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Mucleur Keactlon Studies via the Observation of Unbound 
Outgoing Systems 

Alden •eweil Bice 
Departaent of Cbeaistry and Lawrence Berkeley Laboratory 
University of California, Berkeley, California 94720 

ABSXBACT 

The aechanisms involved in the production of fast a -
12 particles in C induced reactions have been investigated 

for the 1 2 C + 2 0 8 P b system at bombarding energies of E( 1 2C) 
• 132, 187 and 230 HeV. Absolute cross sections have been 
deterained for the reactions 2 0 B P b { 1 2 c , 8Be (g.s.)), 
2 0 8Pb< 1 2 C , 8Be (2.94 MeV) > and 2 0 8Pb( 1 2 C , 1 2 C * * a +

 8Be) 
by double and triple coincidence aeasureaents of the 
sequential decay a-particles. Inclusive a-particle 

12 production cross sections were also aeasured at E( C)» 187 
MeV for comparison. It is found tbat the sisple inelastic 

12 12 * 8 scattering process ( C, C * o + Be) does not 
contribute significantly to the production of fast a-
particles but that the production of 8Be nuclei by projectle 
fragaentation ia an iaportant source of a-particles. At 
the highest bombarding energy investigated 219 MeV/A) it 



appears that the c * 3a fragmentation reaction becomes 
•ore prominent at the expense of the C * o + 8Be 
fragmentation channel. Although qualitatively these results 
are not In disagreement with the incomplete fusion model 
predictions of Wilczynski it is concluded thct projectile 
spectroscopic properties and/or final state interactions are 
important in fragmentation reactions for these bombarding 
energies. 

In a kinenatically complete experiment the direct and 
the sequential breakup channels of 10 MeV/A Li projectiles 
have been investigated with 1 2 C and 2 0 8 P b targets. By 
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 
qualitatively reproduced the measured a-t coincidence cross 
secton as a function of the laboratory angle. 
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I. IMTRODUCTIOH 
A prominent feature of reactions involving very 

asymmetric heavy-ion systems at bombarding energies of .8-20 
MeV/nucleon is the copious production of noncompound a-
particles with mean velocities close to that of the 
projectile. In addition, inclusive energy spectra of 
projectile-like products in light heavy-ion (6£ A £ 20) 
induced reactions at siailar energies show a dominant, broad 
peak centered near energies corresponding to the beam 
velocity. For 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 
(Se47) proposed a 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 (Se47, Ma78, Wu78, Bu73, 
Wu79a, Hu79b, Bo80). It is found that a fairly large 
fraction of the total reaction cross section goes into the 
production of the lighter, fast products. Interpretations 
of the inclusive energy spectra and the light product 
angular distributions have involved projectile bsQaisBg 
oechanisms. Serber model type calculations (Oa7S, ras70„ 
Uu79at Wc79b) qualitatively reproduced this iracluoivo f3ota 
congesting that the light-ion breakup peecooG eeea&o uithin 
the peripheral region of the target aaeloaa oaS tefoot fciic 
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observed energy spectra are a reflection of the internal 
momentum distribution of the fragments in their Initial 
bound atata. Distorted-wave Born approximation (OMBA) 
calculations (Bu78, BaSOa, ShBO) were also performed and 
were found to be in reasonable agreement with the data. 
Coincidence (exclusive) measurements (Bu79, Xo79, MaBO, 
Aa81) 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 end the projectile causes an inelastic scattering 
transition, creating an excited a-partlcle, a > which 
subsequently 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 a 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 spectator fragment escaping with 
nearly its Initial momentum. Furthermore, it was concluded 
that the quasielastic breakup and the sequential breakup 
processes accounted for only a small percentage of the 
inclusive cross sections (Bu78, Bu79, Ko79, MaBO). Rather, 
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inelastic breakup and breakup with absorption, taken 
together, represent the dominant processes. Finally, CWBA 
calculations (Bu70, »u79) indicated that the inelastic 
breakup process of the a-particle is about a factor of four 
stronger than the elastic process. 

The light-ion projectile fragmentation investigations 
outlined above serve to indicate of the current interest in 
understanding the Mechanisms involved in these processes and 
also illustrate 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 gleaned 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 energies of -6-20 
HeV/nucleon is not as well defined as in the light-ion 
fragmentation work. Although the observation of fast o-
particle production and the suggestion of the involvement of 
a projectile breakup mechanism was made as early as 1961 by 
Britt and Qulnton (Br61), only recently has emphasis been 
focused upon understanding the origin of such particles. As 
will be discussed in section XIA there are at present a 
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considerable number of conflicting results, ambiguous 
measurements and possibly Incorrect analyses (which confound 
a difficult situation further). This, in part, is due to 
the larger number of participating projectile nucleons (6 <_ 

A £ 20). In principle, however, there should exist some 
•iailarities between the processes involved ia the 
dissociation of the deuteron, bellum-3 and the a-particle 
and the more massive l« < » < 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, a determination 
of the relative strengths of these processes requires much 
further investigation. 

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

12 7 heavy-ions, the dissociation of C and Li projectiles has 
12 

been Investigated. A set of experiments utilizing a C 
beam focused on i) determining whether the sequential 
breakup channel, C * a • Be was an important source of 

A 

fast alpha particles} (ii) determining the Be production 
cross section and its possible influence on the fast et-
particle yield} and ill) extending and complementing the 
previous studies involving 1 2 C and 0 projectiles (Br61, 
Eo74, Wi79a, W179b, Wi79c) in the interesting energy range 
of .10-20 MeV/nucleon. Section C of chapter II presents 
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background Material which place* the work praaented In 
•ection h of chapter XV in a proper perspective. In 
addition to these C induced studies, • kinematically 
complete experiment with a tl beaa was performed searching 
for 41rect projectile breakup. Altfceagh at the higher 
bombarding energies (>, 3f KeV/nucleon) It is commonly 
assuaed that projectile fragmentation 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 hi projectile is particularly 
suitable for observing, under proper kinematieal conditions, 
direct breakup. Section B of chapter IV presents the 
results for the Interaction of the 7L1 + 1 2 C and 7Li + 2 0 8 P b 
systems at E( 7Li)- 70 HeV. 

All coincidence data presented were collected with a 
vertically arranged counter system which was similar in 
configuration to that previously eaployed in the detection 
of unbound reaction products (Ja?6a, Ja76b, St79). This 
system is discussed in detail along with other experimental 
details in section XIX. 

Section V presents a summary and conclusions of the 
data presented. Two appendices, A and B, follow section V. 
They discuss in detail tbe necesaaiy efficiency calculations 
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and the amiclaaalcal breakup simulation program SATURN. 
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II. Theoretical and experimental considerations 

A. Mechanisms of fast-particle production. 
Early measurements of Britt and Quinton (Br61) 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 
tbe surface of the target nucleus. It was no"-, until the 
measurements of Galin et <sl. (6a74) that interest was 
renewed in determining the origin of the fast alrha 
particles. Measurements of a-y coincidence by Inamura et 
al. (Xn77) indicated that many of the fast a-particles are 
produced in reactions that can be regarded as massive 
transfer/incomplete fusion, that is, only a portion of the 
projectile is captured or fuses with the target nucleus. 
Additional experimental investigations(Ca77, Ca78, Zo78, 
Ya79, Ge79, Hi79a, Wi79b, Ba80b, Hi80) have established 
conclusively the existence of an incomplete fusion reaction 
mechanism in the interaction of Li to 0 projectiles with 
heavy targets at bombarding energies of . 7-17 HeV/aucleon. 
Furthermore, evidence has been obtained that central 
collisions do not, in general, participate in incomplete 
fusion reactions ant? that this mass transfer process occurs 
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over a narrow range of entrance channel angular aoaenta, 1, 
beginning near the critical angular aoHiitua, 1 , for 
complete fusion. Finally, it ia found that the average 
angular momentum transferred to the target nucleus in the 
capture of projectile fragments increases linearly with 
captured mass. 

K. Siwek-Wilczynska et al. (H179a, Wi79b) recently 
proposed a simple aodel of incosiplete fusion reactions. 
From a study of a-y coincidences resulting froa the 
dominant incomplete fusion reactions Gd( C, a) and 
1 6 0Gd( 1 2C,2o ) at bombarding energies of 7.5-16.7 MeV/A 
Siwek- Wilczynska et al. concluded that incomplete fusion 
reactions are sinply an extension of the fusion process to 
angular momentum values above the initial system's critical 
angular nsomentum, 1 . Eacn virtual projectile fragment was 
assumed to carry a part of the total angular momentum in 
proportion to its aass number. The capture of a projectile 
fragment by the target nucleus was postulated to occur 
within sharp 1-windows which are defined in relation to the 
critical angular momentum for the target plus fragment 
system. Above a bombarding energy of approxiaately IS NeV/A 
the balance of the nuclear, the Coulomb and the centrifugal 
forces is no longer sufficient for the capture of a 
projectile fragaent to occur and therefore, the cross 
section Sot binary incomplete fusion processes aust begin to 
docreaoe while aultibody fragmentation processes increase in 
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aognltude. 
Mora recently the generalised concept of critical 

angular aoaentua waa extended by J. Wilcsynski at al. 
(Hi80) with the properal of a sua rule aodel that permits 
one to pi^ict absolute cross sections 2or all incomplete 
fusion channels as well as for complete fusion. In this 
model, reaction channel croas sections (see equation II-l) 
are strongly dependent upon, 1) a phase space factor which 
has an exponential dependence on the ground St.:** Q-value, 
0 and ;'.) tranaaission coeffieienta which create an 1-
window effect. The foraulaa necessary for calculating each 
reaction channel cross section, o (i), are; 

., max 
o(i)-*X" I (21+l)N.T.(i)exp((Q__{i)-Qe(i))/T) (11-1) 1=0 B B 

The noraalization factor H. is calculated froa the eua rule: 

Nl I i T i < 1 > w t P < < « g g < 1 > - V i ) ) / T ) " X ( I I " 2 ) 

The tranaaission coefficients T,(l) are assumed to be of the 
form: 

T^i) - Ul+expUl-liind))/*!))- 1 (II-3) 

The H a l t i n g angular aoaentun l l i B i» taken to be; 

i j j j jdWff lp /o ,} x 1 (tarpet+captured frapaeat) (11=4) 
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where •_ is the aass of the projectile, a, is the aass of 
the captured fragaent and l c t is calculated froa the balance 
of forces: 

2 v (C-+C,)3 4WY C-C 2 Z,2„e2 

(1..+.5)8 i~s2 ( LJ 1_2 
h (C l +C 2) ( C 1 + C 2 ) 2 

Here y is the reduced mass, y is the surface-tension 
coefficient and C^ and C 2 « « the half-density radii. 

This sua rule aodel (W1B0) was found to predict rather 
well the binary reaction cross sections resulting from 
incomplete fusion reactions in the N •:• Tb systea and 
the excitation functions for the two as.a incoaplete fusion 
channels in the C + Gd sys*-.ea. Hejsver, it should be 
noted the* for the C + Gd system ever bombarding 
energies of 90-200 MeV, only 20-40% of the aeasured singlea 
a -particles resulted from the incomplete fusion reaction 
channels ( C o ) and < C , 2 0 ) - Above about 15 MeV/A for 
the C • Gd system, the aultibody fragaentation channel 
is predicted to become prominent. Presumably the multibody 
fragmentation channel is responsible for the production of 

12 large amounts of fast-alpha p&fticles via the C •*• 3a 

reaction, although the relative strength of taia reaction 
channel compared to other multibody channels is not provided 
by the sua rule model. Furthermore, this siaple aodel does 
not contain any allowance for projectile spectroscopic 
properties nor does it predict any useful final state 
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features such as particle angular distributions> particle-
particle correlations and particle energy spectra. Thus, 
for soae systems (most notably 1 2 C + 1 M G d ) the incomplete 
fusion sua rule reasonably predicts the incomplete fusion 
cross sections but it only suggests the source of the 
remaining 80% or so of singles a-particles. (Recent 
particle-y measurements of Hsu et al. (8s81) found 
evidence for the onset of a aultibody process with a Ne 
projectile around 17 MeV/A bombarding energy). 

K description of the broad bell shaped peak in the 
spectra of particles lighter than the beam (6 £ A. „ <_ 20) 
has been attempted with several projectile fragmentation 
•odela. The siaplest model, which was used extensively in 
light-ion breakup studies as pointed out in section I, is 
that due to Serber <Se47). In this model, the projectile is 
represented as a bound cluster pair/ one sluster whijh 
interacts with the target and the other (observed) cluster 
which behaves as a spectator. The observed fragment 
spectrua results froa a coupling of the aoaentua 
distribution of the fragaents in the projectile to the 
projectile velocity in the laboratory and then 
multiplication by a phase space factor. Thus, if the 
probability that a given fregaent has a aoaentun p in the 
projectile is 

*<*> - I * <»>l 2 (II-6) 
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wh»re 

T(p> - l/h 3 / 2 / ¥(r)ej(p(ip.r/n)d3r (H-7) 

with • (r) the relative wavefunction, then the differential 
crocs section for the observed particle can be written as 

( d V d n f d E j H n p ^ m ^ n i j E j ) * (II-8) 

where p • p. - PL—,- end where it is assumed (in this 
equation) that the participant fragment is absorbed by the 
target nucleus. Tabor et al. (TaBla) have analyzed the 
shapes of the inclusive energy spectra of particles lighter 

16 18 
than the projectile from 0 and 0 induced reactions at 72 
and 141 KeV. There it was found that a slightly modified 
Sero*5 model type calculation, which assumed only a two-
body final state. Better reproduced the spectral shap»3 than 
one which assumed that both projectile fragments remained 
free (multibody final state). This 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 Berber model and the incomplete 
fusion model might prove interesting to investigate), 

the 
* 

18 However, it should be noted that the shapes of the 0 
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•fragmentation" spectra were found to be alsost completely 
independent of the target, suggesting that projectile 
properties aay determine to a large extent the inclusive 
spectra. 

The deficienciee of the Berber type model are several. 
First, the model predicts only inclusive particle 
properties. If multibody fragaentation is involved, the 
inclusive particle aeasureaents are highly incoaplete 
(kinenatically). Conclusions about inclusive particle 
spectrr. are tenuous at best, since there mi* other models 
which explain such data equally well. Futheraore, the 
Serber aodel neglects possibly laportant distortion effects 
and also assumes (in aost calculations) total target 
absorbtion of the participant or total transparency to the 
participant. These deficiencies necessarily iaply that a 
Serber aodel interpretation of inclusive data is suggestive 
at best. 

More involved plane-wave Born approximation (PMBA) and 
distorted-wave Born approximation calculations have been 
performed to interpret direct reaction contributions to 
inclusive spectra (Ja77, Fr79, HcBO, OdBQ, lu80a, TaSlb). 
The general PWBA and MSA theories have been discussed 
extensively elsewhere (Au70, Ja70) and therefore only a 
summary of the pertinent conclusions froa the PWBA and DWBA 
analysis will follow. 

It was first pointed out by Jackson (Ja77) that the 
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isotope production cross section factoriistion noted in 1 6 o 
studies at 315 MeV and 33.6 CeV (6*76) could also be 
explained by a direct-reaction fragmentation model using the 
DMBA representation. This model yielded the following 
predictionst 1) direct fragmentation is relatively 
independent of the target nucleus, 11) the transfer and 
capture of a projectile fragment 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 140 
MeV). 

McVoy (Hc80), using a modified PWBA approach, concluded 
that the 1 6 O + 2 0 8 P b and 1 60+Au data of Selbke et al. (Ge77a, 
Ge73, BiSO} at bombarding energies of 140-315 MeV result 
fron a direct fragmentation or transfer reaction and that 
the Fermi motion within the projectile is responsible for 
most of the width of the inclusive energy spectra. However, 
the predicted widths for a transfer mechanism or for a 
fragmentation mechanist differ by only SO*. This is not 
enough, it is "loncluled, to be able to reliably distinguish 
between these two mechanisms. Furthermore, the absolute 
magnitudes of the cross sections are totally unreliable in 
the PHBA approach. 

Odagawa and Tamura (UdSO) recently claimed to have 
explained the large cross section of fast light particles 
(alphas) in heavy-ion Induced reactions with a two-step 
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breakup-fusion aodel. In this model projactil* breakup 
occurs first, followed by an absorption of the store massive 
projectile fragment by the target. For the system 1 4 N + 1 5 9 T b 
at 115 HeV good agreement between the shapes of the alpha 
particle energy spectra and angular diatrlbutions and the 
breakup-fusion calculations W*B obtained. However, it was 
necessary to employ an overall normalisation factor. The 
conclusion of this study resembles that which was found in 
the a-particle breakup studies mentioned in section I, 
i.e., breakup fusion contributes (perhaps significantly) to 
the production of fast particles. It is in'.eresting 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 ( 2 0He, 1 6O), ( 1 4H, 1 0B) and ( 1 3C, 9Be) 
on a 4 0Ca target at 262, 153 and 149 MeV, respectively. 
Calculating the continuum spectra, assuming a direct alpha-
transfer reaction using an exact-finite-range DWBA method 
(whieh however required a normalisation constant), these 
author* were able to reproduce the shape of the ( TJ, B) 
and < 1 3C, 9»e) spectra but not the < 2 0«e, 1 6O) spectra. The 
( He, 0) anomaly was attributed to direct breakup of the 
projectile. 
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The ( 2 0N«, 1 SO) anoaaly of Froblicb at al. was 
investigated further in a sore klneaatlcally coaplete 
coincidence measurement by Takada et al. (TaBlb). 
Unfortunately, a number of kineaatic conclusions drawn froa 
their data could quite easily be the result of a bias 
introduced by the geometrical configuration of theii 
detectors. Montheless, Takada et al. conclude that the 
breakup process is quite doainant at forward angles but the 
absorption of the breakup partlcJ.es with the target is also 
very iaportant. 

In addition to the aodels discussed above, several 
other models have been proposed to explain the various 
inclusive particle properties, in particular, fast light 
particlss. Gross and wilczynski (Gr77) proposed that the 
strong radial coaponent of the dissipative force is 
responsible for the production of fast a-particles at 
forward angles. This "piston model" however was found to be 
inconsistent with data froa several experiments. Another 
proposal, the "hot-spot" aodel, by Gottschalk and Westrom 
(Go77, Go79) assuaes that the incident particle excites a 
localized area of the target which rapidly de-excites by 
alpha particle eaission. Such a phenoaenon appears to have 
been observed in the 5 8Hi( 1 60, 1 2Cs ) reaction at 92 MeV by 
Bo et al. (lo77). It ia difficult to assess theoretically 
the importance of fast alpha particle production via a hot 
spot formation at higher bombarding energies. However, at 

http://partlcJ.es
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204 MeV " o bombarding energy it was fsrond that this 
mechanism was not an important source of fast particles 
(Y08O). 

it is also possible to apply a staple *odel developed 
for projectile fragmentation reactions at relativlstie 
energies to reactions at . 20 MeV/A (Ge77a, Sc77). For 
projectile fragmentation reactions at relativistic energies 
the •omentum distributions of the observed fragments in the 
projectile rest frame are well described by a Gaussian 
distribution, 

d 3o/dp 3 - e-<P-Po> 2/ 2" 2 (Ii-S) 

where p is the momentum corresponding to the peak of the 
distribution in the inclusive spectra and o 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 virtual clusters with the target 
serving only to inject energy into the incident heavy ion. 
Definite predictions for the value of a result. By 
transforming equation (H-9) to the laboratory system/ as 
given in (11-10), 

gjjaf- « mf(2mfEL)*expf^(EL-2aEj|Coe«+a2)l (11-10) 
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with 2a 2 » •fVjj wfaaia m { la tba fragment mass, V R la 
approximately the velocity of tba projectile frame and E^ la 
tba laboratory anargy, it ia poaaibla to pradiet inclusive 
partiela energy spectra and angular diatributiona. It 
ahould b* notad that aquation (JX-9) can be derived assuming 
that th* projaetila baa come to thaxaal aquilbriini at a well 
defined excitation temperature (Go74). This ambiguity 
necessarily confuaea any interpretation of inclusive data 
within the context of equation (11-10). 

B. Sequential decay discussion 
Section H A considered mechanisms which result in a 

direct dissociation of the projectile on a tiae scale 
comparable to the nuclear tranait tiae. Although some 
investigations (Ge77b, Wu80) concluded that aequential decay 
is not an iaportant 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 aequential decays to 
inclusive 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 
sequential decay may proceed in one of three manners as 
indicated in (11-11) - (11-13). 
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F+T * (1+2)* • 3 * 1+2*3 (11-11) 
*+T + 1 • (2+3)* • 1*2+3 (11-12) 
P+T * (1+3)* + 2 * 1+2+3 (11-13) 

Th« kinematics for a three body reaction have been discussed 
in detail elsewhere (OhSS). Assuming the mechanism 
represented by equation (11-11), a definite relationship 
exists between the sequential decay energy c and the 
laboratory energies B, and E 2 of the decay products 1 and 2, 

e -(l/(» 1+^))(» 2E 1+« 1E 2-2(S) 1« 2E 1E 2) 1 / 2cos 6 1 2) (11-14) 

where 6-2 1* the angle between the directions of particles 
1 and 2. Equation (11-14) has s double valued solution for 
E-y and E 2 for a definite 9, 2 > Owing to the vector addition 
of two velocities the laboratory velocity of particle 1 or 2 
•ay exceed even the projectile's velocity-thus creating 
'fast" particles. Furthermore, according to this equation a 
small value of e corresponds to a small 6 1 2 Thus the 
products of sequential decays involving small decay energies 
are confined to a 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 sequential decay channels to 
particle-particle angular correlation measurements may 
depend heavily upon the detector configuration. 

Figure Zl-1 shows a Monte Carlo simulation of an 
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angular correlation experiment where only sequential acay 
produce », and « 2 were detected. The exact masses involved 
and the excitation energy probability distribution or M* 
are not important since this Is a general kinematic 
illustration. Plotted in the upper half of fig. II-l is 
the relative coincidence intensity as a function of the 
angular separation of the two detectors. It 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-l shows the 
average relative energy, E., (E,." e above) for each angular 
separation. As the angular separation increases the 
coincidences observed are weighted more to higher decay 
energies, i.e., higher relative energies E 1 2 . Contrary f> 
the claim of others (Ge77b) the observation of such behavior 
(as illustrated in fig. II-l) in actual experiments may 
signal the presence of a sequential decay mechanism. 

Recently, several investigations have indicated the 
presence of sequential decay channels in projectile 
dissociation and/or fast particle producing reactions (Ra80, 
B180, T08O, Va81, G08I, Wa81, B08I). Either projectile-
like or target-like fragments or both are found to be 
involved in the sequential decay processes. In general, the 
relative importance of sequential decay processes whieh 
produce fast light particles and contribute to single 
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particle Inclusive spectra is not known due to a lack of 
comprehensive investigations. 

In section IV results are presented of an investigation 
into the importance of projectile sequential decay in 1 2 C 
and Li induced reactions. 

12 
C. C dissociation considerations 

C induced reactions on heavy targets have been 
studied by several groups (Br61, Ey73, Ko74, Ba7B, Wi79a, 
Wi79b, Wi79c). Measurements of the angular distributions, 
energy spectra and differential cross sections of alpha 
particles emitted in the boabardaent of Au and Bt targets by 
126 HeV 1 2 C nuclei permitted Britt and Quinton (Br61) to 
conclude that a aajority of the alpha particles observed 
(some 900 ab) resulted froa a direct process, aost likely 
breakup of the incident projectile. Eyal et al. (Ey73) 
crudely estimated that about ISO ab of unbound Be nuclei 

12 1Q7 
are produced in the C+ Au reaction at 125 NeV boaberding 
energy. Kozub et al. (Io74) coapleaented the work of Eyal 
et al. by aeasuring the cross section for the production of 
8Be(0+,g.s.) nuclei In the 1 2 C + 1 9 7 A u reaction at 126 Kev. 
It was determined that about 37 ab of Be(g.s.) were 
produced which indicated strongly that a substantial amount 
of cross section existed fpr the production of excited 
otateo of Be. Measurements of the cross section of 
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incomplete fusion reactions for the 1*C+1'°<M aystea at 
boabarding energies cf 90-200 MeV peraitted Slwek-Wilcsyneka 
at al. (Wi79a, If 179b) to suggest that the projectile 

12 
fragmentation channel, ( C,3 a ), is the doainant source of 
fast alpha particles, especially fox increaaed boabarding 
energies. 

Aa indicated in sections IIA and IIB several reaction 
aechanisas aight explain the observations noted above. An 
intuitive understanding of these observations is possible 
with a simple heuristic aodel of Halting angular aoaentua 
(BaSO). Aa pointed out by Brink (Br72), tranafer reactions 
between heavy ions at energies well above the Coulomb 
barrier have large transfer probabilities only If certain 
kinematic conditions are satisfied. In particular, the 
transfer cross section will be the largest when the 
transferred psrticle retains nearly the velocity of the 
projectile. Seaiclassically, this implies that the angular 
aoaentua transferred to the heavy residual nucleus is given 
by mvR/h where a is the transferred aaas, R la the "radius" 
at which the tranafer occurs and v la the relative velocity 
of the projective and target. For some velocity v the 
attractive interaction between the transferred particle and 
the target nucleua will no ledger be aufficlent to capture 
Mte transferred fragment. The fragment escapes before its 
angular momentum and energy can be absorbed by the target 
system. 
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Figure ZX-2 shows the transferred angular momentum as a 
functisa of the transferred fragment mass for the three C 
bombarding energies employed in this work. The dashed line 
represents the critical angular momentum for each fragment-
target system as calculated by Wilcsynski (Wi73). It is 
seen that at the lowest energy, 132 MeV, transfer occurs 
without exceeding l c r j t > At 187 MeV up to six or seven 
nucleons can be transferred before l- ri t *•• surpassed. 
Thus, transfer of a Be nucleus may not be possible, 
suggesting that a large increase in Be production may occur 
between 132 and 187 MeV. At the highest bombarding energy 
of 230 MeV, transfer of four nucleons just about exceeds 
l c r i t - Thus, at the higher energies nucleon irunsfer turns 
into a fragmentation process. 

Figure II-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 remission of 
nucleons is likely if the excitation energy per transferred 
nucleon exceeds the binding eesrgy per nucleon. Again this 
suggest that a fragmentation process may begin to become 
prominent around 190 MeV for this projectile-target system. 

Mllcsynski et al. (WiSO) suggest that the onset of 
fragmentation occurs at arouaS IS MeV/A. This follows from 
their sum rule model which is a natural extension, in an 
empirical way, of the simple arguments presented above. 
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Figure 11-4 presents the incomplete fusion calculations as 
discussed in section XXA. Parameters employed were 
determined in a similar fashion to those in reference 11180. 
Figure II-4a indicates that for lower angular momenta, the 
complete fusion channel has the largest probability factors 
(see the factor on the ordinate axis). At higher angular 
momentum values the incomplete fusion (massive transfer) 
channels ( 1 2C,o ) and ( 1 2C,2 a ) become evident. Predicted 
cross section trends are shown in fig. II-4b. 

Figure II-4 is found to be rather similar to the 
predictions made for the 1 2 C + 1 6 0 G d system (WiBO). There 
such calculations adequately reproduced the excitation 
functions for the measured incomplete fusion channels 
1 6 0 G d ( 1 2 C , o ) and 1 6 0Gd( 1 2C,2o )« which were found to 
account for 20-40% of the inclusive alpha particles. Thus, 

12 208 it is expected that the C+ Pb system has a similar 
contribution of fast alpha particles from the incomplete 
fusion channels 2 0 8 P b ( 1 2 C , a ) and 2 0 8 P b ( 1 2 C , 2 a ) • 

Another prominent feature of fig. II-4 is the cross 
section prediction for the multibody fragmentation channel, 

12 12 . denoted ( C, C ). A rapid rise in the fragmentation cross 
section is expected between . 130 NeV 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. Ar71, Vo76) that a large 
portion of the ( 1 2C, C*) curve will be composed of three 
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alpha production croaa section. However, as previously 
noted, the incomplete fusion sua tale modal does not specify 
this information. 

In general there are several mechanisms which sees 
likely to contribute to fast alpha particle production for 
the 1 2 C + 2 0 8 P b eystem. Figure II-5 presents a highly 
pictorial representation of four likely mechanisms. 
Mechanism i) illustrates the excitation of the 1 2 C 

12 projectile via an inelastic scattering process. C excited 
Q 

states above 7.4 HeV can decay sequentially into a • Be 
fragments. Typical inelastic scattering cross sections are 
on the order of mb and it is expected mechanism 1) should 
have a similar yield. The mechanism depicted in part ii) 12 represents a direct fragmentation of the C projectile into 

o 
an alpha particle and a Be nucleus. The mechanism depicted 
in part iii) also represents a direct fragmentation, but one 
which produces three free alpha particles, no intermediate 
Be nucleus is involved. Finally, the mechanism depicted in 
fig. II-5, part iv) represents a massive transfer process. 

a 
Of courae, this process could include a Be transfer with an 
alpha particle ejectile. An additional mechanism, not 
shown, which is a variant of iv) is an alpha transfer 
coupled with a Be-T Interaction whleh causes a direct 

B 

breakup of the loosly bound Be nucleus. This latter 
process and that depicted in iv) are not differentiated in 
the (12C,2a ) incomplete fusion cross section calculation 
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(IfISO). 
Thus, it is of interest to investigate the production 

of the sequential decay products 1 2 C * and "Be in 1 2 C induced 
reactions for energies in the range of 10-20 MeV/nucleon. 
In section IVA measurements of the production cross sections 
for C and "Be nuclei are presented. These measurements 
provide important complementary information to thzt obtained 
previously (Br61, By73, Ko74, Wi79a, Wi79b, W179c). 

Finally, it should be noted that only one other study 
has been reported (Va61) which has attempted to Investigate 
comprehensively the contribution from several reaction 
channels to the production of fast alpha particles from a 
particular system. 

D. Li 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 1 2 C ) . Although there are a wide variety of 
projectile breakup models which predict the occurrence of 
particular observable features in a given reaction, there 
still is no clear understanding of the majority of 
experimental data. Fragmentation or breakup, by definition, 
implies the existence of several products in a nuclear 
reaction. Therefore, to a large extent, the lack of a clear 
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definition of the processes involved in light heavy-ion 
induced reactions is due to the ambiguous and klnematically 
incomplete experiments that have been performed to this 
point. Indeed, it seems that by invoking simple sequential 
deccy and transfer mechanisms it is possible 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 NeV/nucleon suggests 
that it would be extremely valuable to isolate definitively 
a direct (i.e., non-sequential) projectile breakup. This 
then was partially the motivation for collecting the 
experimental data presented in section IVB. 

A recent study (C.'aSO) of the breakup of 75 HeV 6Li 
projectiles into a+d fragments cited evidence for two 
possible mechanisms. The first was identified clearly as 
sequential breakup through the 2.18 HeV 6Li state. The 
second mechanism was assigned to direct projectile breakup 
because a+d coincidence events were observed beyond the 
Li (2.18 HeV) sequential-breakup kinematic cone. However, 
these events could also hav» been due to transitions through 
higher 6L1 states which all have large energy widths. This 
latter possibility apparently was not considered. 

I'or the observation of a possible direct projectile 
breakup a projectile should be used with a large energy 
separation between the breakup threshold and the nsxt 
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excited state. A suitable projectile is 'li in which the 
first a decaying state is at 4.S3 KeV (AJ79), 2.16 MeV 
above the o+t breakup threshold. By an appropriate 
arrangement of detector telescopes it Is possible to define 
a kinematical 'window* which permits the unambiguous 
observation of both the direct and the sequential breatip of 
the Li projectile. Appendix A discusses tine kinematics of 
sequential decay. However, from a velocity 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 closely 
as possible in their location. If the breakup transition is 
restricted to s 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 Li 
dissociation event that did not proceed through one of its 
excited states. For the geometry employed in this study and 
described in section H I , events with an o-t relative 
energy smaller than - 2.1 MeV could be clearly distinguished 
from all possible sequential breakup events. 

Only a few Investigations have been previously reported 
7 7 

concerning the interaction of Li projectiles <E( Li) <, 37 
MeV) with heavy targets (Qu71, Ha72, Pf73, Qu74). One of 
the two coincidence measurements (Qu74) focused on examining 
the 7Li*(4.63) sequential breakup transition for Li 



34 

projectiles of 37 MeV (considerably lower than the 70 MeV 
employed in this Investigation). The other coincidence 

7 197 acasureaent (Qu71) examined the hi* Aa system fro* 27-45 
MeV bombarding energy and concluded that the copious 
eaission of alpha particles and tritons could not be 
accounted for by a projectile breakup hypothesis. Instead, 
it was concluded that these projertile residues were eaitted 
froa a quasi- bound rotating systea foraed ty the target and 
the loosely bound projectile. 
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III. Experimental Technique 

A. Cyclotron. External Bean r.cilitles. Scatter Chamber 
All experimental results presented here were obtained 

utilizing Lawrence Berkeley Laboratory's variable energy, 
sector jiocuse-* 88-inch cyclotron. This accelerator has the 
capabil: *-y of accelerating positive ions <A>4) to a maximum 

2 kinetic ene^y of 160q /A (HeV) for ions of charge q and 
mass A(amu). For this work, beams of Li, C, C and 0 
were produced in a Penning Ion Gauge (PIG) source 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 about 
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 experimental 
area known as Cave 2. 

Figure III-l depicts the layout 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 a quadrupole doublet and vertically and 
horizontally adjusted with centering magnets. The beam was 
then deflected 39.5° with a ouifeching dipole aagnet aad 
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directed through an adjustable vertical analysing alit 
(normally of 1.5 •• width). Two quadrupole doublet aagnets 
were then used to focus the baaa to a spot about 2x2 a* 2 on 
the target. Beaa transmissions of -30» ware routinely 
obtained. The beaa energy resolution as defined by the 
switching aagnet and the -Cave 2 analysing slit was about 
0.14*. 

The beaa quality and integrity when it was first 
focused and during the experiaents was aonitored by 
inserting reaote controlled A1 20 3 scintillator screens 
(which could be viewed by TV cameras) into the beaa line and 
scatter chaaber. Electroaeter readouts on all colliaators 
were also caployed to assist in insuring that all beams were 
properly aligned and focused during an experiment. 

The scatter chaaber was 51 cm in diameter and contained 
a beaa entrance port, an exit port leading to a Faraday cup, 
several roughing and pumping ports, a remotely controlled, 
multi-position target ladder and two remotely movable 
detector telescope platforms. The scatter chaaber was kept 
at a vacuum pressure of about 3x10 Torr by a 
turboaolccular pump with a liquid nitrogen cold trap to 
ainiaise the back streaming of puap oil. The adjoining beaa 
line typically was kept at a pressure of 5xl0~ Torr by an 
oil diffusion puap. On one of the movable platforms two or 
three particle telescopes were aounted and partially 
enclosed in a housing of aluminum and tantalum. The other 
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platform wa* used primarily tot Mounting alcgle counters for 
aonltorlug target degradation and normalising croaa 
aectlona. Strong permanent magnets vera placed in front of 
all detector teleecopee to deflect electrona that were 
ejected froa the target by collialons with beam particles. 

B. Taroeta 
Only aolid targets were used in the work presented 

here. All targets consisted of a thin layered, aelf-
aupporting sheet of the enriched target material. Typical 

2 
target dimensions were 300-1500 ug/cm of thickness with an 

2 
area of about 2 cm All targets were aeunted on aluminum 
target holders of which up to aeven could be stacked in the 
target ladder. Since Pb targets oxidize slowly they were 
continually kept under vacuum. Target thicknesses were 
determined after each experiment by measurement of the 
energy reduction of 6.06 HeV and B.7B Mev a -particles (from 

212 212 a Po/ Bi a-source) which had passed through the 
targets. Target thicknesses determined in this manner are 
estimated to be accurate to within i 10%. 

208 For targets with a lower melting point,such as Pb, 
it waa necessary to monitor continually the integrity of the 
target during lta bombardment with beam. This was 
accomplished by measuring at a fixed laboratory angle the 
amount of elaetically acattered beam (pes: micro Coulomb 
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Incident) on target, As a further precaution beaai currants 
war* kept low, less than about 100 naneamperes, on such low 
•citing targets. By measuring the ( Li, Be(g.s.)) and 
(7Li,6Li*> transitions an upper limit on the amount of light 

2 20B 
contaminants on the .1.5 mg/cm thick Pb targets was 
established to be 20 vg/cm , which contributed a negligible 
aaount of events to cross section estimates. 

C. Detection System 
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 multJ body final states. For instance, the 
detection of sequentially decaying reaction products is 
enhanced when the particle telescopes are separated by an 
angular aaount 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 resolution (due to the dE/d 8 ). On the 
other hand, small solid angle counters imply lower 
coincidence counting rates and a worse true to random 
coincidence ratio. Thus, thsre are several factors which 
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must be conalderad in selecting a coincidence detection 
system. These aret 1) the range of opening angles between 
sequential decay fragments, 2) the experimental tolerance in 
energy resolution, 3) the counting rate deemed satisfactory 
and 4) an acceptable ratio of true to random coincidences. 

Given these considerations a reasonable detection 
system for the observation of 8Be (g.s.), 8Be (2.94 MeV), 
C and Li reaction products is depicted schematically in 

fig. III-2. In its fullest extent, the detection system 
consisted of three &E-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 post 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 shown in 
fig. III-2) was a E j counter which vetoed any (generally 
unexpected) high energy events in which the particle 
completely traversed the AE-E system. 

Table III-l lists the pertinent dimensons of the 
detection system shown in fig. XXX-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 Be(g.s.) (.092 
MeV), because the two telescopes were separated by only 
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Table III-l t The Detection S v t — geometry 

Tele
scope 

Collimator 
Distance 
out of 
Plane 

Upper Lower 
Limit Limit 

(cm.) 

Radial 
Distance 
from 

Target to 
Telescope 
Center 
(cm.) 

Angular 
Separation 

Center-to-center 
(deg.) 

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 10.9 

The collimator width for all telescopes was 0.6 cm. 
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about 3°" Thii combination was alao the aoat suitable for 
separating the sequential decay peaks in projected energy 
spectra due to the velocity addition effect (see appendin A 
and fig. A-6). Telescope combination 1-3 was more suitable 
for attempting to observe sequential decays of large decay 
energies. 

For thin detection system the horizontal acceptance 
ancle, as determined by the collimater width, was 3°" 
-owever, 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-nass 
direction of the unbound ejectile is slightly out of the 
reaction plane. Typical energy resolution was about 400 to 
600 keV full width at half maximum (FWHM) depending upon the 
reaction. 

D. Detectors 
Zn all of these experiments, silicon solid state 

detectors developed at LBL were employed. All ,4E counters 
consisted at phosphorus-diffused silicon of thicknesses 
between 100 and 220 pm. The E counters were constructed of 
lithium drifted silicon (Si(Li)) and were 5 an 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 
Manufactured between the two halves of the wafer effectively 
restricted charge collection to the respective half of the 
counter. For the B f . counters either AE type or E type 
counters were employed. The bias applied to each counter 
was the highest possible, in order to minimize the charge 
collecton tiae. Typically the A E counters were biased 
between +300 and *400 volts and the E counters between +900 
and +1200 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 fiE and E 
counters of thicknesses as specified above, it was possible 
to detect tr'tons of energies between 5 and 48 HeV and alpha 
particles of energies between 19 and 124 MeV. 

E. Data Acquisition System 
Figure IZI-3 shows a slightly simplified block diagram 

of the electronics used in acquiring all coincidence data. 
Each detector was biased through a charge- sensitive 
preamplifier. Charge pulses induced in the E detectors were 
collected, and amplified and then transmitted .SO meters to 
the respective high rate linear amplifiers. Each £E 
preamplifier, in addition to producing an output comparable 
in rise time to the E detector preampliers, produced a fast 
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plckoff signal which was used for coincidence timing 
purposes. The slow output of the AE preamplifier also fed 
a high rate linear aaplifier. The fast AE preamplifier 
output signal was further amplified in tiie counting area by 
• fast (2ns) amplifier. All fast signals were transmitted 
by low capacitance 50 ohm cables, whereas all slow analog 
signals were transmitted by 125 ohm cables. Each negative 
signal output from the fast amplifier was then transmitted 
to a constant fraction discriminator (CFD). Three output 
signals from the CFD's were used to i) serve as input for a 
pile-up-rejector (FOR): ii) 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 also 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 associated with each iE, E and E . analog signal 
as well as an output from a FUR. A valid telescope event 
sent a logic pulse to another coincidence module which 
determined if there was a simultaneous particle-particle 
coincidence. A particle-particle coincidence in any of the 
three telescope-telescope combinetons, 1-2, 1-3 or 2-3 
produced a master logic pulse which strobed all delay gates 
and a 16 channel Multiplexer/ADC system. All on?log energy 
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signals and TAC pulse height signals (9 parameters total) 
were stretched to 2 us width and used as input into the 
Multiplexer. Stretched signals were then sent sequentially 
(40 us/paraaeter) by the Multiplexer system to an analog-
to-digital converter, upon coaputer request the digital 
equivalent of each analog signal was transaitted to a buffer 
area of a ModComp TV/25 coaputer. Digital event data 
acquisition! processing for display on a CRT screen and 
event-by-event storage on seven or nine-track (800 or 1600 
BFI) Magnetic tape, were handled by the program CHAOS (now 
refered to as MINDS 3) (Ma 79). 

In addition to the primary fl£, B and E r e . counters and 
their associated electronics an additional counter 
(typically, a 5 in thick Si(Li) detector) was employed on 
the opposite side of the beaa axis to serve as: i) a 
monitor of possible target degradation, ii) an additional 
chesk 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 preaaps. The ratio of the number of pulser induced 
telescope-telesec^e coincidences recorded on tape to the 
•number of pulser signals sent represented the total active 
tiae for that coincidence system. Thus the systea 
combinations 1-2, 1-3 ad 2-3 had different dead tiaes. Dead 
tiaes were priasrily s function of the AE count rates which 
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were generally United to <_ 20,000/n, with AE3 having the 
lowest counting rate due to its position further out of 
plane and its saaller solid angle. Typical dead tines were 
5« to 20%. 

Paticle identification was perforated both on and off
line by generating, via software, the standard light-ion 
identificaton algoritha (Go64), 

PI • (AE + E ) P - E P (III-l) 

The exponent P assumed values 1.71 < E < 1.79 and was 
optimized by viewing a two-dimensonal PI VB E f c o t a l plot. 
Figure III-4 shows a particle identificaton spectrum for A <_ 

4. 
12 * 8 For the C * o+ Be investigation 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 sane telescope, each with 
about the same kinetic energy, they will identify together 
as a Li event (Wo72). C events were identified then as 
an a + 7Li coincidence. (For the Pb target, a gate on the 

8 7 
a + "Be total energy served to remove any real a + Li 12 coincidences from the quasielastic C breakup peak due to 
the Q-value difference). 
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P. Data Analysis 

Svent-by-event data were analysed off-line by re
sorting the stored binary data on either a ModCoap IV/25 or 
a Classic aini-coaputer. All event sorting, data display, 
spectral integrations and centroid deteralnations as well as 
other fitting procedures were perforaed with the prograas 
CHAOS and HDLTID <H»79). Additional spectral analysis and 
plotting to a Textronix flatbed plotter were handled by the 
histogram aanipulation prograa SINGLE (B1B1). 

while re-sorting data, software gates were established 
in the necessary PI spectra, TAC spectra and energy spectra. 
Pigure III-5 displays a representative TAC or tiae-of-flight 
difference (ATOP) spectrin. Gates of - 4 na in width were 
set in the inter-beam burst peak and in the intra-beam burst 
peak. The events which resulted froa coincidences between 
beam bursts provided a reasonable estiaate of the random 
coincidences occurring and , therefore, were subtracted from 
those events which resulted froa intra-beaa burst gating. 
The gating condition of particle-particle coincidences 
within 2 ns corresponded to allowing slightly aore tiae 
difference than the aaxiaua possible tiae-of-flight 
difference calculable frea kinr-»etic conditions. 

Total energy and projected energy spectra were coated 
via software manipulations for each coincidence channel 
under investigation. Energy calibrations were deterained by 
a least-squares fitting procedure to known transitions. 
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Projected energy spectra Mere analysed with three body 
kineaaties by converting 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 uaing the appropriate program OPEC or ALPHA 
(Bi81) (which are discussed at length in appefsdix A ). 
Production cross sections for sequentially decaying reaction 
products were calculated using the formula 

d o 2.66 X 10~7N Z A 
— - (111-2) 
da I d e f f f T 

where N« the nusber of counts of interest 
z« the average charge state of the bean particles 

after Cransversing the target 
A» the target mass (asm) 
I" the integrated beam current in micro Coulombs 
an . . • the effective solid angle (sr) 
• d a x detection efficiency 
f« the fractional counter system live time 
• (1.0 - dead time) 

T" the target thickness ( mg/cm ' 
Energy integrated double differential cross sections 

were calculated in an analogous manner with dn replaced 
with d fl1 a Q. . Absolute differential cross sections for 
the direct breakup component to be discussed in section IV 
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could not ba calculated aa was dona for the aaquential 
breakup components dua to a lack of a priori knowledge of 
the aecbanisms Involved in direct projeetle breakup. 
Systematic errors in all cross section estimates are 
estimated to ba no more than about 25% and ar* 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. 
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IV. Experimental Kasults and Discussion 

A, " c + 2 0 8 P b 
Zt has been speculated (Br61, wi79a, Wi79b) that the 

12 large production of a-particle» in C induced reactions 
(at 10-20 HeV/A bombarding energy) on heavy targets is 
predominantly due to projectile breakup. Furthermore, 
particle-T measurements with the system C + Gd indicate 
that this projectile fragmentation process on the average 
does not excite the target nucleus (Wi79a, Wi79b). 
Presented below are experimental results concerning the 
production of a -particles from the c + Pb system at 
E( 1 2C)» 132, 18V and 230 HeV bombarding energy. 

Figure IV-1 shows a series of a-particle spectra that 
2 208 resulted from the bombardment of a 1.5 mg/cm '""Pb target 

with a 187 MeV 1 2 c beam. The o-particle lower energy 
counter cutoff for these (and other) spectra is seen to be 
-20 MeV. The prominent features of these spectra are the 
same as those reported by Britt and Quinton (Br61). At 
forward angles the spectra are dominated by a broad, bell 
shaped peak centered a few HeV below the beam velocity. 

The angular distribution of the energy-integrated 
differential cross section is shown in fig. IV-2. it is 
strongly peaked in the forward direction, increasing almost 
exponentially with decreasing laboratory angle. As was 
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determined previously (Brbl), the evaporation a -particles 
show a relatively flat do/dfl angular distribution. The 
total o-partlcle production cross section was obtained by 
integrating the angular distribution shown in fig. IV-2 
from 0° < 8 0< 50.° Extrapolation of this angular 
distribution to near zero degrees was done as indicated by 
the dashed line. For E( C)- 187 MeV the total a -particle 
v..-oss section was found to be _ 1100 «b(+ 251). This is 
quite similar to the a -particle production cross section 
measured by Milczynska et al. (Wi79b). For comparison, the 
geometric and total reaction cross sections are about 2200 
and 3600 mb, respectively. 

Particle-particle coincidence measurements wese 
performed with vertically arranged 4E-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 HeV, all three coincidence 
combinations were recorded. Figure XV-3a shows the summed 
energy of coincident events (corrected for randoms) in which 
one telescope recorded an a -particle and any particle 
entered the second telescope. Three features are prominent: 
two quasielastic peaks near the beaa energy and a broad bump 
centered slightly below two-thirds of the beam energy. The 
peak at 178 MeV is determined kinematically to be the 

12 8 
quasielastic breakup of C into the a and Be channel (0-
volue«-7.28 HeV). This interpretation is based further on 
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the observation that the particle identification apectruai in 
the other telescope, corresponding to events In this peak, 
shows a single grouping near the Li position, as is 
expected if two a-particles of approximately the sue 
energy simultaneously entered thia telescope (see section 
III). (An actual a+ Li coincidence is ruled out by Q-
value considerations). 

The second quasielastic peak corresponds to o + Be 
coincidences which result from the decay of excited C 
nuclei that are produced via a neutron pickup to C atates 
located above the breakup threshold. This transition is 
discussed in more detail in section ZVB. 

Figure IV-3b shows the total energy spectrum when both 
telescopes register an a -particle in coincidence ( it 
should be noted from this spectrum that the majority of 
coincident events in fig. IV-3a arise from such 2 a 

coincidences). Most of the contribution to the fig. IV-3b 
e 

spectrum arises from decaying Be nuclei, although as will 
be discussed below, there is some contribution from the 

12 (sequential) 3 a decay of C with only one a-particle from 
a 
Be being recorded in a given telescope. 

12 * Further interpretation of the character of the C 
o 

breakup transition can be obtained from the Be projected 
ft 

energy spectrum arising from a + Be(2a ) events yielding a 
total energy of 17B MeV. Such a spectrum is shown in fig. 
IV-fl. The nature of the contribution to this projected Be 



10.000 —I 1 
W 8 P b ( l 2 C , a » B e ) m P b ( g . s . ) 

E|2 C- 187 MeV, 0 L A B - 19 s 

8 

1.000 
Be from 

, ZC (7.6 HeV) 
I 

in 

3 
O 
o 

* • 
Be from 

100 — 
Be from 

,2C(9.CHeV) 

I 

• , ZC(9.6 MeV) 
I 

10 

100 120 140 
B e energy (MeV) 

Fig . IV-4 
XBL 798-2600 



61 

upectrua from different Nstakup states of C 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 
state of 1 2 C (Aj75) will have a breakup energy of e»0.*88 
MeV wh'.ch, with this detection geometry, results in a broad 
peak at - 120 MeV, while the 3", 9.64 Me? state for which 
E- 2 . 2 7 MeV results in two narrow peaks. (The kinematics "f 
sequential decays are discussed in appendix A). With the 1-
2 telescope configuration the detection probability for 

12 higher lying C sta<-.es is prohibitively small. 
The probability for detecting (with a two telescope 

system) quasielastic breakup events with variable decay 
12 

energies such as the 7.6 and 9.6 MeV states of C were 
calculated with a Monte Carlo simulation code ( which is 
described in detail in appendix A). This numerical 
calculation assumed that all breakup fragments are 

12 * distributed isotropically with respect to the C rest 
frame. This assumption necessarily introduces a potential 
error whose magnitude is difficult to assess because of our 
lack of knowledge of the reaction mechanism and the 
transition probabilities. For instance, the Monte Carlo 
simulation showed that if the 7.6 and 9.6 MeV 1 2 c states are 
equally populated then the experimental contribution to the 
quasielastic peak in fig. ZV-3a from the 7.6 MeV state 
should be a factor of 6.7 greater than the contribution from 
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the 9.6 MeV state. However, the experimental value is 16:1. 
The difference between these two ratios could either 
Indicate that the 7.6 MeV state has a higher excitation 
probability than the 9.6 Mev state or that the observed 
yield of the 3~, 9.6 MeV state is suppressed due to spin 
alignnent. (For certain extreme conditions of alignment the 

12 * detection probability of C (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 

12 and 1-3 at a C bombarding energy of 230 MeV. Table A-l 
12 * contains 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 9.6 MeV C states only) for the three 
energies investigated 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 

12 * 
phenomenon. The total C production cross section as 
measured with detector combination 1-2 is shown in fig. IV-
Sb. Total cross sections are found to be on the order of 
Bib, far below the total a-particle cross sections for these 
bombarding energies. Measurements at 230 MeV with the other 
telescope combinations 1-3 and 2-3 pormit the conclusion 
that the production of C* nuclei with excitation energies 
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between 9.6 and 16 MeV is also negligible, coapared to the 
total a-particle cross section. An upper estimate of the 
maximum differential cross section at 230 MeV for 1 2 C * 
production with excitation energies above 9.6 MeV is . 15 

12 ab/sr. Thus the production of sequentially decaying C 
nuclei is not a significant source of fast alpha particles. 

The observation of a total quasielastlc C production 
cross section on the order of a few ab is consistent with 

12 inelastic acattering studies with a C target ( cf. Sp6S, 
a 

Sm73, B174). Analysis of a+ Be coincidences (which could 
have been confused with a - Li events) for aore negative Q-
values, i.e., a autual excitation process, does not alter 12 * the conclusion that C production and subsequent 
sequential decay is not a prominent source of fast alpha 
particles. 

12 Figure IV-6a shows a ( C , ao ) spectrum taken with 
detector system 1-2. Figures XV-6b - 6d show 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 Be(g.s.) nuclei ( decay energy of 
.092 MeV, Aj79). The broad, weak bumps are consistent 
kinematically with the decay or ^ « bread 2.94 pieV, first 

P excited state of Be. For this detector configuration the 
o 

probability of detecting Be(g.s.) nuclei was a factor of 5-
a 

10 larger than that of detecting Be(2.94MeV) nuclei. 
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Further confirmation that aainly "Be nuclei were detected 
12 coves fro* fig. IV-7 which shows a ( C, an ) apectrusi taken 

with the 2-3 detector system. This system has a telescope-
to- telescope angular separation greater than the Be(g.s.) 
decay cone, but not the Be(2.94MeV) decay cone. Thus, as 

o discussed in appendix A, If Be<2.94 MeV) Is produced in the 
reaction, we expect to see the observed double bump 
structure in the projected spectra, reflecting sequential 

a 

decays from the broad first excited state of Be. 
Mgure IV-8 shows a C ( C o n ) 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 obtained with the heavy target. 

Figures IV-9, IV-10 and IV-11 show Wilczynski- type 
Q 

diagrams for Belg.s.) production at the three bombarding 
energies investigated. These diagrams plot the double 
differential cross section d c/dn dB of the Be(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 
shot? a ridge near warn velocity which extends from the 
maximum towards backward angles. There is little or no 
evidence of a ridge extending back from zero dsgrees as is 
characteristic of a deep inelastic reaction, do other 
significant features are evident. 
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Figure ZV-12 shows the absolute differential cross 
section for the production of Be(g.s.) nuclei. These cross 

12 sections were obtained by integrating the { C, on ) spectra 
by energy bins with the appropiate detection probability for 
Be(g.s.) nuclei folded in. A siailar procedure was 
performed for the 8Be(2.94 MeV) events (for which the 
angular distributions are not shown). Detection probability 
curves are found in appendix A. The angular distributions 

a 

of both Be products are very similar. Increasing cross 
section with decreasing angles and steeper angular 
distributions with increasing bombarding energy are evident 
in fig. TV-12. Cross sections up to several hundred mb are 
apparent, suggesting that a significant fraction of the 
inclusive a -particles arise from decaying Be nuclei. 

Further information can be obtained from the shapes of 
these angular distributions. The shift in the angle of the 
peak of each angular distribution suggests that there is an 
interaction radius, R, , such that outside R, the Be 
production cross section decreases with increasing radius 
and inside of R, the Be 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, Rj^n • If it is assumed that 

o 
the Be nuclei continue approximately on the Rutherford 12 trajectory of the incoming C projectile, then the 
following relation exists between R n i n and S , the center-
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of-Bass scattering angle: 

Zp*Te2(l+l/sin(¥2)> 
*«in <*»-« 

2E_ 

Osing equation (IV-1) it is possible to transform the 
angular distribution do/dO into the quantity do /^itfi^ia 

via the expression: 

do -16 IT E „ sin3 ( e /2) (da /da ) 
""-j (IV-2) 

»*i- z - z - e nin P"T 

The angular distributions from heavy-ion collisions have 
been analyzed previously in this m.nner (Mc60, Br61, Ne80) . 

Figure ZV-13 shows the experimental angular 
a 

distribution of Be(g.s.) nuclei transformed into 
da/Rm<„dR_. versus R_,_ The quantity do /K, dR . can min m m min. ^ J min m m a be interpreted as a measure of the probability of Be 
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 r Q - 1.5 fm. 
Grazing collisions are most probable; interactions which 

a 
produce Be at other radii are hindered. For a projectile 
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breakup aechaniaa, absorption jof °Be nuclei at smaller radii 
would be a likely situation. 

For a direct coaipariaon of singles a -particle and Be 
cross sections the integrated total cross sections for 
B B 
Be(g,s.) production are shown in fig. IV-14. Be(2.94 

MeV) production cross sections also were obtained for the 
12 two bombarding energies E( C) » 187, 230 MeV; the detection 

P 
efficiency e>i Be (2.94) nuclei for the bombarding energy of 
132 MeV was too low for its observation. Total cross 
sections for Be(2.94 MeV) production were found to be 175 
ab and 180 Bb at 187 and 230 MeV, respectively. The ratios 
of the production of 8Be(g.s.) to SBe(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 Be 
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 measured between 90 and 200 MeV 
12 8 
C bombarding energy. Furthermore, total Be cross 

sections, by virtue of their magnitude, are clearly able to 
explain a significant portion of the inclusive a-particles. 

From the measurements of Siwek-Wilczynska et al. 
(Hi79b) it is known that - 20-40% oi vhe inclusive a -
particles result from the incomplete fusion reactions 
( C, r ) and '. C,2a ). The Be measurements reported here 
are far in excess of the ( C,2a ) cross section for 
incomplete fusion. Hence, projectile fragmentation must be 
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responsible, it can be concluded that for each 8Be observed 
in excess of the incomplete fusion 2 a's expected, a third 
a-part.cle was liberated initially. Therefore, a numerical 
accounting of the origin of Inclusive c-particles for 
H( 1 2C) - 187 KeV can be obtained with the following 
assumptions: i) 20-40% of the inclusive a -particles result 
from the incomplete fusion process; il) the incomplete 

12 12 
fusion reactions ( C, a) and ( C,2 a) have about the same 

a cross section; and iii) the Be's that do not originate in 
an incomplete fusion process are accompanied by a third a -
particle. Given these assumptions it is determined that 
some BO-90% of the inclusive a-particles are accounted for.. 
Furthermore, at the bombarding energy of 187 MeV, projectile 
fragmentation into 3 a particles is the largest source of 
a-particles. 

The excitation function for a-particle production 
12 between 90 and 200 MeV C bombarding energy shows a steep 

rise, toward larger a -particle total cross sections at 
higher energies (Wi79b). If this trend continues above 200 

a 

MeV beam energy the measured "Be cross section at 230 MeV 
bombarding energy will explain a smaller fraction of the 
inclusive a -particles. ( A partial angular distribution of 
singles a-particles for the 230 MeV beam indicates that the 
rross section may wot increase as rapidly as in the 90-200 
MeV interval, but it is increasing slightly faster than the 

c 
sine in the production of Be). It is concluded that other 



79 

breakup channels (socb as ill) in fig.Xl-5) or additional 
fragmentation processes contribute s»re cross section at the 
higher energies. 

8 B 
Of the Be nuclei observed, the ratio between Be(g.s.) 

and Be(2.94 MeV) production is the same for the two 
bombarding energies (IB? and 230 MeV), which strongly 
suggests that projectile ground state properties are 
important in the projectile fragmentation process(es). In 

D 

addition, the observed large production of Be(2.94 NeV) 
nuclei is consistent with the suggestion from measurements 
of 126 MeV 1 2 C on 1 9 7 A u (Ko74) that a significant fraction 

o 

of the Be nuclei was being produced in an excited state. 
Interestingly, pickup reactions and cluster model 
calculations (Aj75 and references therein, Ku73) indicate a 12 substantial amplitude for representing a C nucleus not 

P only as I y ( Be(g.s.)) x if, (a)] but also with the 
configurations [ <>(BBe(2.94 MeV)) x t (a)] and 
[ iH8Be(11.4, **)) x 1> ( a)]. Transitions through the 11.4 
MeV Be state apparently are not important at the bombarding 
energy of 187 MeV. (Verification of 8Be(11.4 MaV) 
production would be difficult owing to the large decay 
energy and therefore the tendency for the sequential decays 
to appear as uncorrelated 2 a-particle production). 

Q 

The observed trend in fig. rv-14 for Be production as 

a function of bombarding energy is at first appearance 
inconsistent with the predictions of the incomplete fusion 
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sua rule aodel (discussed in section XI). Qualitatively, a 
large aultlbody fragmentation channel should become aore 
proainent as the boabarding energy increases. The 
aeasureaents reported here are specifically of resonant 
particles. As the boabarding energy is increased It is 
quite conceivable that the projectile-target interaction, 
which lea- to a fragaentation, becomes aore 'severe*. This 
in turn, '.ould suggest a decrease In probability for the 

a rather weakly bound Be nuclei to survive the breakup 
process. An extension Of these aeasureaents of the 
production of the resonant nucleus Be in conjunction with 
inclusive a-particle cross section Beasurements at higher 
12 
C bombarding energies could elucidate this point further. 

B • 2 0 8 P b (12c. 1 3 C * ) , 1 3 O 2 0 8 P b reactions 
12 20fi In the above study of the "c+ Pb system, it evidence 

of a relatively strong neutron pickup channel, the 
20fi 1 9 1 T * Q 207 

Pb( C, C + a + Be) Pb reaction, was observed. The 
first part of this section briefly discusses this 
transition. 

Figure rv-15a shows the total energy spectrum of a + 
Be coincident events recorded with the telescope system 1-2 

which was located at 19° in the laboratory. A strong 
transition is seen which is kinematically determined to be 
the 2 0 8Pb( 1 2C, o+ 9Be) 2 0 7Pb(g.s.) reaction (Q-value- -13.07 
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MeV). Little strength is observed for the production of 
g a+ Be fragments at a more negative Q 3 (three-body Q-value). 

g The origin of the « + Be coincidences can be determined by 
g 

projecting the two-dimensional a - Be energy plane onto the 
Be energy axis, as shown in fig. i?-15b. With three-body 
kinematics it is possible to convert the measured Be energy 
to a relative energy of motion, e , between the a and Be 
fragments and to an excitation energy in the C system. It 
is seen in the projected spectrum that there ere two groups 

g of o - Be relative energies, - 1.3 and - 3.1 HeV. These two 
groups correspond nicely to the relative energies expected 
for a C nucleus excited to the first two groups of alpha 

g decaying states above the a + Be breakup threshold (Aj76) . 
Futhermore, there is a close correspondence between the 

12 9 resonances observed in the C(n,a ) Be reaction (Ob72) and 
9 9 

the peaks seen in the a + Be system. Analysis of a + Be 
coincidences at the higher bombarding energy of 230 MeV, 
where the third telescope system was incorporated, permitted 
the conclusion that there is little strength for the 
production of C nuclei with excitation energies above 

9 about IS MeV. That is, the majority of o + Be events result 
from the sequential decay of C states located at 
excitation energies corresponding to the peaks evident in 
fig. IV-15b. 

g Figure IV-1S shows the measured a+ Be yield (for the 
Pb(g.s.) transition) versus the labor.f cory angle of the 
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two telescope detection system. These double differential 
cross sections correspond roughly to a production cross 
section of C of a few mb or less. As was observed in the 
( C, C ) reaction channel the a + Be production peaks near 
the grazing angle. The rhape and trend of the { c, C*J 
angular distributions are also very similar to that observed 
(La72) in the 2 0 8Pb( 1 2C, 1 3C) reaction where it was found 
that the angular distributions were interpretable in terms 
of a peripheral reaction mechanism dominated by kinematic 
effects. Indeed, a careful comparison of the ( C,C) and 
( C, C ) reactions at the same bombarding energy would be 
very interesting. 

The various processes involved in the production of 
C nuclei have been considered further. Two possible 

reaction mechanisms for the production of C are : 1) a 
13 direct neutron transfer to unbound levels in C and 2) a 

two-step process such as 2 0 8Pb( 1 2C, 13C(g.s.}) ( 1 3C, 1 3C*) 
207 

Pb(g.s.). If this latter process (involving the 
C(c,.s.)> were dominant then one might expect that the 

reaction 2 0 8Pb( 1 3C, 1 3C* -• o + 9Be) 2 0 8Pb(g.s.) would exhibit 
a relatively large yield in reactions initiated at a similar 
bombarding energy. To investigate this mechanism as well as 

j o 2Q8 to provide an interesting comparison to the C+ Pb 20R 13 13 system, an initial survey was made of the Pb( C, C*) 
reaction at 172 HeV. 

hs throughout this work, the production of resonant 



unbound reaction products was observed by detecting the 
sequential decay products in coincidence with the 
"piggyback" tripl* telescope system describee! in section 
XII. The yield of o + Be coincidences between 15 and 25 
in the laboratory system was observed to be small, a factor 
of 15-20 less than that observed in the 2 0 8Pb( 1 2C, 1 3C*) 
reaction at 187 HeV. This suggests again that the 
( 1 2C, 1 3C*) reaction is very similar to the ( 1 2C, 1 3C) 
reaction. Futhermore, these data indicate the strong 
selectivity involved in the inelastic excitation of 
projectile nuclei. 

in addition to a * Be coincidences/ other two-particle 
coincidences were monitored. The dominant particle-particle 
coincidence channel for the C+ PL Bystem was the a - a 

208 13 channel. Figure IV-17 shows a Pb( C, a + a) coincidence 
3pectrum obtained by the two telescope combination which had 
an average angular separation of A$ - 5.9° . A rather broad 
peak (near bean velocity) is seen in this coincidence 
spectrum as was observed in the C+ Pb system. Figure 
IV-17b shows the Be projected spectrum from the a + a 
coincident events located within the gate indicated in part 
a) of the figure. The majority of a^+ a, events have 

P E( a.) Z E( a 2) » s expected from the decay of a Be(g.s.) 
nucleus. The other two detector combinations for particle-
particle coincidences, which are separated by angles larger 
than' a Befg.s.) decay cone width, recorded very few a + a 
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events. Evidently, nearly all a + a coincidences arise from 
the decay of a Betg.s.) product. 

Given the large production cross section of 8Be(g.s.) 
(st e l a b - 15° , &r /dfl = 360 mb/sr) it is interesting to 
deduce what fraction of the singles alpha spectrum arises 

o from decaying Be nuclei. Integrating over fig. IV-17a and 
o 

folding in the Be detection efficiency it is determined 
that approximately 55% of the singles alphas at 15° must 

g 
arise from the decay of Be nuclei. 

The mechanism(s) responsible for the copious production 
of 3e nuclei could not be determined from these limited 
measurements. It is suggestive to compare the shape of the 

12 
a+a coincidence spectrum with that obtained in the C 
induced reactions. It is seen that the shape is rather 

12 B similar to the ( C, Be) spectra, suggesting that incomplete 
fusion and projectile fragmentation are important processes 
for thiB system. 

0 O 
The production of only Betg.s.) nuclei and no Be(2.94 

13 MeV) nuclei is intriguing. It is conceivable that a C 
12 projectile would behave as a C projectile with a spectator 

neutron attached, in which case similar results to those 
12 208 obtained in the C+ Pb system should be obtained. 

Evidently this is not the situation. Owing to the large 
9 13 

a+ Be parentage of C (Aj76 and referenced therein) one 
might also expect a large direct breakup probability for c 

g a 
into a+ Be fragments. In a two step process, the Be could 
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lose its loosely bound neutron. However, consideration of 
the ground state structure of Be (Aj79 and references 
therein, Co67) Indicates that production of 8Be(2.94 MeV) 
nuclei would be nearly of the same magnitude as the 
8 9 * 
Be(g.s.) transition. Similarly for the o+ Be * a +a+n 
channel. Clearly, an extension of this initial 
investigation is needed. 

C. 1 6 0 + 1 9 7 A U 

As noted in section II, angular correlations between 
fast a-par tides and outgoing heavy reaction products for 

16 197 16 208 
the systems 0+ Au and 0+ Pb have previously been 
studied at the bombarding energies of 140 MeV and 310 MeV 
(Ge77b). Although a detailed understanding of the reaction 
mechanism responsible for 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 lib) indicated that these data (Ge77b) 
were consistent with a possible sequential decay process and 
hence that this type of reaction mechanism should be 
considered further. This section contains a discussion of 
an initial and cursory investigative study of the 0+ Au 
system at 218 MeV 0 bombarding energy. It should be noted 



that, subsequent to this short experiment, Bini «t al. 
~'q0) reported that most of the a -particles observed in 

the 1 6 0 + 1 9 7 A u system at 310 MeV were consistent with 
emission from projectile-like fragments. Also Rae et al. 
<Ra80) reported a strong 60 sequential decay channel in 
the 1 6 0 + 1 2 C system at 140 MeV. 

Targets of 1 9 7Au(0.46 mg/cm2 ) and 208Pb(enriched, 
5 1.5 mg/cm ) were employed. The data taken with each target 

were qualitatively the same. The triple telescope system 
(as discussed in section III) was used to record particle 
-particle coincidences. Extensive singles measurements were 
not performed. 

Since the three particle telescopes ire located in 
close proximity, the observation of the decay of 0 states 
near the breakup threshold of E « 7.16 MeV (Aj77) is 
facilitated. Figure IV-lSa shows a summed energy spectrum 
of a + C coincidences taken a 19° in the laboratory with 
the closest spaced counter configuration, i.e., Aiji * 5.9°' 
Strong transitions to the ground state and low lying states 
of Au are evident as well as a significant number of 

12 a + C events with more negative production Q-values. 
Figures IV-IBb and IV-lBc show projected spectra onto the 
12 12 
C energy axis of the a + C coincident events that summed 

to aa energy falling within the gates indicated in part a. 
16 * The peaks in fig. tV-18b are representative of O 

12 sequential decay into the a• C channel and resemble the 
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data observed by Rae et al. (RaBO) for the 1 6 0 + 1 2 C system. 
Furthermore, there are no events observed that correspond to 
O excitation energies between 7.16 and _ 9 HeV, i.e., a 

16 12 
direct breakup of the 0 projectile into an a + C pair 
with small relative momentum is not observed. Clearly, this 
does not preclude the existence of O breakup. 

The projected spectrum (fig. tV-lBc) which results 12 from a -)- C events 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 pari b-
Since the kinematics nre not completely defined for fig. 
IV-18c it is only possible to suggest that other processes 
besides sequential decay are involved in these transitions. 

12 Figure IV-19 shows the a+ C yield as a function of 
the laboratory location of the vertical telescope system. 
For absolute production 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 
absolute production cross sections. Hence only double 
differential cross sections are shown. The trend in this 
limited data set is similar to that noted for 1 2 C * and 1 3 C * 
production. The grazing angle for this system was about 
23.° 

12 In addition to the observation of the o+ C channel, 
other particle- particle coincidences were investigated for 
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this system. The overwhelming majority of all particle-
particle coincidences consisted of a - a events. Closer 
examination indicated that (as in the 

12c 
induced reactions 

reported in section XVA) most a - a coincidences were due to 
the decay of a 8Be(g.s.) or an excited 8Be(2.94 MeV) 
nucleus. The ratio of 8Be(g.s.) production to 8Be(2.94 Mev) 
production was about 1:2.2. Again, the processes 
responsible for the relativly large production of Be's are 
not clear, however, Q-velue systematica (6e7S) suggest that 
Be production should indeed be large. It is found that the 
differential cross section for Be production is larger that 
that for Be, Be and Be production, by at least a factor 
of three (but the differential cross sections do not exhibit 

p an exponential Q=value dependence). The Be cross section, 
however, is not sufficient to explain a sizable fraction of 
the inclusive a-particles observed in this reaction ( 
-5-10% can be explained in this manner). This is a 
distinguishable feature between the l 2C+ 2 0 8Pb system and the 
l 60+ 1 9 7Au system which will require further detailed 
studies. 

Finally, it should be noted that Rae et al. (Ra81) 
recently suggested that at least two mechanisms contribute 12 to tha production of a + C breakup fragments, a coherent 
and era incoherent process. The incoherent process, which 
was judged the dominant process, was speculated to. fa* the 
guesi-free scattering of the a or 1 2 C constituents of the 
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projectile by the target causing, in effect, a direct 
breakup. Thua there is evidence of both aequential and 
direct breakup of an 1 6 0 projectile but the relative 
importance of these two processes still needs to be defined. 
However, fron the data presented elsewhere 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. 

7L1+ 1 2C. 7Li+ 2 0 8Pb 
In this section results are presented of an 

investigation of 70 MeV 7Li * a +t breakup on 1 2 C and 2 0 8 P b 
targets. For those breakup events in which the relative 
energy between the fragments was below 3 MeV, it was found 

7 12 that the breakup of Li on the C target was predominantly 
sequential - proceeding through the 4.63 NeV, 7/2" state of 
7Lt, In contrast, the breakup of 7Li on the 2 0 8 P b target 
had two components, this sequential component involving 
excitation to the 4.63 MeV atate as well as a direct 
component. 

Figures IV-20, IV-21 and IV-22 show typical charged 
particle inclusive spectra taken with a .35 mg/cm2 thick 1 2 C 
target and a 1.5 mg/cm2 thick 2 0 8 P b target. For the 1 2 C 
target at backward angles (fig. IV-21) the spectra were 
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fairly featureless, with increasing intensity for lower 
particle energies. At forward angles fig. 2V-20, all 
charged particle spectra obtained with the C target 
exhibited a broad structureless peak centered at energies 
corresponding to approximately the beam velocity. The yield 
of tritons and of alphas was found to be greater than for 
the other light charged particles. Charged particle spectra 
obtained with the 2 0 8 P b target (fig. IV-22) also exhibited 
contributions from fast particles. Similar features have 
been observed in reactions induced by the rather similar 
projectile 6Li (0164, He79, CaSO, Ne80). 

7 is Figure XV-23 presents coincidence data for the Li+ C 
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 

12 events which leave the C target in the ground state or 
excited to the 4.4 MeV, 2 + or 9.6 HeV 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. IV-23b). The 

7 * angular distribution of the production of Li (4.63 MeV) for 
the C remaining in the ground atate is shown in fig. IV-
24a. The angular distribution in fig. ZV-24a has been 
corrected for the a +t detection efficiency, which was 
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calculated as outlined in appendix A. 
Further Interpretation of the character of these 

breakup events can be obtained free the a or t projected 
energy spectra for coincident a -ft events that yield a total 
energy corresponding to one of the peak energies in fig. 
rv-23a. Such a projected spectrin for th- * particle 
corresponding to the C ground state transition is shown in 
fig. XV-2Sa. The two peaks of fig. XV-25a correspond to 
the two kineaaMcally allowed t energies froa the breakup of 
7Li*(4.63 HeV). The shape of these peaks is determined by 
the geoaetry sf the two telescopes as well as by the center-
of-aass brsakup energy, e , and the energy of the recoiling 
Li projectile. Calculated energy windows in this 
projected spectrum for br*«kup froa the 4.63 HeV state 
( e-2.16 HeV) are indicated in fig. IV-25a by arrows. It 
is seen that aost of the events are located within these 
narrow liaits. 

If direct breakup has occurred in the field of the 
target nucleus the relative energy, e , between the a and t 
would no longer be restricted to a definite value 
corresponding to the decay of an excited state of Li , but 
rather the value of e could vary over soae continuous 
distribution related to the aoaentua distribution of the 
fragments in the projectile ground state and to the target-
fragment Interaction. Proa fig. XV-25a for the 7 H + 1 2 C 
reaction there is little, or no, evidence of such a 
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distribution of e, s?nee the projected upectrua is 
consistent with a tingle value of E " 2 . 1 6 MeV arising from 
the decay of the 4.63 MeV state of 7Li. In fact, for all 
detector angles between 13° and 33° the shapes of the 

12 
projected spectra for the C ground state transition are 
similar. 

2PB 
The corresponding experimental results for the pb 

target are shown in fig. IV-23b, fig. TV-24b, IV-24c anci 
fig. IV-25b, c. The summed energy of coincident a +t 
events is shown in fig. IV-23b, in which it is seen that 
the majority of breakup events into the a +t channel leave 
the targ-e'. in its ground state. The projected energy 
spectrum for the t fragment corresponding to this 
transition, and for the detector syBtsm set at 32° in the 
laboratory is shown in fig. IV-25b; arrows indicate the 
triton energy limits for a sequential breakup of 'Li (4.63 
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. IV-25b). 

It is apparent that figs. IV-25a and rv-25b are 
similar, showing little evidence for direct breakup. In 

208 
contrast, data taken on *w"Pb at the more forward angles, 
presented in fig. IV-25c, include eventu with a continuous 
distribution of e which cannot arise from discrete states 
of Li. This is taken as evidence of direct breakup. 

The angular distribution of the sequential component 



104 

involving excitation of the 4.63 MeV (e -2.16 MeV) state is 
shown in fig. XV-24b. This angular distribution is 
corrected for the change of a +t detection efficiency as a 
function of angle. The yield ef the direct coaponent 
corresponding to e <2.0 HeV Is shown In fig. XV-24c, but Is 
not corrected for detection efficiency changes since the 
shapes of the projected spectra vary with angle. 

The events occurring with e£2.0 HeV have been 
attributed to a direct breakup of Li. Such events might be 
thought of cs arising: a) by a rapid reemiasion of a 
transferred projectile fragment and/or b) by inelastic 
scattering of the projectile to the continuum of the a +t 
system. For the process a) the fragment reemlssion 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 Li system. Since the outgoing fragments have 
different Z/M ratios, the target-fragment Coulc&b 
interaction will distert the initial e distribution in such 
a way as to enhance the yield of lower t energy values. 
This effect is clearly seen in fig. IV-25c and is evident 
at all angles tseesured. 

There is a distinct difference between the angular 
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distribution for the direct component t $2.0 MeV, and the 
sequential component ca2.16 NeV. It is possible to 
speculate that the direct coaponent originates froa a 
greater overlap between the incident nuclei than that needed 
for siaple projectile excitatlor., which might result in a 
nuclear deflection to saaller angles than the grazing angle 
of - 30 s* One could also argue that both the direct and 
sequential breakup processes have enhanced yield at forward 
angles due to strong Couloab effects. However, an 
investigation of the breakup of 32 HcV Li projectiles froa 
197 

Au gave a very saall cross section for Couloab breakup 
(Qu74). A semiclaasicnl breakup simulation calculation is 
discussed below which qualitatively reproduces the observed 
angular distribution for the direct breakup coaponent. 

A snail aaount of data was collected using another 
heavy target to verify the projectile breakup transition. 
Figure IV-26 shows the suaaed energy and projected energy 
spectra for the 1 4*S*+ Li system at 70 MeV. Although only a 
saall aaount of data was collected (due to a saall nuaber of 
aicro Coulombs of beam) it is apparent that fig. IV-26 
resembles that obtained for the 7Li+ 2 0 8Pb system. (The 
projected spectrum. n $ . IV-26b has been corrected for 
random coincidences). 

Figure IV-27 shows for comparison the projected spectra 
for transitions producing a and t products while leaving 
the residual 1 2 C nucleus in the g.s., 4.44 MeV or 9.6 MeV 
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•tatc. All transitions are seen to proceed through the 
production of Li (4.63 MeV). The transitions represented 
in 2ig. IV-27b and IV-27c are a mutual excitation process 

12 7 
of the target and projectile. The reaction channel C( Li, 
7Li*(4.63)) 1 2C<9.64 MeV) is an excitation process In which 
the residual nuclei are both excited above their respective 
breakup thresholds. 

Xn addition to measurements of a -t coincidences with 
the 1-2 telescope system the other two telescope 
combinations were employed. Figures XV-2B and XV-29 show 
projected spectra for the 2 0 8Pb+ 7Li system at both 32° and 
18° in the laboratory system for the other two telescope 
combinations ( A* » 10.9° and A* — 16.8°'• At forward angles 
the t- a coincident events were doninated by the direct 
breakup component while at backward angles it can be seen 
that the sequential component contributes most to the 
observed t- e coincidences. 

Figure IV-30 shows the measured angular distributions 
of 7Li*(4.63 MeV) for the three prominent transitions with 

12 
the C target. The angular distributions show small 
oscillations and increase in magnitude with decreasing 
angle. 2fae 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. TV-30 

represents the DKBA predictions for inelastic scattering 
with the code 0WDCX4 (Ku74). The deformation parameter B L 

I 
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waa extracted by normalixing to the expermental data through 
the relationship 

».xp - <4.2 d i " 0 | l £ K ) 2 VgnCK «I»-3) 

where (X^LKOlXgK) is a Clebsch-Gordan coefficient between 
the initial and final states, i.e., (XjLKOlifK)- (3/2 2 1/2 
0 | 7/2 1/2). The DWBA form factor employed was that given 
by the collective model. 

FL(r)« ( F^Cr) + FL"(r) ) $ t (IV-4) 

where 

F L
C(r)- ( OZjZje 2) / (21+1) ) ( R C

L / r L + 1 ) (IV-5) 

and 

F L
N(r)- (V+iW)R(df(r)/dr) (IV-6) 

The optical model parameters employed were taken from (Ze80) 
and adjusted slightly. The derived 0. value is shown in 
fig. IV-30, 6 L • 8 • 0.74. This value agrees well with 
that obtained from 1 2C( 7Li, 7Li*(0.48 NeV)) inelastic 
scattering studies (ZeBO). This value is also in good 
agreement with that obtained from available B(E2) values 
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(AJ79). 
Figure IV-31 shows the 2 0 8Pb< 7Li, 7Ll*<4.«3MeV)> 

2 0 8Pb(g.s.) angular distribution and a similar DHBA 
calculation. Several optical model parameter sets were 
employed (Ie79, Bu80) but none were found to fit the torward 
angle data well. The L*2 calculation adequately fit the 
more backward angle points. It is possible ttu-t two step 
processes, involving the Li(0.48 MeV) state, enhance the 
forward yield. The dashed line is the expected angular 
distribution for a Coulomb excitation only (A156). 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 binding energy of 
7Li is low (2.47 MeV), 2) the parentage of a -t clustering 
in the Li ground state is large and 3) the Somoerfeld 
parameter parameter n - 12 is reasonably large, a 
semiclassical simulation of Li breakup might yield 
qualitatively interesting information about the expected 
Li *• a +t angular distribution. Other simple classical 
three-body trajectory calculations have been performed 
(Ga7B, Ha76, Go79, Ts80). 

The calculation performed here is discussed briefly 



114 

100 F 2 0 8 P b ( 7 L i > 1 + a ) 2 0 8 p b ( g s ) 

E 7 .= 70MeV 
'Li 

€= 2.16 MeV 

Coulomb 
excitation 

i---2 DWBA 

10 20 30 40 

flaa^LDtteg) 
Fig . IV-31 

50 60 

UL B18-11229 



115 

belco. More details about the calculation performed by the 
code S & T O m say be found in appendix B. At the atart of the 
calculation the Li projectile was represented as a bound 
a -t cluster configuration. The a -t bound state radial 
wavefunction waa determined and then used to weight, in a 
Monte Carlo sense* the initial a-t separation. A range of 
impact parameters was employed, as outlined in appendix B. 
The projectile was assumed to approach the target nucleus 
along a Rutherford trajectory up to a apecified distance ( _ 
40 fm). At this point the Li 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 between the a and the t, both Coulomb and 
nuclear terms {Hoods-Saxon potential) were employed. The 
initial relative a-t velocity was determined classically 
from total energy considerations. The motion for the three 
nuclei a , t and Pb was then integrated numerically in 
small time increments using essentially Mewton's equations 

2Dfi 208 
of motion. For the a - Pb interaction and the t- Pb 
interaction both Coulomb and nuclear terms were included. 
The final potential parameter set employed is listed in 
Table B-l. (Mo frictional force was employed and the 
excitation of reaction participants was not allowed.) 

If, as the bound a-t pair moved past the scattering 
20B 

potential representing the Pb target, a potential 
gradient exiated sufficient to overcome the attractive a -t 
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potential, the bound o-t pair was liberated. Numerically 
the particle trajectories were traced until at least one 
participant was a few hundred ferals in distance fro* 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 
trajectories the force after each tie* increment was 
calculated between the three bodies. Sufficiently small 
time increments were employed to insure energy conservation. 

Figure IV-32 shows a two dimensional 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; i) the a -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 a-particle in i) and the a -particle was deflected to 
very positive or negative angles and ill) both the triton 
and the alpha particle were focused to forward angles. The 
calculated a -t angular correlation was found to be somewhat 
sensitive to the choice of potential parameters. Therefore, 
the parameter sits (see appendix B) were modified only 
slightly from that given in P«76. Mostly, the diffuseness 
was increased slightly. 
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A^pha and trlton trajectories which resulted in the 
sane 8 , > b of deflection were examined for their 4 (out- of 
-plane dependence). Figure XV-33 shows the calculated yield 
of a-t coincident events to be compared with fig. IV-24c. 
It is seen chat qualitatively the two curves are similar, 
suggesting strongly that the 'Li breakup is a peripheral 
phenomenon where the disruptive scattering center (the 
target) simply perturbs the weakly bound 'Li t--cijectile into 
a continuum state. A comparison between this simple 
calculation and an in-plane angular correlation experiment 
would be interesting. 

Since each trajectory process by the program SATURN 
required the calculation of many thousands of exponential 
terms only three to six trajectories could be processed per 
minute. Although enough events were processed to be able to 
create the angular yield displayed in fig. XV-33, it was 
not possible to examine the a-t relative energy spectrum 
with any confidence due to the sparseness of events. 

Figure IV-34 displays projected spectra from the 
7Li+ 2 0 8Pb reaction obtained simultaneously at 8 ^ - 18° 
for the three vertical angular center-to-center separations, 
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. Most of the direct 
breakup distribution, it is also found, is 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 ceaponent. 

The observation of the direct breakup component having 
a centroid weighted below beaa velocity (for the triton 
fragment) is easily Interpreted as an effect of the Coulcab 
force in peripheral breakup reactions. Figure IV-35 shows a 
simulation of the "expected" projected triton spectra if the 
breakup occurred at a radius of 9.5 fa froa the Pb 
nuclear center and the breakup fragments t and a had a 
relative energy, c, as Indicated. It was further assumed 
that the relative aoaenta of the a and t were equal and 
opposite. Figure IV-35 shows that the lower Z fragment, the 
triton, obtains a final kinetic energy less than that 
expected from simple breakup Q-value considerations, i.e., 
Et(expected) = 28.8 MeV. 

Figure IV-35 further indicates that a "sequential" type 
decay through the broad Li (6.6B MeV) state could 
ostensibly contribute events which fall within the direct 
breakup region. The width of this state, r - .875 Hev 
(Aj79) Implies that on the average, a decay through the 6.68 
MeV state of Li would occur some 20-30 fm away froa the 
* Pb nucleus where the Coulomb distortion is much reduced. 
The decay of this state in closer proximity to the 2 0 8 P b 
nucleus could Indeed contribute events to the direct breakup 
distribution between - 30-39 MeV in the triton energy 
spectre, fragments produced in this manner, however, trcnlS 
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by definition be classified •• direct •ince they were 
produced within the nuclear transit time. 

The double humped shape of the direct component in fig. 
rv-34a suggests a sequential type decay process Involving 
»all relative energies may be involved. Transition to the 
o-t continstm just above the breakup threshold would be 
hindered in their decay by the o -t Coulomb barrier. Thus, 
the average tiae the fragments spend together would be 
longer, possibly permitting 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. For 
small relative momenta 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. IV-
34 provides information about the distance and tine scale 
for production of low relative aoaenta a -t fragments. 

Recently Geaaeke et al. (GeBO) interpreted their 
c 118 

measured a+d angular correlations froa the systea Li+ Sn 
(22.6 HeV bombarding energy) as the direct breakup of the 
incident hi projectile. Of relevance was their 
interpretation of the double bumped angular correlation by a 
simple samiclassical model for Coulomb breakup. Assuming 
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that the excitation probability to continuua states and then 
sequential decay was given by a seaidassical 
electromagnetic interaction transition probability modified 
by « penetrability ten. this group was able to adequately 
reproduce their measured angular distribution. Thus a 
quasi- sequential process was eveked. In principle, it 
would be possible to extend the preceeding arguments Cor 
explaining the spectrin in fig. XV-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. IV-34b and IV-34c is even more involved 
and uncertain. A projected spectrum as in fig. IV-34 can 
be described by the equation 

d 3 a 
dR 1dn 2d£ 1 " p p h a s e , T | 

|2 
ml m3 Pl P2l Tl (iv-7) 

(l+mg/nig+CPj-PVPg/p!) 

where m±, m 2 and m 3 are masses, Pj 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 



325 

models have been proposed to explain the aeasured single 
particle inclusive spectra, some of which (such as Berber 
model variations) are not easily extendable to the 
coincidence aeasureaents. The requirement of a quasielastic 
breakup transition and detection 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 
associated 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 II calculations of this type have only 
recently been attempted for both heavy and light 
projectiles. Thus, for a lull understanding of the data 
presented here, calculations of this type will be necessary. 

As 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). If it is assumed 
that such a distribution applies to the Li breakup then 
from the measured ferai momentum (Mo71) of - 169 HeV/c and 
assuming only o-t fragments are emitted with equal and 
opposite momentum, it can be concluded that a siseable 
fraction of breakup events will not be measured by the 
detection configuration employed. From the measured a -t 
coincidences shown in fig. IV-34 and assuming azimuthal 
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symmetry for the distribution cf 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 measured inclusive spectra it is found 
that the production of Li (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 
section results from projectile fragmentation. 

Although no direct breakup events were observed for the 
1 2 C target, again only a small portion of the single (fast) 
particle inclusive cross section is explainable in terms of 
the production of 7Li*(4.63 MeV) as well as the other 
observed unbound reaction products Li (2.18 MeV), 
5Li*(g.s.) and 65<s(g.s.). Thus, It is suggested that 
projectile fragmentation processes are also proainent in 7Li 
induced reactions on the lighter target but the a -t spacial 
interaction is not as prominent, perhaps due to a lack of 
strong Coulomb distortion or a greater absorption 
probability for one of the fragments. 
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Summary and conclusion 
Tha mechanisms involved in che production of fast o-

12 208 
particles in a C induced reaction on a Pb target have 
been investigated at the bombarding energies of 132, lb7 antf 
230 MeV. With double and triple coincidence measurements of 
the sequential decay a-partides, absolute cross sections 12 fi have been determined for the reactions ( C, Be(g.s.)), 
(12C,8Be(2.94 Mev)) and ( 1 2C, 1 2C* + o + 8Be). It was 
determined that the simple inelastic scattering process 
( 1 2C, 1 2C* + a + 8Be) does not contribute significantly to 
the large production of fast a-par tides (_950 mb over the 
same angular range). Though the neutron pickup process 
20fi 12 13 * 9 

Pb( C, C + o + Be) and its sequential decay were 
observed, this did not contribute a large flux of fast 
alphas. However, the observation of a large production 

8 8 
cross section for Be(g.s.) and Be(2.94 MeV) nuclei at 
E( 1 2C) » 187 MeV permitted the conclusion that, as first 
suggested by Britt and Quinton (Br61), 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 80% of 
the observed a-particles at 187 MeV bombarding energy. 

a 
Although the observed Be production cross sections as a 
function of the boabirding energy are not in disagreement 
with the simple incomplete fusion model predictions of 
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Siwek-Wllcsynska 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 angular correlation aeasurtaent of a + 
a 
Be reaction products would be feasible and very valuable to 
a further understanding of the breakup mechanism(s) 
involved. 

The interactions induced by 172 HeV 1 3 C and 218 MeV 1 6 0 
projectiles on heavy targets were briefly investigated. The 
sequential breakup of the C projectile was found to be 16 snail in magnitude. The sequential decay of the 0 bean 
was observed with no evidence (in this very limited search) 
for a direct fragmentation process. Both the C and the 
16 9 
0 projectiles were found to produce large amounts of 5e 

nuclei. The mechanism(s) for this could not be determined. 
A kineoatically complete experiment was performed with 

12 208 
C and Pb targets which was designed to isolate the 

possible direct and sequential breakup channels of 10 KeV/A 
7 Li projectiles. By appropriate arrangement of the detector 
telescopes (i.e., as close as possible to each other) it was 
possible to define a kinematical 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 
7 * 7 * (Li , Li (4.63)} angular distributions, suggesting that the 

projectile-target nuclear interaction is important in the 
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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 aystea. 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 light 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 some of a more general nature 
which should be considered. A detailed study of the 
production cross section of Be from B, C, N, 0 and 
20 
Ne induced reactions would prove interesting. A more 

detailed comparison between the cluster configurations in 
the various projectiles and the fragmentation channels which 
are observed to be strong might prove valuable. A series of 
careful "reverse" breakup studies, i.e., the investigation 
of the inelastic excitation of target nuclei to continuum 
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states would provide challenging data for breakup models 'co 
explain. For instance, a careful study of the continuum 
portion of Inelastic scattering spectra from the ( He, He"), 

7 12 ( a » a *) reactions with targets such as Li and C should 
prove useful in fully understanding and predicting breakup 
reactions. A study of Li breakup over an extended 
bombarding energy range and for angles near xero degrees for 
both light and heavy targets would clearly be interesting. 
Of course, particle-Y coincidence studies would also 
complement many of the above suggestions. Of spectroscopic 

9 8 interest, a comparison between the ( be, Be(g.s.)) reaction 
(cf. St77) and the unstudied, but definitely feasible, 
(9Be,8Be(2.94 MeV)) reaction could yield helpful 
spectroscopic information. Similarly for the a-pickup 
reactions ( a ,8Be(g.B.)) and (a , Be(2.94 MeV)). Finally, 
the stripping and pickup reactions observed (although not 
discussed in detail in this work), ( 7Li, 6Li*) r (7Li,5Li*), 
(7Li,8Be(g.s.)) ami (7Li,8Be(2.94)) night prove interesting 
to study in further detail. 



131 

Appendix A; Efficiency programs DPBC and ALPHA 

Nuclear reactions of the type T(P, (1+2) )3 with an 
unbound final systea which sequentially decays, (1+2) -» 
1+2, are frequently studied via aeasureaents of the 

2 differential cross section i a /d n,dn , . Often it is sore 
* aeaningful to estiaate the p. oc'jciion cross section of (1+2) 

from the experimentally measured -^xxerential cross section 
d a /dE..+,.d fl ,d 8 2 • Since the sequential decay fragments 1 
and 2 are confined in the laboratory system to a decay cone 
of a width that is determined by the decay energy, E , and 

* the (1+2) center-of-mass momentum, HV„ it is necessary to 
determine numerically the probability of detecting the two 
correlated fragments with two separate detectors. The 
FORTRAN program OPEC and its derivatives were constructed to 
determine in a pseudo Honte Carlo fashion this detection 
efficiency assuming the unbound particle breaks up with no 
relative angular momentum, i.e., isotropically 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 
plane. The source of unbound particles is located at the 
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position (0,0,-D) where D is the target to detector dictate. 
The direction of aotion of the (1+2) systea la designated by 
the lab fixed spherical polar angles 6„ and f . For a 
specified lab energy. 

Etot " Bl,lab + E2,l.b «*"1» 

and decay energy, c , we have 

^ " E t o t " e * U/ 2 ^ 2 < A " 2 > 

The pertinent ve loc i t i e s are 

(A-3) 

(A-4) 

(A-5) 

are the velocities of 1 and 2 relative to 

Laboratory velocities and positions of particles 1 and 2 
are deterained by vectorlally adding the relative velocities 
to the center-of-aass velocity V H . it is necessary to 
specify an initial decay direction of 1 and 2 relative to a 

v 2 

V l . c 

2m 2 e 
v 2 

V l . c ( U J + B ^ B J ^ 

V 2 
V 2 , C 

2m. E 
V 2 
V 2 , C (ro.+ni-lm^ 

V 2 

M 
2 < E t o t " e > V 2 

M (mj^+Bj) 

where V, _ and V, _ are the 
c « , c 

t h e i r common c e n t e r - o f - k i a s s . 
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body fixed coordinate system of (1+2) . Thia was 
accomplished in aithar ef two wayst 1) by randomly 
generating angles via a random number generator or 2) by 
generating angles from 0 to 2* in fixed increments. For a 
random number generator with a distribution between 0 and 1 
the relationship between the random number returned and the 
generated 9 or • angle is given by 

6 - 2 nn (A-6) 
« - cos'^l-Zn) (A-7) 

with 0 <, n * 1, and n is a real random number. For angles 
generated in fixed increments from 0 to 2* each event was 
weighted by the factor sin* c ( where * c and e c represent 
the decay orientation of 1 and 2 relative to a body fixed 
coordinate system of (1+2) ). Generation of *, and e 
values in fixed increments from 0 to 2» afforded the 
advantage of computational apeed since the required cos e 
sin e , cos 6 _ and sin • _ values could be established in c c c 
a table at the beginning of the calculation and merely 
"looked up" during the program execution. Ho significant 
numerical difference was found between the efficiencies 
calculated by these two methods, and therefore, the faster 
code (fixed angular increments of variable step sise) was 
employed most often. 

Since the detector configurations employed in these 
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coincidence studies always consisted of at least two particle 
telescopes arranged in a close vertical geometry a necessary 
requirement for the observation of a sequential breakup event 
(into only two fragments) was that the center-of-mass vector, 
• H t was directed within the special region defined by the 
outer boundaries of the collimator slots and the post. 
Therefore> in the numerical simulation it was only necessary 
to consider events in which the center-of-mass velocity 
vector VJJ 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 coordinates 
(x^y ,D) where the center-of-mass vector intersects the 
collimator plane the associated lab fixed angles e H and $ 
are then defined. 

With the selection of e M . •„ . 6 l f C . * 1 | C . e 2 # c 

and 4- the projections onto the laboratory coordinate axes 
of V. _ and V, _ were performed using rotation matrices 

X,C «rC 
(Ar70) , i.e., 

x - cos e ( x cos • + z'sin $ ) - y'sin tf (A-8) 
y » sin e ( x'cos $ + z'sin $ ) + y'cos e (A-9) 
z » -x'sin <f> + z'cos 4 (A-10) 

Here x't y' and s" would represent V, _ _ , V. _ „ , V. , 
l,c,x i,c,y J.,c,z 

etc., and e*> e M , $" * M By simple vector addition of the 
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projected relative velocity vectors v", and V, t o l L , the 
components of the laboratory total velocity vector for each 
decay fragment were obtained. Both the direction and the 
total 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 sequential decay 
fragments , N(E,e ), was determined by taking the ratio of 
the number of events found to satisfy the special 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, d n f f , given by 

d fleff « (A/r2)N(E, c) (A-ll) 

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

Figures A-l - A-5 illustrate the detection efficiency of 
7Li*(4.63 MeV) and 8Be(0.0, 2.94 MeV) nuclei as a function of 
their total kinetic energy (after decay) for various detector 
configurations. The solid angle subtended by each particle 
telescope is represented by an 0. and the vertical, center 
-to- center angular separation of the two telescopes is 
designated by 9, e p a r ation. X t i B e v i d e n t that, in general. 
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the detection efficiency la email (.1 - 2.%) and it ia highly 
dependent upon the detects: configuration, the fragments 
relative energy and the total kinetic energy. This ia most 
eaaily comprehended by examining fig. A-6 which depicts the 
projection of a breaKup sphere onto the detector facea. As 
discussed above the laboratory velocity vectora v. 1 > b »-.d 
v 2 lab r e s u l t f r o n 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 , v, , and the opening angles 8, . Thus, if 
the telescopes only subtead a portion of the angular region 
into which the breakup fragments 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, 6_ a x » 

8 max "tan" 1!^ e / f c ^ M ^ l + t a n " 1 ^ e/(m 2E H)) 1 / 2] (A-12) 

within which all breakup fragments are confined. In general 
the highest detection efficiency is obtained when the maximum 
angle subtended by the two counter telescopes just equals 
6_„. Equation (A-12) indicates that this criteria is max 
fulfilled only for very specific values of e and Eg and 
suggests a strong dependence of the efficiency on the 
telescope separation. 
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Equation (A-12) and fig. A-6 also indicate the need for 
a small separation between particle telescopes when 

a 
attempting to detect the decay of Be(.092 HeV) nuclei owing 
to the avail decay energy and the associated maximum opening 
angle ( B^x - 3.2° at E,, - 120 MeV). Conversely, the 
detection of unbound particles with large decay energies 
requires a greater angular separation of the two telescopes 
(because for all practical purposes the detection efficiency 
is too snail otherwise). Thus, the simultaneous measurement 

D Q 

of cross sections for, say. Be(.092 HeV) and Be(2.94 HeV) 
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 situation 
in many in-plane particle- particle angular correlation 
experiments where there is little or no detection sensitivity 
to sequential decays. For this reauon it is possible that 
erroneous conclusions can be reached about the importance of 
sequential decay processes in breakup reaction studies. 

A determination of the detection probability via a Honte 
Carlo simulation also allows for the prediction of what the 
measured fragment energy spectrum shu'̂ ld look like. Figure 
A-7 presents the predicted *Be(2.M Mc?'j projected energy 
spectra for the three detector configurations used in this 
work. 



Breakup velocity vector diagram 
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For the decay energy of the first excited state of Be a 
continuous Lorentzian distribution of width equal to 1.56 HeV 
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 
angle is increased, as in fig. A-7c. The double peaking in 
the projected energy spectra is a simple consequence of the 
sequential decay kinematics and can be easily understood by 
referring to fig. A-6. By vector addition of velocities, m. 
will have a velocity in the lab frame greater than V 
whenever V, is oriented in the forward portion of the 
breakup sphere. Conversely, its velocity will be strictly 
less than V whenever V, ^ is oriented in the backward 

c m . i,s 
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 sufficiently close togther. It is readily 
derived from a velocity vector diagram that the decay energy, 
e, between particles of mass m^ and mj and total kinetic 

energy E. and E_ is related to the angle ( 8,+ 8 2) ' s e e f i 9 -
A-6) by 

e -(a 2E 1+a 1E 2-2(m 1a 2E 1E 2) x /'cos< 8j+ B 2>>/' Bl + a l2 ) ( * ~ 1 3 ) 
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Here ( 8 X+ 82> of the velocity diagram is essentially the 
•aae as Ai used in fig. A-5. As the magnitude of ( Bi + B?' 
increases, the two solutions to equation (A-13) approach each 
other ih magnitude until ( 8,+ B 2 > reaches a maximum 
allowable value. At this point eq. A-13 becomes single 
valued. Thus, the merging of the energy 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 1 2C*+ a + 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 a -particles as a function of 
detection geometry, decay energies etc. was calculated in a 
Monte Carlo fashion by the program ALPHA 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 

o 
the relative energy of motion between the a -particle and Be 
nucleus and the decay energy of the Be (either 0.0- "• MeV or 
2.94 MeV). Laboratory 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 ascertain 
whether two a-partlclea of proper energy passed through one 
collimator region when the third a-particle passed through 
the other collimator region. The total efficiency and the 
effective solid angle were determined as in prograa OPEC. 

Figures A-8 and A-9 present the calculated detection 
efficiencies of 1 2C*(7.6 HeV) and 1 2C*(9.6 M«VJ as a function 
of the total kinetic energy of the three final a-partides. 
As for program OPEC all decays were assumed to be isotropic 
with respect to the eenter-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 Be(g.s.) fragment, actually 
enter the same telescope with the third a-particle entering 
the opposite telescope. The solid curve represents the 
efficiency of two telescopes simply detecting the three a -
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 

12 A-l lists the detection efficiencies of. excited C reaction 
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 C ejectile and that the 
detection efficiency depends strongly on the detection 
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Table A-l t The Efficiency of 1 2 C * Detection 
(B( 1 2C) - 221 MeV] 

v " C ) 
1-2 a. b. 

system 
1-3 a. b. 2-3 

a. b. 

7.65 .820 — 0. — 0. — 

9.64 .199 — 0. .221 — 

10.8 .127 — .045 -- .084 

11.83 .020 .015 — .015 

12.17 .011 .007 — .010 

14.08 .007 .006 — .005 

16.11 .004 -- .003 — .003 

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

a. a+ Be (g.s.) detection, efficiency in percent. 
b. a* 8Be (2.94 MeV) detection, efficiency in percent. 
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configuration and 2C* decay channel. From table A-l it is 
seen that (for a 1 2 C bombarding energy of 230 MeV) the 
detection of C reaction products excited to levels above 

12 * .16 HeV is practically impossible. The production of 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 shew any unusual strength for populating states at 
such high excitation energies. Futhermore, above - 16 MeV 
proton decay begins competing with alpha decay, hence the 
production of highly excited (E% > 16 MeV) 1 2 C * 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 ejectilea, 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 (ShSlb). However, since there is no a priori 
knowledge of the ejectile alignment in the breakup reactions 
Investigated and reported here, it is of little value to 
treat the decay of non-zero spin states as being other than 
isotropic. 
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Finally, for acae special situations it ia possible to 
calculate an analytical expression for the probability of 
detecting breakup fragments. The analytical approach to 
determining detection •fficiencles is discussed by Ehotter et 
al. (ShBla). 

Appendix B; Semiclassical breakup aimulatlon- program SATDBH 

The program SATURN simulates in a semiclassical manner 
the breakup of a projectile ( Li ) in a combined nuclear and 
Coulomb field. Initial conditions are established 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 associated with the 
simulation of projectile breakup follows below. 

The breakup reaction of interest to model was the 
2 0 8Pb( 7I.i, a+t) 2 0 8Pb(g.s.) reaction at a laboratory 
bombarding energy of 70 McV. The Li projectile was 
represented as two bound o-t clusters. The a-t bound state 
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radial wavefunction wea determined by numerically solving the 
radial wave equations 

(B-l) 

where B b » <*-t binding energy - -2.47 MeV 
V • nuclear potential energy 
V . • Coulvob potential energy 
u » reduced mass 

Normalizability requires that 

f(0)-0 (B-2) 
f'(0)-0 (B-3) 
f"(0)-0 (B-4) 

However, to numerically solve for the radial wavefunction 
f(r) it was necessary to begin the calculaton a r << .1 but r 
?* 0. The form of V B U C , V c o u l and V L (the centrifugal 
barrier potential energy) are discussed below. 

To solve numerically equation (B-l) it was rewritten as 

f"(r)-a(r)f(r)+b(r)f'(r) (B-5) 

where 
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b<r)~2/ri .(r)- (-2P/h2) (V vnuc~ vcoul- v i ' 
Then letting 

y1(r}-f(r), y^Oj-0 <B-6J 
y2<r)-f'|r). y2(0)-0 <B-7) 

we have 

f"(r)« a(r)y1(r) + b(r)y2 (B-8) 

with, 

v'l " v 2 ' v'2 " f " ( r ) { B " 9 ) 

The algorithm used to solve these equations was: 

*l.i+l " yl,i + h* y2,i < B- 1 0> 
y 2 a + i • * 2 . i + h * ( a ( t i > y i , i + b ( r i ) y 2 , i ) ( B - U » 
ri+l " ri * h ( B ~ 1 2 ) 

and h << .1 fa. The potential energy employed in the radial 
wavefunction calculation was dependent upon the radial 
distance r as fellows, 

ou>- v ^ • ir w + v L 

• Vcoul • V«*i> * V l l B " 1 3 ' 
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whet* V c o u l is the Couloab potential of a spherical, uniform 
charge distribution of radius R , 

vcoul " V A ' * i Kc 
(Z 1* 2« 2/2R C) (3-r 2/S 2

c> > ' <.*e (B-14) 

and where v"noe. is represented by a Hoods-Sexon f o m factor. 

Vnuo " V ( J t i > < B" 1 5> 
with 

f( X i) - (l+e* 1)" 1 , (B-16) 
*i " < r _ R i > / a i ' (B-17) 

and V Q < 0 . V^ is given by 

V L - (L(L+l>h2)/2 yr 2 (B-18) 

where L is the relative angular •omentum between », and nu 
and |i is the reduced sass. For L-l, V^ is given by 

V L - 41.802/ y r 2 (MeV) (B-19) 

For the radial wavefunction deteraination the potential 
energy variables had the following values: 

Rr. - 3.94 fm 
V 0 • -91.2 HeV 
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R 0 - 2.077 tm 

• 0 - .7 f. 
L- lh 

These values were obtained fro* Kubo and Birata (Ku72) who 
performed bound state radial wavefunction calculations for 
7 7 
Be and L. assiming these nuclei are represented by two 3 4 3 4 bound clusters ( He + Be and H + He ) of relative angular 

•omentum L»l. R was adjusted slightly to better reproduce 
the calculation of Kubo and Birata. 

Figures B-l and B-2 show the bound state potential well 
and the modulus of the a -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 ct-t pair moving about their common center- of' mass 
system and located a sufficiently large distance away from 
the target (the scattering potential). The initial relative 
distance between the a and t is chosen via a random number 
by the following unique one-to-one relationship; 

n»p(r)- j * **(i') *(r')dr' (B-20) 
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where n is a real, random number, 0 <_ n < 1 and r is the 
associated radial distance. Coaputationally, an array of 201 
elements was established initially which stored the value of 
r for which equation (B-20) yielded values of n which were 
multiples of .005 (i.e., the probability interval [0,1] was 
subdivided into 200 intervals). By interpolating linearly 
between two array elements a value of r could be obtained for 
a random n. 

Given the a-t starting separation, their potential 
energy and their relative angular momentum the initial 
velocities of the o 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 their 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-B) to (A-10). 

Projectile impact parameters, b, were considered in the 
range 8.5 ^ b £ 10.0 fm in these calculations. This impact 
parameter interval was chosen on the basis of several 
considerations: 1) the calculation produced no breakup 
events beyond b«10 fm, 2) small impact parameters led to 
breakup events with at least one Li fragment being emitted 
at a 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 eguated 
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to a aaxiaua lapact paraaeter of b a a x » 9.3 fa by the 
2 relation o » ib a a x , 4) saall iapact paraaeters, in reality, 

would contribute to the fusion cross section (thus there is a 
lower bound on the iapact paraaeter) and S) breakup reactions 
are believed to be surface peaked, for a Rutherford orbit the 
classical critical scattering angle has an associated iapact 
paraaeter, which for this case is b e Z 8.8 fa. These 
considerations suggest that the interval 8.5 £ b < 10 fi ii 
entirely appropriate. 

For each collision ezaained the initial iapact 
parameter, b, was selected by a randoa nuaber. n, via the 
relation 

b-(n< b ^ - b ^ + b 2 ^ ) 1 ' 2 (B-21) 

Having specified all the intial conditions the collision 
calculation begins. 

208 The notion of the a, t and the Pb nuclei under the 
influence of their autual Coulombic and nuclear interactions 
is calculated numerically. The equations describing the 
notion of each particle are (Sy71) , 

*i " d r i / d t (B-22) 

A*i " i^i d t t B-"» 
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where equation (B-22) describe* the velocity of the 1 t h 

particle and aquation (B-23) represent* the total iapulse 
given to the 1 particle as a result of the combined forees 
eaanating frca 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. 

?coul ( r ) • - V / / ' 2 r i R c 
- -(8 X8 2« 2/R e

3)(r) r < R c (B-24) 
and 

F n u c ( r ) ' ^ - V o / a o > < J l ( r ) / < 1 + X ( r ) , 2 , ( B ~ 2 5 ) 

where 
x(r) " ^^t~to^ao 

Table B-1 lists the parameters eaployed in the calculation. 
The o- 2 0 8Pb and the t- 2 0 8Pb paraaeters were obtained by 
compromising between various optical model parameter sets 
given in (Pe76) and were assumed to be energy independent. 
For r > 16a -fr the nuclear portion of the force was set 
equal to cero. 

Impulses on each particle were calculated every 
.075 X 10~ 2 3 s and the momentum and position of each particle 
corrected. The numerical integration of the trajectory 
continued until the separation between two of the three 
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Table B-1 i 53>t Forca Paraaater Valuta 

Intacaetion Rcoul < £«> K0(f«) a0(««) V„(MeV) 

a -*°8Pb 7.7 8.0 • . B -185. 

t- 2 0 8Pb 7.7 7.11 .75 -159. 

a-t 3.94 2.077 .7 -91.2 
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particles was greater than 200 fa. If at this point, it was 
found that two particles were orbiting each other (either 
fro* a 'particle transfer' to the 2 0 B P 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 - 2 0 8 P b and t- 2 0 8Pb separations 
exceeded 400 fa. The final laboratory 8 , • and E(energy) 
values for the a , t and the ' Pb products were then written 
in parameter form on magnetic disc or tape in a format 
compatible with the event analysis program CHAOS (MIHUS3) 
(Ma79). 

The projectile breakup simulation was performed using 
the in-house ModComp IV/2S and Classic minicomputers, Kbout 
2-4 trajectories, on the average, were processed per minute 
of CPD time. Therefore, it was necessary to consume large 
amounts of CPU ties to achieve adequate statistics. This was 
accomplished by creating a background task of the program 
SATURN which continually resided in memory (at the lowest 
priority). This allowed the calculation to proceed twenty-
four hours a day without disturbing other users-yet utilizing 
all available CPU cycles. The 18,500 events obtained and 
displayed in fig. rv-32 of section IVB took approximately 
three weeks of running the code SATURN. 
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FIGURE CAPTIONS 
Fig. 11-1 Monte Carlo simulation of an angular correlation 

experiment where only sequential decays 
producing products m1 and « 2 of relative 
energies 0<E 1 2£l5 MeV. 'he angle S^ is the 
angle relative to the direction of m 2< ̂ " O ) . 

Fig. IX-2 Semiclassical calculation of the transferred 
angular •omentum to the residual target nucleus 
versus the transferred fragment mass. The 
dashed Use represents the critical angular 
•omentum calculated from the balance of forces. 

Fig. II-3 Calculation of the excitation energy of the 
residual target nucleus versus the transferred 
fragment mass. 

Fig. I1-4 a) Calculation of the incomplete fusion sum rule 
model probability factors for various reaction 
channels as a function of angular momentum for 
tba 1 2 C + 2 0 8 P b system. (See text). b) 
t..citation functions as predicted by the 
incomplete fusion sum rule model. (See text). 

Fig. Ii. " Pictorial representation of reaction mechanisms 
producing multiple a-particles in the final 
state. 

Fig. III-l Schematic diagram of the external beam 
facilities associated with Cave 2. 

Fig. 111-2 Schematic diagram of the triple telescope system 
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••ployed for coincidence measurements. 
Fig. III-3 Block diagram of the electronics eaployed in 

coincidence measurements using a triple 
telescope system. 

Fig. ZIX-4 Light charged particle identificaton spectrin 
using the power law algorithm, PI «( A£+B)P-EP* 

Fig. III-5 Tiae-of-flight difference spectrum of a +t 
coi 
206 
coincidences fro* LI induced reaction on a 

Pb target. 
Fig. IV-1 Alpha-particle inclusive spectra at four 

laboratory angles for the reaction of 187 Mev 
1 2 C ions incident on 2 0 8Pb. 

Fig. IV-2 Angular distribution of the measured inclusive 
a-par tides for the 1 2 C + 2 0 8 P b system at 187 
HeV bombarding energy. 

Fig. IV-3 a) The yield of coincident events between the two 
12 telescopes from the reaction of 187 HeV c on 

OAR 

' Pb with the requirement that one telescope 
record an a-particle, plotted as a function of 
the summed energy in the two telescopes, b) As 
for a), but with the requirement that both 
telescopes simultaneously record an a-par tide. 

a 

Fig. IV-4 The energy of Be nuclei in coincidence with an 
a-particle for the transition 

2 0 8M>{ i 2C, a 8Be) 2 0 8Pb(g.s.) at 187 MeV 
bombarding energy. This projected energy 
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spectrin was taken at 6 1 > b - 19° with the 
detector configuration which has an average 
vertical angular separation of A*»5.9°' 

Pig. XV-5 a) Angular distributions for the quasielastic 
production of 1 2 C * (7.6 MeV) and 1 2 C * (9.6 MeV) 
at three bombarding energies, b) The sussed 
cross section for the angular distributions in 
s) . 

Fig. rv-6 a) Sussed energy spectrin for the reaction 
2 0 8J>b( 1 2C, aa) at a 1 2 C bombarding energy of 187 
MeV. The average vertical angular separation of 
the two particle telescopes was A*»5.9°" t)-J1 
projected a energy spectra for total a x + a 2 
energies falling within *--he gates indicated in 
S). 

Fig. IV-7 Summed energy spectrum for the reaction 
2 0 BPb( 1 2C, aa) at a 1 2 C bcabarding energy of 230 
MeV and a detector systesi location of 9 I.K" 1* 0-
The average vertical angular separation of the 
two particle telescopes was A#»10.9° . Projected 
a energy spectra are beneath the total energy 

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

Fig. ZV-8 Summed energy spectrum for the reaction 
1 2C{ 1 2C, aa) st a 1 2 C bombarding energy of 230 
MeV and a detector system location of 
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'lab" 1** 5 0* *•*• •versge vertical angular separator of the 
tve particle telescopes was A*«S.9°. 

Fig. IV-9 Wilcsynaki-type diagraa for the production of 
0Be(g.s.) nuclei for the systea 132 NeV 
12 208 C+ Pb. The solid curves indicate contours of 
constant cross section. 

Jig. IV-10 Milcsynski-type diagr*.̂  "or the production of 
8Be{g.s.) nuclei for the lystea 187 MeV 
1 2C+ 2 0 8Pb. 

Fig. IV-11 Wilciynski-type diagram for the production of 
8Be (g.s.) nuclei for the systea 230 MeV 
1 2C+ 2 0 8Pb. 

Fig. IV-12 Angular distributions for the production of 
8Be(g.s.) nuclei for the system 1 2 C + 2 0 3 P b at 
three 1 2 C bombarding energies: 132, 187 and 230 
MeV. 

Fig. IV-13 The producton probability of Be(g.s.) nuclei 
versus the distance of closest approach, R„iin • 

for the l 2 c + 2 0 8 P b system at three bombarding 
energies; 132, 187, and 230 MeV. 

a 
Fig. IV-14 The total production cross section of Betg.s.) 

nuclei for the l 2C4 2 0 8Pb system at three 
bombarding energies: 132, 187 and 230 MeV. 

Fig. 1V-15 a) Summed energy spectrum of a +*Be coincident 
events for the system 1 2 C + 2 0 8 P b at a 1 2 C 
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boabarding energy of 187 MeV. The spectrum was 
taken at a detector system location of 8j,b" 1 9° 
with an average telescope-to-telescope 
separation of A*-5.9°. b) 9Be projected energy 
spectrin for the gate indicated in a). The E 
scale refers to the excitation energy in the C 
nucleus. The E scale indicates the relative 
energy between the a and Be fragments. 

Fig. IV-16 The coincident yield of „ + 9Be particles 
versus the location of the two-telescope system 
for the 1 2 C + 2 0 8 P b system at 1 2 C bombarding 
energies of 187 and 230 MeV. 

Fig. IV-17 a) Summed energy spectrum for the reaction 
2 0 8Pb( 1 3C, aa) at a 1 3 C bombarding energy of 172 
MeV and a detection system location of 
6 l a b"20°. Thre average vertical angular 

separation of the two particle telescopes was 
A4>'5.90. b) Projected a energy spectrum for 
total a+ a energies falling within the gate 
indicated in a). 

12 Fig. IV-18 a) Summed energy spectrum of ~. • C coincident 
events for the system 1 6 0 + 1 9 7 A u at a 1 6 0 
bombarding energy of 218 MeV and a detection 
system location of 6 i a b * 1 9 ° * T n e center-to-
center vertical angular separation of the two 
particle telescopes was £4-5.9°. b) projected 
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12 12 
C energy spectrin for total a + 'c energies 

falling within gate 1 Indicated in a). c) same 
as b except for gate 2. 12 Pig. IV-1S o + C coincidence yield versus the laboratory 
angle of the two telescope detection system for 
the reaction 1 9 7Au( 1 60,o + 1 2C) 1 9 7Au(g.s.). 

Fig. IV-20 Light charged particle spectra at 6. K " 1 3 ° f o r 

7 12 7 
the system Li+ C at a Li botbarding energy of 
70 MeV. 

Fig. IV-21 Same as fig. IV-20, but 6 l a b"33°. 
Fig. 1V-22 Light charged particle spectra at 6 l a b"30° for 7 208 7 the system Li+ Pb at a Li bombarding energy 

of 70 MeV. 
Fig. IV-23 a) Summed energy spectrum for coincident a + t 

7 12 
particles from the breakup of Li on C target 20B nuclei, b) As for a) but for a Pb target. 

Fig. IV-24 a) The differential cross section for the a + t 
7 

breakup of 70 MeV Li from the ground Btate of 
12 
C. The dashed lines in a), b) and c) are to 

guide the eye. b) The differential cross 
section for the sequential o + t breakup of 70 

7 2*"lfl 

MeV Li from the ground state of *"°pb, 
following excitation to the 4.63 MeV state of 
'Li. c) The yield of direct breakup events as a 
function of Li cm. angle for Li scattering 
from the 2 0 8 P b target. 
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IV-25 a) The triton energy spectrum for coincident a 
12 

+ t event* in which the residual C nucleus 
remained in its ground state. The detector 
system was located at 8 l a b"15°- b) The feriton 
energy spectrum for coincident a + t events in 

2afi 
which the residual * wPb nucleus remained in its 
ground state. The detector system was located 
at 9 l a b~32°. c) As for b) but with the detector 
system at ei ab"l 8°-

IV-26 a) Summed energy spectrum for coincident a +t 7 1.44 particles from the breakup of Li on Sm 
target nuclei. The detector system was located 
at 6 jab"21°. T n e c e n ' -to-center vertical 
angular separation of the two telescope.- was 
At "5.9°. b) The triton energy spectrum for 
coincident a+t events in which the residual 
144 

Sm nucleus remained in its ground state. The 
e energy scale represents the relative energy 
between the a and t in their respective center-
of-mass system. 

IV-27 a) The triton projected energy spectrum for 
12 coincident o. +t events in which the residual C 

nucleus remained in its ground state. The 
detector system was located at 6 i ab" 1 5 a r v < S t n e 

center-to-center "-rtical angular separation of 
the two telescopes was A#*5.9° . b) Same as a) 
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but for the 1 2 C ( 4 . 4 4 HeV) transition, c) Same 
MM a) but for the 1 2 C (9.64 MeV) transition. 

Fig. ZV-28 a) The triton projected energy spectrin for 
coincident o+t events In which the zesidual 
208 

Fb nucleus remained in its ground state. The 
detector system was located at e i at," 3 2° a n d t h e 

center-to-center vertical angular separation of 
the two telescopes was A*»10.9°" b) Sane as a) 

but for 6 x a b " 1 8 ° * 
Fig. IV-29 The triton projected energy spectrum for 

coincident a +t particles in which the residual 
208 

Fb nucleus remained in its ground state. The 
detector nystem was located at 6 l a K " 3 2 ° and the 
center-to-center vertical angular separation of 
the two telescopes was A$»16.8° . b) Same as a) 
except S l a b " 1 " 0 , 

Fig. IV-30 The absolute production cross sections for the 
7 12 

sequential breakup of 70 MeV Li from a C 
target. The solid line is an L«2 DWBA inelastic 
scattering transition calculation. 

Fig. IV-31 The angular distribution for the sequential 
breakup of the 'Li via its 4.63 MeV state where 20B the Pb nucleus remained in its ground state. 
The solid linn is DWBA calculation described in 
the text and t.ie dashed line is a Bemiclassical 
Coulomb excitation calculation. 
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Fig. IV-32 Classical 7Li breaKup simulation where all the 
directions of the a and t fragments have been 
projected onto the 8 , vs 6 , plane. 
Calculation parameters are discussed in the 
text. 

Fig. ZV-33 Predicted «-t yield versus the laboratory angle 
of the vertically arranged two telescope system 
for the classical Li breakup simulation. 

Fig. rv-34 The triton projected energy spectrum for 
coincident o+t particles in which the residual 
208 

Pb nucleus remained in its ground state. Tb« 
detector system was located at 6 l a b "16 ° and 
the average vertical angular separation of the 
two telescopes was a) A<t>-5.9° , b) A$-16.9° and 
c) A*-16.8° . 

Fig. IV-35 Simulation of the effect of Coulomb distortion 
on the observed tritrn projected energy spectra 
for a+t coincident events with a summed energy 
equal to the 2 0 8Pb+ 7Li * a+t+ 2 0 8Pb (g.B.) 
transition for B,*, * 70 MeV. The breakup was 
assumed to occur at 9.5 fa separation distance. 
The relative energy of motion, e , at the 
instant of breakup in indicated. 

Fig. A-l The probability in percent, of drtcctii.g 7Li 
(4.63) versus its total kinetic energy. The 
effective solid angle is the oolid angle of the 
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two counter system Multiplied by the detection 
efficiency. The two telescopes were esauaed to 
have a vertical center-to-center angular 
separation of 5.9° . Counter cutoffs simulate 
the energy cutoffs of the a E and ( AE+E) 
detectors. 

Fig. A-2 Sane as fig. A-l except the vertical center-to-
center angular separation was assumed to be 

6 sep.2-3- 1 0- 9°-
Fig. A-3 Same as fig. A-3 except 8__„ , ,«16.8°. 

seprx—3 o Fig. A-4 Similar to fig. A-l except for Be (g.s.) 
detection. 

D 

Fig. A-5 Same as fig. A-4 except Be (2.94 HeV) decays 
were aiisumed. 

Fig. A-6 Velocity vsctor 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 
decay. 

Fig. A-? Monte Carlo simulation of the expected projected 
energy spectra of a* a coincidences which arise 
from the decay of 8Be (2.94 HeV). An ejectile 
kinetic energy of 150 MeV was assumed. The 
center-to-center telescope separations,^, are 
indicated. 

Fig. A-8 Similar to fig. A-l except the detection of three 
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alpha particles In only two particle telescopes 
la assumed. Decay of the 1 2 C * (7.6) state is 
assumed. The solid curve is for any two a -

particles to enter one telescope and the third 
p -particle in the other telescope. The dashed 
line is the calculation which required the two 
a's from the Be to enter a single counter. 

Fig. A-9 Similar to fig. A-8 except the detection of the 
1 2 C * (9.6) state is assumed. 

Fig. B-1 0-t bound state potential were calculated using 
the Hoods-Saxon parameters and Coulomb radius 
indicate:?. The potential approaches infinity at 
small separation distances r. 

Fig. B-2 Absolute value of the calculated cs-t bound state 
radial wave function used in the Monte Carlo 
breakup simulation program SATURN. 
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TABUS 
III-l Detection system geoaetry for the three 'particle 

telescope system. Refer to fig. ZII-2 for the telescope 
numbering scheae. 

A-l Detection efficiency of a •2 a events resulting from the 12 * sequential decay of C Cor a total kinetic energy of 
221 MeV. The efficiency is in percent. The dashes 
indicate transitions which are not expected or 
transitions which are expected to be weak. 

B-1 Parameter values used for the Coulomb and nuclear forces 
in the breakup simulation program SATURN. The 
designations K _ o u l r R

0 ' e t 0 > a r e a s i s normally used 
in optical model calculations. 




