombarding energy shows a steep
rise, toward larger a -particle total cross sections at
higher energies (Wi79b). If this trend continues above 200
MeV beam energy the measured ene croas gection at 230 MeV
bombarding energy will explain a smaller fraction of the
inciusive o -particles. ({ A partial angular distribution of
singles c-particles for the 230 MeV beam indicates that the
cross section may not increase as rapidly as in the 90-200
MeV interval, but it is increasing slightly faster than the
gise in the production of eBe). 1t is concluded that other



breskup channels (such as 1ii) in £i9.1I-5) or additional
fragmentation processes contribute more cross section at the
higher anergies.

Of the aBe nuclei observed, the ratio between sae(g.t.)
and 830(2.94 MeV) production is the same for the two
bombarding energies (187 and 230 MeV), which strongly
suggests that projectile ground state properties arc
important in the projectile fragmentation process(es). In
addition, the observed large production of aBe(Z.S‘ MeV)
nuclel is consistent with the suggestion from measurements

12C on 1975, {Ko74) that a significant fraction

of 126 Mev
of the ase nuclei was being produced in an excited state.
Interestingly, pickup reactions and cluster model
calculations (Aj75 and references therein, Ku73) indicate a
substantial amplitude for representing a 12C nucleus not
only as [y (sBe(g.s.)) x ¢ (a)] but also with the
configurations [ w(sse(z.sc MeV)) x ¢ (a )] and
[ w(aae(ll.Q, 4+)) x ¢ ( a)l. Transitions through the 11.4
MeV 8Be state apparentiy are not important at the bombarding
energy of 187 MeV, (Verification of 88e(11.4 M=V)
production would be difficult owing to the large decay
encrgy and therefore the tendency for the zequential decays
to appear as uncorrelated 2 q-particle production).

The obsezved trend in fig. IV-14 for aae production as
& function of bombarding energy is at first appearance

inconsistent with the predictions of the incomplete fusion



sum rule model (discussed in Gection II). Qualitatively, a
large multikody fragsentation channel should become more
prominent as the bombarding energy increasea. The
measurements reported here are specifically of resonant
particles. As the bombarding energy is increased it is
quite conceivable khn: the projectile-target interaction,
which lea- to a fragaentation, becomes more "severe®. This
in turn, rould suggest a decrease in probability for the

rather weakly bound "Be nuclei to survive the breakup

process. An extension of these measurements of the

8Be in conjunction with

production of the resonant nucleus
inclusive g-particle cross section measurements at higher

12C bombarding energies could elucidate thies point further.

B. 20 Pb(12 13C‘) 13c+2°8Pb reactions

12,208

In the above study of the Pb system, it evidence

of a relatively strong neutron pickup channel, the

208 12 13C + o + 9ae) 7Pb reaction, was obgerved. The

Pb(
first part of this section briefly discusses this
transition. )

Pigure IV-15a shows the total energy specirum of a+
9Be coincident events recordgd with the telescope system 1-2
which as located at 19° in the labogzatory. A strong
transition is seen which is kinematically determined to be

e 2oa?bllzc, a+ 9Be)2°7Pb(g.s.) reaction (Q-value= -13.07



200 , . : .
| 01208py('2c,0+986)207pp i
1501~E)2,, =187 MeV, Byqp, 1=840b,21%° | || gate for”
projecﬁog
L Dg=5.9°
3 1001 i
(&
sof- f .
° 100 150 -
E., oo (MeVv)
a+
70 —te

60— b)9Be projected spectrum gated on peak in o):
| Ex(Mev) 140 120 110110 120 140 ]
sor e(MeV) 30\ 1.0 10 3.0 -

B 13.0 13.0
o 40 =
& 3ol .
20} .
{o] g -
0 100 150
Egse {(MaV)

XBL B18-11232
Fig, IV-15



MeV). Little strength is observed for the production of
¢+98e fragments at a more negative Q4 (three-body Q-value).
The origin of the @ +98e coincidences can be determined by
projecting the two-dimensional C-Pne energy plane onto the
98e energy axis, as shown in fig. ivV=15b. With three-body
kinematics it is possible to convert the aeasured 9Be energy
to a relative energy of motion, ¢ , between the a and 9pe
fragments and to an excitution energy in the 13c system. It
is seen in the projected spectrum that there &re txd groups
of o -93e relative energies, ~ 1.3 and - 3.1 MeV. These two
groups correspond nicely to the relative energies expected

13c nucleus excited to the first two groups of alpha

for &
decaying states above the q+93e breakup threshold (Aj76).
Futhermore, there is a close correspondence between the
resonances observed in the 12C(n,a )SBe reaction (0Ob72) and
the peaks seen in the a +93e system. Analysis of a +98e
coincidences at the higher bombarding energy of 230 MeV,
where the third telescope system was incorporatoad, permitted
the conclusion that there is little strength for the
production of 13C* nuclei with excitation energies above
about 15 MeV. That is, the majority of a +9Be events result
from the sequential decay of 13C states located at
excitation energies corresponding to the peaks evident in
fig. 1IV-15b.

Figure IV-16 shows the measured u+95e yield (for the

207Pb(g.s.) transition) versus the laboxi¢cory angle of the
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twvo telescope detection system. These double differential
cross sections correspond roughly to a production cross
section of 13c= of a few mb or less. As was observed in the
(lzc.lzc') reaction channel the o +9Be production peaks near
the grazing angle. The rhape and trend of the (12 13 ')
angular distributions are also very similar to that observed
(La72) in the 203Pb(12C.13C) reaction where it was found
that the angular distributions were interpretable in terms
of a peripheral reaction mechanism druwinated by kinematic
effects. 1Indeed, a careful comparison of the (12 13C) and

(12 13C ) reactions at the same bombarding energy would be

very interesting.
The various processes involved in the producticn of
13c‘ nuclei have been econsidered further. Two possible

13 *

reaction mechanicms for the preduction of C are : 1) a

direct neutron transfer to unbound levels in 13C and 2) a

two-step process such as 2°8Pb(12c, 13c(g.s.)) ilsc,lsc )

2°7Pb(q.s.). If this latter process (invcolving the

13C(g.a.)) were dominant then one might expect that the
reaction 298pb(13¢,23¢c 4 4 + %Be)29%Pb(g.s.) would exhibit
a relatively large yield in reactions initiated at a simiiar

bombarding energy. To investigate this mechanism as well as
12C+2089b

system, an initial survey was made of the zostllac.lsc‘)

to provide an irteresting comparison to the

reaction at 172 MeV.

As throughout this work., the production of resonant



unbound reaction products was observed by detecting the
sequential decay products in coincidence with the
“piggyback® tripla telescope system describecl in section
YII. The yield of o +9Be coincidences between 15° and 25°
in the laboratory system was observed to be small, a factor
cf 15-20 less than that observed in the 20st(nc, 13C*)
reaction at 187 MeV. This suggests again that the
(12c’13c*) reaction is very similar to the (12c,13c)
reaction. Futhermore, these data indicate the strong
selectivity involved in the inelastic excitation of
projectile nuclei.

In addition to g +SBe coincidences, other two-particle
coincidences were monitored. The dominant particle-particle

13 +208

C PL system was the a- o

coincidence channel for the
channel. Figure IV-17 shows a 208Pb(13c, a + a) coincidence
spectrum obtained by the two telescope combination which had
an average angular separation of 4A¢ = 5.9° . A rather broad
peak (near beam wvelocity) is seen in this coincidence
spectrum as was observed in the 12c+2°ng system. Figure
IV=-17b shows the ‘Be projected gpectrum from the a + o
coincident events located within the gate indicated in part
2) of the figure. The majovity of a;+ a, events have

E( 5) = E{( “2) ag expected from the decay of‘a BBe(g.s.)
nucleus. The other two decector combinations for particle-
particle coincidences, which are separated by angles larger

thard a 8Be(g.s.) decay cone width, recorded very few a +a
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events. BEvidently, nearly all a+ a coincidences arise from
the decay of a aBe(g.l.) product.

Given the large production cross section of aBe(g.a.)
(st 85,y = 15° , & /a0 = 360 mb/ar) it is interesting to
deduce what fraction of the singles alpha spectrum arises
from decaying ane nuclel. Integrating over fig. 1IV-17a and
folding in the aae detection efficiency it is determined

that approximately 55% of the singles alphas at 15° must

arise from the decay of ase nuclei.

The.nechanism(s) responsible for the copious production
of Pae nuclei could not be determined from these limited

measurements. It is suggestive to compare the shape of the
ata coincidence spectrum with that obtained in the 12C

induced reactions. It is seen that the shape is rather

similar to the (lzc.sae) spectra, suggesting that incomplete

fusion and projectile fragmentation are important processes

for this system.

The production of only 8Be(g.s.) nuclei and no 8Be(z.N

MeV) nuclei is intriguing. It is conceivable that a 13C

projectile would behave as a 12c projectile with a spectator

neutren attached, in which case similar results to those

1zc+2os

obtained in the Pb system should be obtained.

Bvidently this is not the situation. Owing to the large

13

g+95e parentage of “°C (A}76 and references therein) one

‘might also expect a large 2i-ect breakup probability for 13C

into a+9ae fragments. In a two step process, the BBe ecould



lose its loosely bound neutron. However, consideratjon of
the ground state structure of 98e (AJ79 and references
thercin, Co67) indicates that production of aB§(2.94 MeV)
nuclei would be nearly of the same magnitude as the
aBe(g.s.) transition. Similarly for the u+98e* - a ta+n
channel. Clearly, an extension of this initial

investigation is needeg.

c. 1604197n,

As noted in mection II, angular correlations between
fast a-particles and outgoing heavy reaction products for
the systems 16O+197Au and 160+2°8Pb have previously been
studied at the bombarding energies of 140 MeV and 310 MeV
(Ge77b). Although a detailed understanding of the reaction
mechanism responsible f»r the observed fast a-particle
production was not achieved, it was inferred that the a -
particle could not originate from the sequential decay of an
ejectile. In contrast, a}simple Monte Carlo simulation
{presented in section IIb) indicated that these data (Ge77b)
were consistent with a possible sequential decay process and
hence that this type of reactien mechanism should be
considered further. This section contains a discussion of
an initial and cursory investigative study of the 160+197Au
syctem at 218 MeV 16o bombarding energy. It should be noted



that, subsequent to this short experiment, Bini et al.
~'20) reported that most of the a -particles observed in
the 1604197, system at 310 MeV were consistent with
emission from projectile-like fragments. Also Rae et al.
(Ra80) reported a strong 160‘ sequential decay channel in
the 1€0+122 system at 140 MeV.

a 208,

Targets of 197Au(0.46 mg/cm2 ) an Pb (enriched,

1.5 mg/cm2 ) were employed. The data taken with each target
were qualitatively the same. The triple telascope system
(as discussed in sectiuvn III) was used to record particle

-particle coincidences. Extensive singles measurements were

not performed.

Since the three particle telescopes iare located in
close proximity, the observation of the decay of 164 states
near the breakup threshold of Ex = 7.16 MeV {RAj77) is

facilitated. Figure IV-18a shows a summed energy spectrum

of u-+1zc coincidences taken a 19° in the laboratory with

the closest spaced counter configuration, i.e., pp = 5.9°°
Strong transitions to the ground state and low lying states

of 1975y are evident as well as a significant number of

V] +12C events with more negative production Q=values.

Pigures IV-18b and IV~1l8c shovw Drojected spectra onto the
12C energy axis of the a +12c coincident events that summed
to &n energy falling within the gates indicated in part a.

-4
The peaks in fig. IV-18b are representative of 160

sequential decay into the a+12C channel and resemble the
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a1
data observed by Rae et al. (RaB0) for the 16o+uc system.
Furthermore, there are no events observed that correspond to

16o excitation energies between 7.16 and . 9 MeV, i.e,, a

160 projectile into an a +12C pair

éirect breakup of the
with small relative momentum is not observed. Clearly, this
does not preclude the existence of 160 breakup.

The projected spectrum (fig. 1V-18c) which results
from o +12¢ sventz with more negative Q-values does not
display any clear peaks in the "relative energy"™ spectrum
but does exhibit an overall shape that is similar to par: b.
Since the kinematics wre not coumpletely defined for fig.
IVv-18c it is only possible to suggest that other processes
besides sequential decay are involved in these transitions.

12c yield as a function of

Figrre IV-19 shows the a+
the laboratory location of the vertical telescope system.
For absolute producticn cross section calculations it is
necessary to establish accurately the relative energies of
the sequential decay fragments. The resolution of these
data do not warrant, for the above reason, calculation of
abgolute production cross sections. Hence only double
differential cross sections are shown. The trend in this
limited data set is similar to that noted for lzC* and 13.*
production. The grazing angle for this system was about
23.°
12.

In addition to the obscrvation of the a< channel,

other particle- particle coincidences were investigated for
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this system. 7The overwhelming mpjority of all particle-
particle coincidences consisted of a -~a events. Closer
examination indicated that (as in the 12¢ induced reactions
reported in section IVA) most o -a coincidences were due to
the decay of a aBe(q.s.) or an excited 88e(2.94 MeV)
nucleus. The ratio of aBe(g.s.) production to 8Be(2.94 MeV)
production was about 1:2.2. Again, the processes
responsible for the relativly large production of aBe‘l are
not clear, however, Q-vziue systematics (Ge78) suggest that
8pe production should indeed be large. It is found that the
differential cross section for BBe production is larger that
that for 7Be, 9Be and 10Be production, by at least a factor
of three (but the differential cross sections do not exhibit
an exponential Q-value dependence). The 8Be cross section,
however, is not sufficient to explain a sizable fraction of
the inclusive o ~particles observed in this reaction (
~5=-10% can be explained in this manner). This is a
distinguishable feature between the 12C+203Pb system and the
l60+197Au system which will require further detailed
studies.

Pinally. it should be noted that Rae et al. (RaBl)
recently suggested that at least two mechanisas contribute

12

%o the production of a +°°C breakup Iragments, a coherent

.

and an im rent pr . The incoherant process, which
was judged the dominant process, was speculated to. be the

duasi-free scattering of the s or 12¢ copstituents of the



projectile by the target causing, in effect, » direct
breakup. Thus there is evidence of both seguential and

1‘0 projectile but the relative

direct breakup of an
importance of these two processes still needs ¢o be defined.
However, from the data presented elsevhere in this work, it
is likely that the sequential decay process is overall of
relatively minor importance for the production of fast

forward- peaked light particles.

p. Toi+l2c, 71142085,

In this section results are presented of an

7L1 + g +t breakup on 12c and zost

investigation of 70 MeV
targets. For those breakup events in which the relative
energy between the fragments was below 3 MeV, it was found

12

that the breakup of 7L1 on the “°C target was predominantly

sequential - proceeding through the 4.63 MeV, 7/2° state of

? zoan target

Li. In contrast, the breakup of 7Li on the
had two components, this sequential component involving
excitation to the 4.63 MeV state ne well g8 a direct
component.

Figures IV-20, IV-21 and IV=-22 show typical charged
particle inclusive spectra taken with a .35 -g/cm2 thick 12C
target ard a 1.5 lg/cnz thick 208Pb target. PFor the 12C

target at backward angles (fig. IV-21) the spectra were
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fairly featureless, with increaring intensity for lower
particle energies. At forward angles fig. 1IV-20, alil
charged particle spectra obtained with the 12c target
exhibited a broad structureless peak centered at energies
corresponding to approxinately the beam velocity. The yield
of tritons and of alphas was found to be grecater than for
the other light charged particles. Charged particle spectra
obtained with the ?98pb target (fig. IV-22) also exhibited
contributions from fast particles. Similar featurss have
been observed in reactions induced by the rather similar

6.1 (0164, Ne79, CaB0, Ne8O).

projectile
Pigure IV-23 presents coincidence data for the 7L1+12C
reaction at 15° in the laboratory in which the summed energy
of coincident events in the two telescope system 1-2 is
displayed, with the requirement that an a-particle be
recorded in one telescope and a triton in the other
telescope. The three peaks correspond to those breakup
events which leave the 12C target in the ground state or
excited to the 4.4 MeV, 2% or 9.6 MeV 3™ states. The
resolution of this spectrum is determined mainly by
kinematic broadening. For the heavier target the kinematic
broadening is less significant (see fig. 1IV-23b). The

7..¢
Li (4.63 MeV) for

angulsar &istribution of the production of
the 12C remaining in the ground state is shown in fig. 1IV-
24a. The angular distribution in fig. 1IV-24a has been

corrected for the g +t detection efficiency, which was
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calculated as outlined in appendix A.

Purther interpretation of the character of these
breakup events can be obtained from the g or t projected
energy spectra for coincident a +t events that yield a total
energy correspondince to one of the przak energies in fig.
IV-23a. Such a proifected epectrus for th~ : perticle

12c ground state transition is shown in

corresponding to the
fig. 1IV-25a. The two peaks of fig. 1IV-25a correspond to
the two kinemaltically allowed t energies from the breakup of
7Li'(4.63 MeV). The shape of these peaks is determined by
the geometry =f£ the two telescopes as well as by the center-
of-mass breoakup energy, ¢ , and the energy of the recoiling
7L1. projectile. Calculated energy windows in this
projected spectrum for breakup from the 4.63 MeV state
( €=2.16 MeV) are indicated in fig. IV-25a by arrows. It
is seen that most of the events are located within these
narrow limits.

1f direct breakup has occurred in the field of the
target nucleus the relative energy, ¢ , between the a and t
would no longer be restricted to a definite value
corresponding to the decay of an excited state of 7L1 » but
rather the value of ¢ could vary over some continuous
distribution related to the momentum distribution of the
fragments in the projectile ground state and to the target-
fragment interaction. Prom fig. 1IV-23a for the 1L1¢12c

reaction there is littlie. or no, evidence of such a
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distribution of ¢, sfnce the préjected gpectrun is
conaistent with a ningle value of ¢ =2.16 MeV arising from
the decay of the 4.63 MeV state of 'Li. 1n fact, for all
detector angles between 13° and 33° the shapes of the
projected spectra for the 12c ground state transition are
similar.

The corresponding experimental results for the zearb
target are shown in fig. 1IV=23b, fig. 1IV-24b, IV-24c and
fig. 1IV=2S5b, c¢. The summed energy of ccincident g +t
events is shown in fig. 1IV-23b, in which it is seen that
the majority of breakup events into the a +t channel leave
the targe’. in its ground state. The projected energy
spectrum for the t fragment coirespording to this
transition, and for the detector systam get at 32° in the
laboratory is shown in f£ig. 1IV-25b; arrows indicate the
triton energy limits for a sequential breakup of TLi‘(l.63
MeV). A projected energy spectrum of the t fragment when
the detectors are located at 18° is shown in fig. IV-25c
(the arrows have the same significance as in fig. 1IV=-25b).

It is apparent that figs. 1IV-25a and IV-25b are
similar, showing little evidence for dicect breakup. In
contrast, data taken on 208pp, gt the more forward angles,
presented in fig. 1IV-25c, include events with a continuous
distribution of ¢ which cannot arise from digcrete states
of 7L1. This is taken as evidence of direct breakup.

The angular distribution of the sequential component
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involving excitation of the 4.63 MeV (€ =2.16 MaV) state is
shown in fig. 1IV-24b. This angular distribution is
corrected for the change of a +t detection efficiency as a
function of angle. The yield of the direct component
corresponding to € <2.0 MeV is shown in fig. IV-24c, but is
not corrected for detection efficiency changes since the
shapes of the projected spectra vary with angle.

The events occurring with €£52.0 MeV have been
attributed to a direct breakup of 7L1. Such events might be
thought of ©s arising: a) by a rapid reemission of a
transferred projectile fragment and/or b) by inelastic
scattering of the projectile to the continuam of the a +t
gystem. For the process a) the fragment reemission would
have to occur within the nuclear transit time otherwise the
momentum correlation between the a and t fragments would be
lost. The distribution of relative energies between the
fragments for a direct breakup process is determined by the
phase space of the final state particles, by their mutual
Coulomb interaction and by their momentum distribution in
the bound 7L1 system. Since the outgoing fragments have
differsnt Z/M ratios, the target~fragment Coulcmb
interaction will distert the initial ¢ distribution in such
a way as to enhance the yield of lower t energy valuss.

This effect ie clearly seen in fig. 1IV-25c and is eviZent
at all anglec measured.

There is a distinct difference between the angular



distribution for the direct component ¢ £2.0 MeV, and the
sequential component ¢=2.16 MeV. It is possible to
speculate that the direct component originates from a
greater overlap between the incident nuclei than that needed
for simple projectile excitatior, which might result in a
nuclear deflection to zmaller angles than the grazing angle
of . 30°° One could alsc argue that both the direct and
sequential breakup processes have enhanced yield at forward
angles due to strong Coulomb effects. Howsver, an

investigation of the breakup of 32 MeV 7L1 projectiles from

197Au gave a very small cross section for Coulomb breakup

(Qu74). A semiclassicinl breakup simulation calculation is
discussed below which qualitatively reproduces the observed
angular distribution for the direct breakup component.

A small amount of data was collected using another
heavy target to verify the projectile breakup transition.
Figure IV-26 shows the summed energy and projected energy
spectra for the 1“s-+7L1 system at 70 MeV. Although only a
small amnunt of data was collected (due to a small number of
micro Coulombs of beam) it is apparent tunat fig. 1IV-26

7 208

resembles that cbtained for the "Li+“  Pb system. (The

projected spectruy rig. IV-26b has been corrected for

random coincidencas).
Pigure IV-27 shows for comparison the projected spectra

for transitisns producing o and t products while leaving

the residuzl 12c nucleus in the g.s., 4.44 MeV or 9.6 MeV
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state. All transitions are seen to proceed through the
production of 7&1.(4.63 MeV). The transitions repreeented
in Z2ig. 1IV-27b and 1IV-27c are a mutual excitation process
of the target and projectile. The reaction channel 12C(7L1.
721%(4.63)) 12c(9.64 MeV) is an excitation process in which
the residual nuclel are both excited above their respective
breakup thresholds.

In addition to meazurements of a -t coincidences with
the 1-2 telescope system the other two telescope
combinations were employed. FPigures IV-28 and IV-29 show
projected spectra for the 29%ph+’Li system at both 32° and
18° in the laboratory system for the other two telescope
combinations ( ¢ = 10.9° and A¢ = 16.8%)* At forward angles
the t- a coincident events were dominated by the direct
breakup component while at backward angles it can be seen
that the sequential component contributes most to the
observed t- G coincidences.

Figure IV-30 shows the measured angular distributions
of 711" (4.63 HeV) for the three prominent transiti:ms with
the 12c target. The quular distributions shov small
oscillations cnd'inc:ease in magnitude with decreasing
angle. $he horizontal angular acceptance was - 3° . The
cross sections are seen to be on the order of a few hundred

ub/sr to severr® mb/sr. The solid curve in fig. TIV-3C
represents the DWBA predictions for inelastic scattering

with the code DWUCK4 (Ku74). The deformaetion parameter BL
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wvas extracted by normalizing to the expermental data through

the relationship
o= 82 (1,LR0|1,K)2 © v
oxp = B Uy £ DWUCK (Iv-3)

where (11Lx0|1£l) is a Clebsch-Gordan coefficient between
the initial and final states, i.e., (‘1L‘°|1:"' (3/2 2 172
0 | 7/2 1/2). The DWBA form factor employed was that given
by the collective model,

o= (2 + 2Ny 8y (1V-4)

where

FC= ¢ (32,2,6h) 7 (2141) ) (RS /T (1v-5)

and
7N (r)= (VHIWIR(GE (x)/dr) (IV-6)

The optical model parameters employed were taken from (2e80)
and adjusted slightly. The derived 6 value is shown in
£ig. 1IV-30, By " 8" 0.74. This value agrees well with
that obtained from 12c(’Li, 711"(0.48 MeV)) inelastic
scattering studies (2086). This value ;l also in good

agreement with that obtained from available B(E2) values



(2479).

Figure IV-31 shows the 208

po('se, 01" (2.63mev))
2°st(9-l.) angular distribution and a similar DMEA
calculation. Several optical model parameter sets were
employed (3e79, Hu80) but none were found to fit the forward
angle data well. The L=2 calculation adequstely fit the
more backward angle points. It is possibles thit two step
processzs, involving the 7L1(0.48 MeV) state, enhance the
forward yield. The dashed line is the expected angular
distribution for a Coulomb excitation only (Al56). It is
seen that Coulomb excitation alone does not represent the
data well, i.e., nuclear interactions are important in this
reaction.

In an effort to interpret the yield of the direct
breakup component as a function of the laboratory angle of
detection, a semiclassical Monte Carlo breakup simulation
calculation was performed. Since 1) the biéding energy of
7Li 15 low (2.47 MeV), 2) the parentage of a -t clustering
in the 751 ground state is large and 3) the Sommerfeld
parameter parsmeter n = 12 is reasonably iarge, a
semiclassical simulation of 7L1 bzeikup might yield
qualitatively interesting information about the expected
7L1 + a +t angular distribution. Other simple classical
three-body trajectory calculations have been performed
(Ga78, Ha78, Go79, Ts80).

The calculatinn performed here is discussed briefly
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belcr. More details about the calculation performed by the
code EATURN may be found in appendix B. At the start of the
calculation the 7Li projectile wvas represented &s a bound

a -t cluster configuration. The a -t bound state radial
wavefunction was deterzined and then used to weight, in a
Monte Carlo sense, the initial o-t separation. A range of
izpact parameters wvas employed, as outlined in appendix B.
The projectile was assumed to approach the target nucleus
along a Rutherford trajectory up tc a specified distance ( -
4C fm). At this point the 7&1 projectile was represented as
a bound a -t pair. The center- of -mass velocity was then
added to the motion of the a and the t. For the potential
interaction betwesn the a and the t, both Coulomb and
nuclear terms (Woods-Saxon potential) were employsd. The
initial relative a -t velocity was determined classically
from total energy considerations. The aotion for the three

a 208

nuclei a. t an Pb was then integrated numerically in

small time increments using essentially Newton“s eguations

2°an iateraction and the t-zoapb

of motion. For the g ~
interaction both Coulomb and nuclear terms were included.
The final potential parameter set employed is listed in
Table B-1. (No frictional force was employed and the
excitation of reaction participants was not allowed.)

1f, as the bound g-t pair moved past the scattering

208,

potential representing the Pb target, a potential

gradient existed sufficient to overcome the attractive a -t



potential, the bound a-t pair was liberated. Numerically
the particle t:-jcctgtlcl were traced until at least one
participant was a faw hundred fermis in distance from the
residual target nucleus. If it was found that the a -t pair
had been disrupted, this event was saved. Events where a
fragment was captured by the target nucleus or where no
breakup occurred were discarded. While computing
tecajectories the force after sach time increment was
calculated between the three bodies. Sufficiently small
time increments were emplcyed to insure energy conservation.
Figure IV=32 shows a two dimenczional plot of the
laboratory scattering angle of the triton versus the
laboratory scattering angle of the alpha particle. Three
classes of breakup events are evident; 1) the g -particle
continued on a Rutherford-like trajectory but the triton was
deflected to very positive or negative angles, ii) the
triton, after breakup, continued on a Rutherford-like
trajectory (with a slightly larger angular dispersion than
the g-particle in i) and the g -particle was deflected to
very positive or negative angles and iii) both the triton
and the alpha particle were focused to forward angles. The
calculated a -t angular correlation was found to be momewhat
sensitive to the choice of potential parameters. Therefore,
the parameter sa2ts (see appendix B) were modified only
slightly from that given in Pe76. Mostly, the diffuseness

was increased slightly.
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A.pha and triton trajectories which resulted in the
same allb of deflection were examined for their ¢ (out- of
=plane dependence). Pigure 1IV-33 shows the calculated yield
of a-t coincicent events to be compared with fig. IV~24c.
It is seen that qualitatively the two curves are similar,
suggesting strongly that the 751 breakup is a peripheral
phencmenon where the disruptive scattering center (the
target) simply perturbs the weakly bound 751 p-vjectile into
a continuum state. A comparigon between this simple
calculation and an in-plane angular correlation experiment
would be interesting.

Since each trajectory proceas by the program SATURH
required the calculation of many thousands of exponential
terms only three to g8ix trajectories could be processed per
minute. Although enough events were processed to be able to
create the angular yield displayed in €ig. 1IV-33, it was
not possible to examine the a-~t relative energy spectrum
with any confidence due to the sparsenese of events.

Figure IV-34 displays projected spectra from the

7y 44,208

Li+

for the three vertical angular center--to-center separations,

Pb reaction obtained simultanecusly at 6 ,,. ~ 28°

5.9, 10.9 and 16.8° . It is seen that the direct breakup a -
t coincident yield increases with increased vertical
separation of the two telescopes. MNost of the direct
breakup distribution, it is also found, ie centered below

the beam velocity by some 2-3 MeV. A third prominent
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feature of these spectra is the difference in spectral shape
for the direct breakup component.

The cobservation of the direct breakup component having
a centroid weighted below besam velocity (for the triton
fragment) is easily interpreted as an effect of the Coulomd
force in peripheral breakup reactions. Pigure IV-35 ahows a
simulation of the "expected” projected triton spectra if the
breakup occurred at a radius of 9.5 fa from the 208p,,
nuclear center and the breakup fragments t and o had a
relative energy, ¢, as indicated. It was further assumed
that the relative momenta of the a and t were equal and
opposite. Pigure IV-35 shows that the lower I fragment, the
triton, obtains a final kinetic energy less than that
expected from simple breakup QO-value considerations, i.e.,
E, (expectad) = 28.8 Mev.

Pigure IV-35 further indicates that a "sequentisl® type
decay through the broad 7!.1. (6.68 MeV) state could
ostensibly contribute events which fall within the direct
breakup region. The width of this state, I' = .875 MeV
(Aj79) implies that on the average, a decay through the 6.686
MeV state of 7&1 would occur some 20-30 fa away from the
208pp, pycleus where the Coulomb distortion is much reduced.
The decay of this state in closer proximity to the 208”
nucleus could indeed contribite events to thes direct breakup
distribution betwsen - 30-39 MeV in the triton energy

spectra. Pragments produced in this manner, however, vcuid



d>o/d§), dQq dE, (arbitrary)

|_Coulomb Distortion Simulation
208pp+TLi+a+1+2%pb B4 .= 70 MevT
R=9.5 frn, B,Gb 2 |g°
N -2 system
€=0.1 MeV 1
| | |
1-2 system
— €=05Mev
] h ! 1
- h {-2 system -
€ =1.0 MeV
| 1
-2 system
| €= 4.2 MeV -
| - I na
10 20 30 40
E 1 (MeVv)
KBLSN2- 12030

Pig. IV-35



by definition be classified as direct since they were
produced within the nuclear transit time.

The double humped shape of the direct component in fig.
IV-34a suggests a sequential type decay process involving
small relative energies may be involved. Transitioiiz to the
a -t continzum just above the breakup threshold wouid be
hindered in their decay by the a -t Coulosb barrier. Thus,
the average time the fragments spend together would be
longer, possibly peralitting a reduced distortion of the
fragments momenta and creating a pseudo-sequential decuy.

If indeed this situation occurred, the measured relative
energies would be a reflection of the energy above the
breakup threshold to which the transition proceeded. Por
small relative zmomenta events which penetrated the barrier
in closer proximity to the residual target nucleus, the
triton projected energy spectra, as discussed above, would
be weighted ¢to lower energy values. Therefore, it is
tempting to suggest that the spectrum displayed if fig. 1IV-
34 provides information about the distance and time scale
for production of low relative momenta a -t fragments.

Recently Gemmeke et al. (GeB0O) interpreted their

6,

Li+118

scasured a+d angular correlstions from the system Sn

(22.6 MeV bombarding energy) as the direct breakup of the
6

incident "Li projectile. Of relevance was their

interpretation of the double humped angular correlation by a
simple semiclassical model for Coulomb breakup. Assuaming
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that the excitation probability to continuum states and then
sequential decay was given by a semiclassical
electromagnetic interaction transition probability modified
by a psnetrability term, this group was able to adequately
reproduce their measured angular distribution. Thus a
quasi- sequential process was evcked. In principle, it
would be possible to extend the preceeding argunents for
explaining the spectrum in fig. 1IV-34a by performing a
similar quasisequential calculation. However, it is
apparent that nuclear forces are prominent in this reaction
and therefore such a simple calculation is not relevant
here.

The interpretation of the shapes and observed relative
magnitudes of figs. 1IV-34b and IV-34c is even more involved
and uncertain. A projected spectrum as in fig. 1IV-34 can

be described by the equation

d30 « 'le
a, df,dE, Pphase

2
«_ oy PolTI (1v-7)
(1+my/bg+(Py-P) +Py /P3)

where m,, K, and =, are masses, P, are the respective
particle momenta, P is the projectile momentum and T is the
matrix element describing the breakup transition (a three

body matrix element). As discussed in section II several



models have been proposed to explain the measured single
particle inclusive spectra, some of which (such as Serber
. model variations) are not easily extendable to the
coincidence measurements. The requirement of a quasielastic
breakup transition and destection of both projectile
fragments is a much more stringent test for breakup
predictions since the possible interaction of each
projectile fragment with the target nucleus and the
asgociated distortion effects must be considered. An
accurate treatment of this problem would require a distorted
wave treatment with transitions to the continuum. As
discussed in section 1II calculations of this type have only
recently been attempted for both heavy and light
projectiles. Thus, for a full understanding of the data
presented here, calculations of thi{s type will be necessary.
hs mentioned previously, at relativistic energies the
momentum distributions of fragments in the projectile rest
frame are well described by a Gaussian distribution which is
predicted by simple models (Go74, Gr75). 1If it is assumed
that such a distribution applies to the Ly breakup then
from the measured fermi momentum (Mo7l) of ~ 169 MeV/c and
assuming only a-t fragments are emitted with equal and
opposite momentum, it can be concluded that a sizeable
fraction of breakup events will not be measured by the
detection configuration employed. Prom the measured a -t

coincidences shown in fig. IV-34 and assuming azZimuthal



symmetry for the distribution cof one breakup fragment about
the direction of the other fragment, it can be concluded
that the cross section for direct breakup is at least (a
lower limit) as large as the sequential breakup cross
section. From the mseasured inclusive spectra it is found
that the production of 7L1.(4.63 MeV) can account for only a
few percent of the inclusive a -particle cross section,
suggesting again that a substantial inclusive particle cross
aection results from projectile fragmentation.

Although no direct braakup events were observed for the
12C target, again only a small portion of the single (fast)
particle inclusive cross section is explainable in terms of
the production of 7L1'(4.63 MeV) as well as the other

6L1% (2.18 Mev),

observed unbound reaction products
5Li'(g.a.) and BE@(g.l.). Thus, it is suggested that
projectile fragmentation processes are also prominent in 7L1
induced reactions on the lighter target but the a -t spacial
interaction is not as prominent, perhaps due tc a lack of
strong Coulomb &istortion or a greater absorption

probability for ene of the fragments.



Summary and conclusion
Tho mechanisms involved in zhe production of fast a-

zoarb target have

particles in a 12 induced reaction on a
been investigated at the bombarding energies of 132, 167 and
230 MeV. With double and triple coincidence measurements of
the sequential decay a-particles, absolute cross sections
have been determined for the reactions (lzc,ase(g.n.)),
(lzc,ane(z 94 Mev)) and (12 12C -a + 8Be). It was
determined that the simple inelastic scattering process
(12 12c +qa + Be) does not contribute significantly to
the large production of fast a-~particles (.950 mb over the
same angular range). Though the neutron pickup process
20 Pb(12 13c -0 + 9Be) and its sequential decay were
observed, this did not contribute a large flux of fast
alphas. However, the observation of a large production
cross section for 8Be(g.s.) and 85e(2.94 MeV) nuclei at
12C) = 187 MeV permitted the conclusion that, as first
suggested by Britt and Quinton (Br6l), projectile
fragmentation is largely responsible for the fast a-
particle production. The measurements reported here,
together with those of Siwek-Wilczynska et al. (Wi79a,
wi79b) provide an explanation for the origin of over 80t of
the observed o-particles at 187 MeV bombarding energy.
Although the cbserved 'De production cross sections as a
function of the bombirding energy are not in disagreement

with the simple incompl ‘te fusion model predictions of



Biwvek-Wilczynska at al., it is clear that projectile
spectroscopic and/or final state interactions are important
in fragmentation reactions at these bombarding energies. It
is concluded that an engular correlation measurement of a +
aBe reaction products would be feasibie and very valuable to

a further understanding of the breakup mechanisa(s)

involved.

13c and 218 MeV 160

The interactiona induced by 172 MeV
projectiles on heavy targets were briefly investigated. The
sequential breakup of the 13c projectile was found to be
small in magnitude. The sequential decay of the 16g beam
was observed with no evidence (in this very limited search)

for a direct fragmentation process. Both the 13C and the

160 projectiles were found to produce large amounts of e&e
nuclei. The mechanism(s) for this could not be determined.
A kinematically complete experiment was performed with
12c and 208Pb targets which was designed to isolate the
possible direct and sequential breakup channels of 10 MeV/A
7L1 projectiles. By appropriate arrangement of the detector
telescopes (i.e., as close as possible to each other) it was
possible to define a kinemotical window which permitted the
unambiguous observation of both the direct and the
sequential components. DWBA calculations which employed
both a nuclear and a Coulomb force adequately reproduced the
("11",701" (4.63)) angular distributions, suggesting that the

projectile~target nuclear interaction is important in the



direct fragmentation process. A semiclassical Monte Carlo
type projectile breakup calculation was constructed which
qualitatively reproduced the measured a-t coincidence cross
section as a function of the laboratory angle of the
vertical detector system. Additional in-plane a-t angular
correlation experiments would prove useful in understanding
the fragmentation process involved in this simple heavy-ion

system.

Unfortunately, the amount that is clearly understood
about 1light heavy-ion projectile-target interactions at 10-
20 MeV/A is still modest. However, it is acutely apparent
that much in the way of valuable and interesting physics
remains to be discovered and comprehended about such
interactions.

In concluding, it should be noted that there remain
several interesting experiments, some of which complement
the work presented here and sowte of a more general nature
which should be considered. A detailed study of the

production cross section of 8Be from 103, 13c' “N, 160 and

zoue induced reactions would prove interesting. A more
detailed comparison between the cluster onfigurations in
the various projectiles and the fragmentation channels which
are cobserverd to be strong might prove valuable. A series of
careful "reverse®” breakup studies, i.e., the lhveltigltion

of the inelastic excitation of target nuclei to continuum
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states would provide challenging data for breakup models (o
explain. For instance, a careful study of the continuvum

3

portion of inelastic scattering spectra froa the (3ae, Be”),

{ara”) reactions with targets such as 7&1 and 12c should
prove useful in fully understanding and predicting breakup
reactions. A study of 7L1 breakup over an extended
bombarding energy range and for angles near zero degrees for
both light and heavy targats would clearly be interestiny.
Of course, particle-y coincidence studies would also
complement many of the above suggestions. Of spectroscopic
interest, a comparison between the (gae,sne(g.s.)) reaction
(cf£. 85t77) and the unstudied, but derfinitely feasible,
(gae,eae(2.94 MeV)) reaction could yield helpful
spectroscopic information. Similarly for the a-pickup
reactions ( a,sne(g.s.)) and (a .BBe(2.94 MeV)). PFinally,
the stripping and pickup reactions observed (although not

5.i"y,

*
discussed in detail in this work), ('Li,®ui®), ("Li,
(7L1,aBe(g.s.)) and (7L1,85e(2.94)) might prove interesting

to study in further detail.



Appendix A: Efficiency programs UPEC and ALPHA

Nuclear reactions of the type T(P, (1+2). )3 with an
unbound final system which sequentially decays, (1+2). -
142, are frequently studied via measurements of the
differential cross section dzc /4 2,89., . Often it is vore
meaningful to estimate the p.odac:ion cross section of (1+2)t
from the experimentally measured “...erential cross section
dau /dE(1+2)d(zldszz » Since the segquential decay fragments 1
and 2 are confined in the laboratory system to a decay cone
of a width that it determined by the decay energy, e . and
the (l+2)' center-of-mass momentum, HVH’ it is necessary to
determine numerically the probability of detecting the two
correlated fragments with two separate detectors. The
FORTRAN program UPEC and its derivatives were constructed to
determine in a pseudo Monte Carlo fashion this detection
efficiency assuming the unbound particle breaks up with no
relative angular momentum, i.e., izotropically with respect
to its own center-of-mass system. A brief discussion of the
simple formalism involved in calculations of this type as
well as a discussion of the experimental/physical
implications of representative calculations follow.

In the calculation each detector is represented in
cartesian coordinates as a rectangular region in the x-y

pPlane. The source of unbound particles is located at the
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position (0,0,-D) where D is the target to detector distas:-:e.
The direction of motion of the (1+2). system iz designated by

the lab fixed spherical polar angles eH and ‘H . Por a

specified lab energy.
Eeot ™ B1,1ap * B2,1ap (-1
and decay energy, c¢ , we have

By =B - €= (1/2)HVH2 (A-2)

The pertinent velocities are

2m., €

vy 2 (A-3)
(m)+m)m,)
2m, ¢

V2 'c2 = 1 (A-4)
(m1+nz)m2
2( B -€ )

VHZ - —  tot (A-5)
(m)+m,)

where vl,c and vz'c are the velocities of 1 and 2 relative to
their common center-of-mass.

Laboratory velocities and positions of particles 1 and 2
ace determined by vectorially adding the relative velocities
to the center-of-mass velocity vH . It is neceasary to

specify an initial decay direction of 1 and 2 relative to a



body fixsd coordinate system of (1+2)' « This wvas
accomplished in either of two ways: 1) by randoaly
generating angles via a random number generator or 2) by
generating angles from 0 to 2‘ in fixed increments. PFor a
random number generator with a distribution between 0 and 1
the relationship between the random number returned and the

generated 0O or ¢ angle is given by

8= 2nn (A-6)
" cos~}(1-2n) (A-7)

with 0 < n <1, and n is a real random number. Por angles
generated in fixed increments from 0 to 2% each event was
weighted by the factor siné¢ c ( where ¢ c and ¢ ¢ Tepresent
the decay orientation of 1 and 2 relative to a body fixed
cooirdinate system of (l+2). ). Generation of " and ec
values in fixed increments from 0 to 27 afforded the
advantage of computational speed since the required cos ¢ c v
sin @ c ' So8 ¢ . and sin ¢ c values could be established in
2 table at the beginning of the calculation and merely
®"looked up® during the program execution. No significant
numerical difference was found between the efficiencies
calculated by these two methods, and therefore, the faster
code (fixed angular increments of variable stup size) was
employed smost often.

5ince the detsctor configurations employed in these



coincidence studies alvays consisted of at least two particle
telescopes arranged in a close vertical qeometry a necessary

requirement for the cbservation of a sequential breakup event
(into only two fragments) was that the center-of-mass vector,
v,

n
outer boundarius of the collimator slots and the post.

s was directed within the spacial region defined by the

Therefore, in the numerical simulation it was only necessary
to consider events in which the center-of-mass velocity
vector V, was directed within one-half of the collimator
region (by symmetry). Again, for computational speed, fixed
increments ( Ax and Ay) for stepping over the collimator and
post area in the X and the Y directions were established
initially at run time. Given the cartesian ccordinates
(xH'YH'D) vhere the center-of-mass vector intersects the
collimator plane the associated lab fixed angles ¢, and ¢,
are then defined.

With che selection of Oy ¢ by ¢ al,c ’ °1,c . 92,c
and $2,c the projections onto the laboratory coordinate axes
of Vi'c and vz'c were performed using rotation matrices

(Ar70) , i.e.,

x=coBd (xcos ¢ +z°8in ¢ ) - y’sin ¢ (A-8)
y=8ing ( x°cos ¢ + z78in ¢ ) + y’cos g (A-9)
z = -x“gin ¢ + z°cos ¢ . (A-10)

Here x*, y° and z” would represent vl,c,x ’ vl,c.y ’ vl,c,z ’

etc., and @g= Op v O™ ¢y, By simple vector addition of tha



projected relative velncity vectors ‘i.e and ‘b.e to 'h » the
coaponents of the laboratory total velocity vector for each
decay fragaent were obtained. Both the direction and the
teotal kinetic energy of each fragment were then obtainable.
By determining the total kinetic of each fragment it was
possible to account for the detector”s energy cutoffs in the
coincidence efficiency calculation. The efficiency or
probability of detecting two correlated seguential decay
fragments , H(E,c ), was determined by taking the ratio of
the number of events found to satisfy the spacial and energy
requirements to the number of events examined. The absolute
production cross section was then determined as in normal
single particle inclusive measurements but with an effective

solid angle, 4 Refg ¢ given by
daee = WIANE, €) (A-11)

where A is the collimator plus post area and r is the target
to collimator distance.

Figures A-1 - A-S5 illustrate the detection efficiency of
701* (4.63 Mev) and %Be(0.0, 2.94 MeV) nuclei as a function of
their total kinetic energy (after decay) for varicus detector
configurations. The solid angle subtended by each particle
telescope 1s represented by an ni and the vertical, center
=-to- center angular separation of the two telescopes is

designated by @ It is evident that, in general,

separation.
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the detection efficiency is small (.1 - 2.%) and it is highly
dependent upon the detectoz configuration, the fragments
relative energy and the total kinetic energy. This is most
easily comprehended by examining fig. A-6 which depicts the
projection of a breakup sphere onto the detector faces. As
discussed above the laboratory velocity vectors ¥i,lab and
¥3,1ab result from vectorially adding the decay velocity to
the center- of- mass velocity. Segments of the breakup
sphere project onto the collimator plane in a highly
nonuniform manner due to the nonlinear relationship between
the velocities , S and the opening angles 81 « Thus, if
the telescopes only subtead & portion of the angular region
into which the breakup frzgments are projected, the
efficiency for detection will depend accutely on the angular
separation of the telescopes. Futhermore, there is a well

defined opening angle maximum, 8 P)

max
Bpax =tan @, e/® 51 etan~ @) e/ myE 1P (a-12)

withirn which all breakup fragments are confined. 1In general
the highast detection efficiency is obtained when the maximum
angle subtended by the two counter telescopes just equals
Bnax' Equation (A-12) indicates that thisg criteria is
fulfilled only for very specific values of ¢ and !H and
suggests a strong dependence of the efficiency on the

telescope separation.



142

Equation (A-12) and fig. A-6 also indicate the need for
a small separation between particle telescopes when
attempting to detect the decay of °ae(.092 MeV) nuclei owing
to the small decay energy and the associated maximum opening
angle ( Bnax = 3,2° at IH = 120 MeV). Conversely, the
detection of unbound particles with large decay energies
regquires a greater angular separation of the two telescopes
{because for 2ll practical purposes the detection efficiency
is too small otherwise). Thus, the simultaneous measurement
of cross sections for, say, 8Be(.092 MeV) and 83;(2.94 MeV)
nuclei requires a system similar to that employed in this
work (and described previously in section III).

When the angular separation of two particle telescopes
exceeds the maximum opening angle, the efficiency for
detecting a sequential decay is zero. This is the situution
in many in-plane particle- particle angular correlation
experiments where there is little or no detection sensitivity
to sequential decays. Por this reanon it is possible that
erroneous conclusions can be reached about the impo.tance of
sequential decay processes in breakup reaction studies.

A determination 9! the detection probability via a Monte
Carlo simulation also allows for the prediction of what the
measured fragment energy spectrum shuild lcok like. Pigure
A-7 presents the predicted .le(z.!l MeV) projected energy
spectra for the three detactor configurations used in this

work.
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For the decay energy of the first uxcited statz of ane a
continuous Lorentzian distribution of width equal to 1.56 MeV
was specified. Two prominent features emerge in fig. A-7:
1) the projected spectra of the two closest configured
telescopes exhibit a double peaking and 2) the two peaks in
figs. A-7 a and b merge into a continuous (resembling almost
a three-body phase space) distribution as the separation
ungle is increased, as in fig. A-7c. The double peaking in
the projected energy spectra is a simple consequence of the
secuential decay kinematics and can be easily underatood by
referring to fig. A-6. By vector addition of velocities, m,
will have a velocity in the lab frame greater than ve.
whenever Vi'c is oriented in the forward portion of the
breakup sphere. Conversely, its velocity will be strictly
less than ve_-_ whenever Vi'ﬁ is oriented in the backward
half of the breakup sphere. Thus double peaking is always
present in the projected energy spectra of the fragments of a
sequentially decaying reaction product if the two particle
telescopes are sujficlently close tocgther. It is readily
derived from a velocity vector diagram that the decay znergy,

¢+ between particles of mass m; and m, and total kinetic
energy Bl and !2 is related to the angle ( sl+ 82) (see fig.
A-6) by

e =(R,E +m,E -2 (n)m,B,B) /2con ( 8.+ 8,01/ mp4m,)  (A-13)
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Here ( g;+ 8y) of the velocity diagram is essentially the
same as A¢ used in fig. A-~5. As the magnitude of ( 8% 85)
increases, the two solutions to equation (A-13) approach esach
other in magnitude until ( 81+ 8, ) reaches a maximua
allowable value. At this point eg. A-13 becomes single
valued. Thus, the merging of the encrgy distributions in
projected spectra is totally expected but it can provide
nontheless the basis for the innocent experimenter reaching

totally incorrect conclusions.

The measurements of 12c*’ o + 8Be(0.092 2.94 MeV)
production cross section involved the coincident detection of
three alpha particles by two particle telescopes. The
probability of detecting three g -particles as a function of
detection geometry, decay energies etc. was calculated in a
Monte Carlo fashion by the program ALFHA and its derivatives.
Program ALPHA is similar to program UPEC discussed above
except that two decay energies and three particles are
involved. For the calculation it was necessary to specify
the relative energy of motion between the o -particle and 8Be
nucleus and the decay energy of the sBe(either 0.0." MeV or
2,94 MeV). Laberatory trajectories were calculated in a
completely analogous manner as program UPEC except that the

rotation matrix equations (A-8) - (A-10) needed to be applied
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twice. Bach event processed was interrogated to tain
whether two a-particles of proper energy passed through one
collimator region when the third a-particle passed tarough
the other collimator region. The total efficiency and the
effective solid angle were determined as in program UPEC.
Figures A-8 and A-9 present the calculated detection

12 ¢
C (9.6 MeV} as a function

efficiencies of 12c.(7.6 MeV) and
of the total kinetic energy of the three final ao-particles.
As for program UPEC all decays wvere assumed to be isotropic
with respect to the center-of- mass of the decaying ejectile.
Two curves are shown in figs. A-8 and A-9. The dashed curve
results from the requirement that the two a -particles, which
result from the decay of the aBe(g.l.) fragment, actually
enter the same telescope with the third o-particle entering
the opposite telescope. The s0lid curve represents the
efficiency of two telescopes simply detecting the three g -
particles, two a “s in one telescope, one a in the other
telescope. The solid curve was the one employed in
production cross section determinations. It can be seen that

detection efficiencies range from about .9% downward. Table

12c reaction

A-1l lists the detection efficiencies of excited
products with the three telescope geometries employed in
these studies. It can be seen that the probability of
detecting three alpha particles decreases rapidly with
increasing excitation energy of the 12C ejectile and that the

detection efficiency depends strongly on the detection
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Table A-1 : The Efficiency of 13c* petection
(£(1%c) = 221 Mev)

*
systea
12 1-2 1-3 2-3
Bx( ) a. b. a. b. a. b.
7.65 .820 - 0. -~ 0. -—
9.64 199 -- 0. = e221 ==
10.8 2127 - 045 = 084 -
11.83 - .020 - .015 -= 015
12,17 - .011 - .007 -~ .010
14.08 - .007 - . 006 -~ .00
16.11 - .004 -— .003 -- .003

*Refer to the detection system schematic in Fig.III-2.
The dashes indicate the transitions which are
expected to be insignificant.

a. a+ aBe (g.2.) detection, efficiency in percent.

b. g+ ane (2.94 MeV) detection, efficiency in percent.
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configuration and lzc' decay channel. From table A-l it is
seen that (for a 12c bombarding energy of 230 MeV) the
detection of ¢ reaction products excited to levels above
-16 MeV is practically impossible. The production of 1%c*
nuclei of excitation energies above . 16 MeV would therefore
not be detected in this study and could conceivably influence
the conclusions drawn. However, inelastic scattering studies
do not. show any unusual strength for populating states at
such high excitation energies. Futhermore, above . 16 MeV
proton decay begins competing with alpha decay. hence the
producti-n of highly excited (!:x > 16 MeV) lzc' nuclei is not
expected to be prominent.

Throughout this study and the discussion in this
appendix all sequential decays were considered to occur
isotropically in the rest frame of the unbound particle.

This is strictly true only when the unbound reaction product
has a total spin J=0. If Jy¥ 0 and there is net alignment of
the excited ejectiles, the decay fragments decay cone
distribution in the laboratory will be different than that
which has been calculated. It is possible to explore the
effects of ejectile alignment on the calculated detection
efficiency (Sh8lb). However, since there is no a priori
knowicdge of the ejectile alignment in the breakup reactions
investigated and reported here, it iz of little value to
treat the decay of non-zero spin stotes as being other than

iscotropic.



Pinally, for some special situations it is possible to
calcula’e an analytical expression for the probability of
detecting breakup fragments. The analytical approach to
determining detection efficiencies is discussed by Shotter et
al. (5h8la).

Appendix B: Semiclassical breakup simulation- program SATURN

The program SATURN simulates in a semiclassical manner
the breakup of a projectile {( 7Li ) in a combined nuclear and
Coulomb field. 1Initial conditions are eastablished via the
Monte Carlo method. Scattering trajectories of the
projectile and target are investigated numerically and
integrated over time, thus establishing knowledge of the
paths travelled by the reaction participants. If a breakup
event occurs, producing three final particles, this event is
stored in parameter form on disc or magnetic tape for later
analysis. A discussion of the formalism associatad with the
simulaticn of projectile breakup follows below.

The breakup reaction of interest to model was the
208Pb(7L1. a+t) zoa?b(q.l.) reaction at a laboratory
bombarding energy of 70 MeV. The 7Li projectile was

represented as two bound a-t clusters. The qa-t bound state



radial wavefunction was determined by numerically solving the

radial wave eQuation:

14,242 L2 L(1+1)02
=, = r ] + -V =V ,
2 ar dr ;E[Eb nuc™ Coul™ , 1 £(r)-0
(B~-1)
where Bb = a=-t binding energy = =2.47 MeV
vnuc = nuclear potential energy
vﬁoul = Coulrmb potential energy
u = reduced mass
Normalizability requires that
£(0)=0 (B-2)
£7(0)=0 (B-3)
£°°(0)=0 , (B-4)

However, to numerically solve for the radial wavefunction
f(r) it was necesgary to begin the calculaton a r << .l but r

¥ 0. The form of Y Veoul and V; (the centrifugal

ue ‘
barrier potential energy) are discussed below.
To solve numerically equation (B-l) it was rewritten as

£°° (r)=a(r)f(r)+b(r)L° (r) (B-5)

where



bir)e-2/c1 ate)= (-2 u/0%) By ~Vauc~Veour~ V1 )
Then letting

Yy izi=£(r), y,(0)=0 (B-6)

Yalr)=€°(r), y,(0)=0 (B-7)
we have

£77°(r)= a(r)y;(z) + b(rly, (B-8)
with,

Yoy =¥y ¥,y = £77(D) (B-9)

The algorithm used to sclve these egquations was:

¥1,441 = Y15 * B2, (B-10)
Y2,541 = ¥2,q4 * BUA(r)Yy 400y, ) (B-11)
Tieg =y + B (B-12)

and h << .1 fa. The potential energy employed in the radial
wavefunction calculation was dependent upon the radial

distance r as fcllows,

O{z)= vbcul + vinc + v

= Veoul + vbf(’l) + Vi (B-13)
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where vﬁoul is the Coulomb potential of a spherical, unifora
charge distributicn of radius R,

= 23,2,e%r, £ 28,
= (2)3,0%/28) G-r?/R% ), £ < B, (B-14)

vccul

and where vnuc is represented by a Woods-Saxon form factor,

Vnuc - “6f(!1) (B-15)
with

£(x,) = (1+e*1)"1 | (B-16)

x = (I-Ri)/'i' (B-17)

and v° <0 . VL is given by

v, = (Ls1nd) /2 url (8-18)
where L is the relative angular momentum between =, and my
and u is the reduced sass. For L=1, V; ia given by

2 (Mev) (B~19)

v, - 41.802/ yr
Por the radial wavefunction determination the potential

energy variables had the following values:

R, = 3.94 fn

V, = ~91.2 MeV



R, = 2.077 t=

8, = .7 fm

L= 1lh

These values were obtained from Kubo and Rirata (Ku72) who

performed bound state radial wavefunction calculations for

? 7L- assniming these nuclei are represented by two

3

Be and
bound clusters ( 3ne + ‘ne and “H + ‘ﬂe ) of relative angular
momentum L=1. no was adjusted slightly to better reproduce
the calculation of Kubo and Hirata.

Figures B-~1 and B-~2 show the bound state potential well
and the modulus of the o ~t bound state radial wave function.
Owing to the relative angular momentum of the two clusters
the potential approaches infinity for small radial separation
and hence the radial wavefunction approaches zero. A node in
the wavefunction is seen at r=1.9 fm as expected for an L=l
interaction (which has two nodes total).

The program SATURN initially represents the projectile
as a co-t pair moving about their commen center- of- mass
system and located a sufficiently large distance away from
the target (the acattering potential). The initial relative

distance between the ¢ and t is chosen via a random number

by the following unique oune-to-one relationship;

n=p(r)= /g v (17) plrrarc’ (B-20)
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where n is a real, randoma number, 0 < n < 1 and r is the
associated radial distance. Computationally, an array of 201
elements was established initiaily which stored the value of
r for which squation (B-20) yielded values of n which were
multiples of .005 (i.e., the probability interval (0,1] was
subdivided into 200 intervais). By interpolating linearly
between two array elements a value of r could be obtained for
a random n.

Given the o-t starting separation, thelr potential
energy and their relative angular momentum the initial
velocities of the @ and the t relative to their common
center-of-mass are fixed and their motion defined. The
initial velocities of the a and the t in %*heir common
center- of-mass system are transformed to the laboratory and
coupled to the projectile center-of-mass motion (from the
specified beam velocity) by a rotation matrix such as is
represented ir equations (A-8) to (A-10).

Projectile impact parameters, b, were considered in the
range 8.5 < b < 10.0 fm in these calculations. This impact
paramete:r interval was chosen on the basis of several
consideratione: 1) the calculation produced no breakup
events beyond b=10 fm, 2) small impact parameters led to
breakup events with at least one 7L1 fragment being emitted
at a3 backward angle (and forward angles were of more concern
in this work), 3) optical model calculations yielded a total

reaction cross section of o - 2160 mb which could be equated



to a maximum impact parameter of Dpax * 9.3 fa by the

relationo = tbz small impact parameters, in reality.

max * Y
would contribute to the fusion cross section (thus there is a
lower bound on the impact parameter) and 5) breakup reactions
are belicved to be surface peaked, for a Rutherford orbit the
classical critical scattering angle haa an associated impact
parameter, which for this case is bc = 8.8 fa. These
considerations suggest that the interval 8.5 < b < 10 fm is
entirely appropriate.

For each collision examined the initial impact
parameter, b, was selected by a random number., n, via the
relation

)-e-bzni y1/2 {B-21)

- 2 ne
b=(n{ b b n

max rin
Having specified all the intial conditions the collisior

calculation begins.

208Pb nuclei under the

The motion of the a, t and the
influence of their mutual Coulombic and nuclear interactions
is calculated numerically. The equations describing the

motion of each particle are (5y7l1),
" dri/dt {B-22)

[t2 -
0By = fp °Fy Ot (B-23)



where egquation (B=22) describes the welocity of the ith
particle and equation (B-23) repressnts the total impulse

given to the ith

particle as a result of the combined forces
emanating from the other two particles j and k. The force
interacting between any pair of particles was taken as the

derivative of a Coulomb and a Woods-Saxon potential, thus,

Teour (F) '1112‘2/'2 rzR,
= ~(2,2,e2/R %) (1) r <R, (B-24)
and
Prucf) = (<Vg/a ) (x(r)/+x(en)?) (B-25)
where

x(r) = el{F~Fo)/a,

Table B-1 lists the parameters employed in the calculation.

a-zoapb and the c-znapb parameters were obtained by

The
compromising between various optical model parzmeter sets
given in (Pe76) and were assumed to be energy independent.
For r > 16a°+:° the nuclear portion of the force was set
egual to zero.

Inpulses on each particle were calculated every
.075 X 10'23 s and the momentunm and positizn of each particle
corrected. The numerical integration of the trajectery

continued until the separation between two of the three



Table B-l : The Force Parameter Values

Interaction neoul (fm) Ro (fm) L (£m) vo (MeV)

a 208y, 7.7 8.0 . .8 -185.

=208, 7.7 7.11 .75 -159.

a-t 3.94 2.077 -7 -91.2




particles was greater than 200 fm. 1If at this point, it was
found that two partiélol were orbiting each other (either
from a “particle transfer® to the 208?b or from the lack of a
projectile breakup) this particular trajectory calculation
was terminated and another begun. If however, it appeared
(by examination of the relative distances between particles)
that a valid breakup event had occurred, the trajectories
were integrated until the a ~208p;, and t-208pp separations
exceeded 400 fm. The final laboratory 6 , ¢ and E{(energy)

2“Pb products were then written

values for the a , t and the
in parameter form on magnetic disc or tape in a format
compatible with the event analysis program CHAOS (MINUS3)
(Ma79) .

The projectile breakup simulation was performed using
the in-house ModComp IV/25 and Classic minicomputers. T“bout
2-4 trajectories, on the average, were processed per minute
of CPU time. Therefore, it was necessary to consume large
amounts of CPU time to achieve adequate statistics. This was
accomplished by creating a background task of the program
SATURN which continually resided in memory (at the jowest
priority). This allowed the calculation to proceed twenty-
four hours a dsy without disturbing other users-yet utilizing
all avajlable CPU cycles. The 18,500 events obtained and
displayed in fig. IV-32 of section IVPE took approximately

three weeks of running the code SATURN.
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FIGURE CAPTIONS

rig.

Fig.

Fig.

Fig.

Pig.

Fig.

Fig.

1I~1 Monte Carlo simulation of an angular correlation

experiment where only sequential decays
producing products m; and m, of relative
energies 0<5125;5 MeV. The angle 81 is the
angle relative to the dirertion of LY 92-0).

I1-2 Semiclassical calculation of the transferred

angular momentum to the residual target nucleus
versus the transferred fragment mass. The
dashed ljne represents the critical angular

momentum calculated from the balance of forces.

II-3 Calculation of the excitation energy of the

residual target nucleus versus the transferred

fragment mass.

II-4 a) Calculation of the incomplete fusion sum rule

model probability factors for varlous reaction
charuels &s a function of angular momentum for
tha 12C + ZOBPb system. (See text). b)
E..citation functions as predicted by the

incomplete fusion sum rule model. (See text).

I. “ Pictorial representation of reaction mechanisms

producing multiple c-particles in the final

state.

I11-1 Schematic diagram of the external beam

facilities associated with Cave 2.

I1I-2 Schematic diagram of the triple telescope system
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employed for coincidence measurements.

III-3 Block Aiagram of the electronics employed in
coincidenze measuvrements using a triple
telescope sysies.

I1I-4 Ligkt charged particle identificaton spectrum
using the power law algorithm, PI «{ AB+B)P-EP'

III~-5 Time-of-flight difference spectrum of a +t

coincidences from 7&1 induced reaction on a

2ﬁs!’b target.

IVv-1 Alpha-particle inclusive spectra at four
laboratory angles for the reaction of 187 MeV

12¢ jons incident on 208py,,

IV-2 Angular distribution of the measured inclusive
a-particles for the 12c + 208Pb system at 187
MeV bombarding energy.

IV-3 a) The yleld of coincident events between the two

1ZC on

telescopes from the reaction of 187 MeV
208Pb with the requirement that one telescope
record an a-particle, plotted as a function of
the summed energy in the two tilescopes. b) As
for a}, but with the requirement that both
telescopes simultaneously record an a-particle.
IV-4 The energy of BBe nuclei in coincidence with an
o-particle for the transition
208pp (22, o %pe)2%®pb(g.s.) at 187 Mev

bombarding energy. This projected energy
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spectrum was taken at 8 ;.. = 19° with the
detector configuration which has an average
vertical angular separation of 3¢=5.9°°

rig. IVv-5 a) Angular distributions for the quasielastic
production of lzc' {7.6 MeV) and lzc' (9.6 Mev)
at three bombarding energies. b) The summed
cross section for the angular distributions in
a) .

Fig. IV-6 a) Summed energy spectrum for the reaction
2oarb(12C. aa) at a 12c beabarding energy of 187
MeV. The average vertical angular separation of
the two particle telescopes was A¢=5.9°" b)-a)
projected a energy spectra for total o ; + a5
energies falling within *he gates indicated in
a).

FPig. IV-7 Summed energy spectrum for the reaction
208Pb(uc, oa) &t a 12(: bombarding energy of 2390
MeV and a detector systex location of § lab-14°.
The average vertical angular separation of the
two porticle telescopes was 4¢=10.9° . Projected

o energy spectra are beneath the total energy

spectrum. The projected spectra correspond to
the energy gates indicated.

Fig. IV-8 Summed enerqgy sdectrum for the reaction
12012, . at a 12c bombarding energy of 230

MeV and a detector system location of



1%

0,,5"14.5°. The average vertical angular separator of the

Pig.

rig.

Pig.

Pig.

Pig.

Fig.

Pig.

tuo particle telescopes was 4p=5.9°.

IV-9 Wilczynski-type diagram for the production of

wv-10

Iv-11

Iv-12

Iv-13

Iv-14

Iv-15

’Bc(g.s.) nuclei for the system 132 MeV
12c+’°°!b. The solid curves indicate contours of
constant cross section.

Wilczynski-type diagri~ “or the production of
‘Be(g.c.) nuclei for the ‘rystem 187 MeV
12c+2°BPb.

Wilczynski-type diagram for the production of
Bpe {g9.8.) nuclei for the system 230 MeV
120,208py,

Angular distributions for the production of
sBe(g-S-) nuclei for the system 120 4 208p, 4
three 12C bombarding energies: 132, 187 and 230
MeV.

The producton probability of 8Be(g.s.) nuclei
versus the distance of closest approach, Rpjp
for the 12C+2°BPb system at three bombarding
energies: 132, 187, and 230 MeV,

The total production cross section of sBe(g.s.)
nuclei for the 12C+2°ePb system at three
bombarding energies: 132, 187 and 230 MeV.

a) Bummed ene~gy spectrum of a +9Be coincident

events for the systen 1zc+2°BPb at a 120
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Fig.

IvV-16

Iv-17

IvV-18
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bombarding enersy of 187 MeV. The spectrum was
taken at a detector system location of 6,,,=19°
with an average telescope-to-telescope
separation of A¢=5.9°. b) %Be projected energy
spectrum for the gate indicated in a). The B:
scale refers to the excitation energy in the 13¢
nucleus. The E scale indicates the relative
energy between the a and 9Be fragments.
The coincident yield of 4 + 9Be particles
versus the location of the two-telescope system
for the 1204208, system at 12, bombarding
energies of )87 and 230 MeV.

a) Summed energy spectrum for the reaction
208p,(13¢, aq) at a }3c bombarding energy of 172
MeV and a detection system location of

91ab-2°°' Thre average vertical angular
separation of the two particle telescopes was
A¢-5.9°. b) Projected g energy spectrum for
total a+ o energies falling within the gate
indicated in a).

a) Summed energy spectrum of =~ + 12c coincident

160+197Au at a 164

events for the system
bombarding energy of 218 MeV and a detection
system location of °1ab'19°‘ The center-to~-
center vertical angular separation of the two

particie telescopes was A¢-5.9°. b) projected
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Iv-1¢

Iv=-20

Iv-21
Iv-22

Iv-23

Iv-24
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12

C energy spectrum for total ¢ +12

C energies
falling within gate 1 indicated in a). c¢) same
as b except for gate 2.

o +1% coincidence yileld versus the laboratory
angle of the two telescope detection sys’em for

197, (160, o 412197

the reaction 0,a +7°C) Au{g.s.).

Light charged particle spectra at ¢ lab-13° for

755412 7

the system 'Li+ Li bcubarding energy of

C at a
70 MeV.

Same as fig. IV-20, but © lab-33°'

Light charged particle spectra at § 1ab'3°n for
the system 7L1+2°89b at a 7Li bombarding energy
of 70 MeV.

a) Summed energy spectrum for coiruident a + t

12

particles from the breakup of 7L1 on ~°C target

nuclei. b) As for a) but for a 208

Pb target.

a) The differential cross section for the a + t
breakup of 70 MeV 7L1 from the ground state of
12C- The dashed lines in a), b) and c¢) are to
guide the eye. b) The differential cross
section for the sequential a + t breakup of 70
HeV 7L1 from the ground state of 2“"an,
following excitation to the 4.63 MeV state of
1. ¢} The yleld of direct breakup events as a
function of 7L1' c.m. angle for 7Li scattering

from the 2°8Pb target.



Pig.

Fig.

Fig.

im

IV~25 a) The triton energy s, ectrum for coincident a

IV-26

Iv-27

+ t events in which the residual lzc nucleus
remained in its ground state. The deteccor
system was located at ,,,°15°. b) The triton
energy spectrum for coincident @ + t events in
which the residual 2%%pb nucleus remained in its
ground state. The detector systez was located
at slab-32°. c) As for b) but with the detector
system at g,,,=18°.

a) Summed energy spectrum for coincident a +t

1“Sm

particles from the breakup of 711 on
target nuclei. The detector system was located
at elab-21°. The cen’ -=-to-center vertical
angular separation of the two telescope.. was
A¢=5.9°. b) The triton energy spectrum for
coincident g+t events in which the residual
1‘4Sm nucleus remained in its ground state. The
€ energy scale representsz the rclative encrgy
between the c¢ and t in their respective center-
of-mass system.

a) The triton projected energy spectrum for
coincident o +t cvents in which the residual 12C
nucleus romained in its ground state. The
detector system was located at § 1ab'15° and the
center-to-center r~rtical angular separation of

the two telescopcs was A¢*5.9° . b) Same as a)
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IvV-28

Iv-29

Iv-30

Iv-31
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but for the 12C(4.44 MeV} transition. c) Same
as a) but for the Y2C (9.64 MeV) transition.
a) The triton projected energy spectrum for
coincident o+t events in which the cesidual
208Pb nucleus remained in its gzound state. The
detector system was located at ¢ 1ab'32° and the
center~-to-center vertical angular lepa:atioh of
the two telescopes was A$=10.9°° b) Same as af
but for 6, =18°

The triton projected energy spectrum for
coincident o +t particles in which the residual
zoarb nucleus remained in its ground state. The
detector rystem was located at § 1ab'32° and the
center-to-center vertical angular separation of
the two telescopes was A¢-16.8° « b) Same as a)
except elab'lao'
The absolute production cross sections for the
sequential breakup of 70 HeV 7Li from a 12C
target. The solid line is an L=2 DWBA inelastic
scattering transition calculaticn.

The angular distribution for the sequential
breakup of the 7Li via its 4.63 eV state where
the 2°an nucleus remained in its ground state.
The solid line i3 DWBA calculation described in
the text and tue dashed line is a semiclassical

Coulomb excitation calculation.
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IV-32 Classical 'ni breakup simulation where all the

Iv-33

wv-34

1v-35

directions of the o and t fragments have been
projected onto the © 1 Ve 8 2 Plane.
Calculation parameters are discussed in the
text.

Predicted o-t yield versus the laboratory angle
cf the vertically arranged two telescope system
for the classical 7Li breakup simulation.

The triton projected energy spectrum for
coincident a+t particles in which the residual
208p, nucleus remained in its ground state. The
detector syatem was located at g,, =18 © and
the average vertical angular separation of the
two telescopes was a) 4¢=5.9° , b) 4¢=16.9° ana
c) A4=16.8° .

Simulation of the effect of Coulomb distortion
on the observed tritcn projected energy spectra
for o+t coincident events with a summed energy
equal to the 2°8Pb+7Li - a+t+2°3Pb {g.8.)
tranasition for E7L1 w 70 MeV. The breakup was
assumed to occur at 9.5 fm separation distance.
The relative energy of motion, ¢ , at the

instant of breakup in indicated.

Pig. A-1 The probability in percent, of drtecting 'Li ©

(4.63) versus its total kinetic energy. The
effective solid angle is the volid angle of the
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two counter system multiplied by the detection
efficiency. The two telescopes were sssumed to
have a vertical center-to-center angular
sepacation of 5.99 . Counter cutoffs simulate
the energy cutoffs of the A E and ( AE+E)
detectors.

A-2 Same as fig. A-l except the vertical center-to-
center angular separation was assumed to be
] .eP'2_3-1o.9°.

A-3 Same as fig. A-3 except @ 3-1s.a°.

sep,l-

A-4 Simjlar to fig. A-l except for Bne {g.8.)
detection.

A-5 Same as fig. A-4 except 8Be (2.94 MeV) decays
were assumed.

A-6 Velocity vector diagram which illustrates the
addition of the decaying ejectile’s velocity to
the decay velocity of each decay fragment. The
breakup "sphere®™ refers to an assumed isotropic
decav.

A-7 Monte Carlo simulation of the expected projected
energy spectra of g+ g coincidences which arise
from the decay of 8Be {(2.94 MeV). An ejectile
kinetic ensrgy of 150 MeV was assumed. The
center-to~center telescope peparations, A¢ ., are
indicated.

A-8 Similar to fig. A~l except the detection of three
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alpha particles in only two particle telescopes
is assumed. Decay of the 12¢¢ (7.6) state is
assumed. The polid curve is for any two g -
particles to enter one telescope and the third
¢ ~pacrticle in the other telescope. The dashed
line is the calculaticn which regquired the two
a8 from the 8ge to enter a single counter.

Fig. A-9 Similar to fig. A-8 except the detectiocn of the
12c . (9.6) state is assumed.

Fig. B-1 g-t bound state potential were calculated using
the Woods-Saxon parameters and Coulomb radius
indicated, 7The potential approaches infinity at
small separation distances r.

Fig. B-2 Absolute value of the calculated -t bound state
radial wave function used in the Monte Carlo

breakup simulation program SATURN.



TABLE CAPY'IONS

TABLE

1I1-1 Detection system geometry fcr the three particle
telescope system. Refer to fig. III-2 for the telescope
numbering scheme.

A-l1 Detection efficiuncy of a +2u events resulting from the
sequential decay of 12c for a total kinetic energy of
221 MeV. The efficiency iz in percent. The dashes
indicate transitions which are not expected or
transitions which are expected to be weak.

B~1 Parameter vaiues used for the Coulomb and nuclear forces
in the breakup simulation program SATURN. The
designations Rcoul v Ro s etc. are as is normally used
in optical model calculations.



