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Abstract 

The mechanisms of transfer and breakup in heavy-ion-induced reactions 

have been studied for the 20Ne + 197 Au system at bombarding energies of 220 and 

341 MeV. A 4~ detector, the Plastic Box, was used to separate r,eactions leading 

to the production of projectile-like fragments into components having either two 

charqf"d bodies in the final state (transfer) or three or more charged fragments 

(breakup). For both components, angular distributions, energy spectra, and 

production cross sections are shown for projectile fragments of Z=3-9. The ratio of 

transfer to inclusive yields initially drops steeply with decreasing ejectile charge, 

leveling off for Z ~ 7. The lower bounds on this ratio are = 60% and = 30% at 

220 and 341 MeV, respectively. At 341 MeV, the trends in the central moments 

(mean, width, and skewness) of the ejectile enerqy spectra, as a function of Z, are 

similar for transfer and breakup. The primary ejectile yields are deduced from the 

breakup and transfer cross sections, and comparisons are made with the predictions 

of various models. The relatively large probabilities for primary ejectiles to be 

produced in charged-particle-bound states, observed for all Z and at both 220 and 

341 MeV, indicate that, on average, most of the excitation energy resides in the 

heavv, tarqet-like fraqment. 

PACS numbers: 25. 70.Cd, 25. 70.Lm 
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I. Introduction 

The measurement of transfer processes in heavy-ion-induced reactions 

has long been used as a testing ground for various theories of heavy-ion reaction 

mechanisms. At bombarding energies near the Coulomb barrier, macroscopic and 

microscopic mocfels have generally assumed that all nuclear interactions proceed via 

one-body processes.[1, 2] At higher energies, however, nucleon-nucleon scattering 

should become increasingly important.[3] A transition might then be expected to 

occur as the velocity of the colliding nuclei approaches, and then exceeds, the 

velocity of sound in nuclear matter ( :: 15 MeV/nucleon) or the intrinsic Fermi 

velocity ( :: 35 MeV /nucleon). For this reason, a great emphasis has been placed 

recently upon understanding the processes associated with intermediate-energy 

reactions in the 10-100 MeV /nucleon regime.[4] 

It now appears that the reqion 10-20 MeV /nucleon witnesses the onset 

of a varietv of different processes. Some of the associated names are pre

equilibrium emission,r5] incomplete fusion,[6] massive transfer,[7] and projectile 

hreakup.(B-lO] Thus, it has become increasingly obvious that experiments must be 

more selective. Since inclusive measurements, by their very nature, sum over all 

possible reaction mechanisms, they lack the very selectivity that this energy regime 

requires. 

The problem of selectivity has been addressed in different ways. One 

approach, utilized by the Hahn-Meitner group,[ll] has involved the use of a 41r 

neutron detector. The number of neutrons emitted in coincidence with a projectilp .. 

like fragment is used as a measure of the amount of kinetic energy converted into 

taraet excitation energy. This leads to a decomposition of the yield into breakup 

(small target excitation) and transfer (large target excitation). 
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Another approach, involving the detection of characteristic K X-rays 

emitted by the target-like recoil, has been used by the KVI group.[lZ] Here, the 

focus is on measurinq the amount of charge (rather than excitation energy) that is 

transferred to the target by the projectile. A problem with this technique lies in 

its inability to detect the charge lost through sequential target decay. 

At LBL, a streamer chamber has been used[13] to identify. two- and 

tl,ree- (or more) charged-body reactions. In this case, the emission of all charged 

fragments within a 411' solid angle is clearly delineated by the corresponding tracks. 

Furthermore, the angular information allows one to assess the relative importance 

of sequential target decay. The technique does suffer from low count rates as well 

as the difficulty of extracting all the information contained in the event images. 

As a result, counting statistics are poor, and only the strongest exit channels can 

be investigated. 

We h::we constructed a device, the Plastic Box,[14] that is designed to 

incorporate most of the detection properties of the streamer chamber, but with a 

much improved data acquisition capability. With the Plastic Box, as with the 

streamer chamber, it is possible to determine whether a projectile-like fragment 

rlete~ted in a counter telescope (and characterizer! by charge Z, energy E, and 

angle e ) is accompanied by one or more charged particles - a breakup reaction -

or by none - a transfer reaction. (The taraet-like fragment is stopped either in 

the target or in the mylar covering the scintillators.) Thus, measured Z, E and 9 

distributions of orojectile-like fragments can be r!ecomposed into distributions 

corresponding to each of these two reaction mechanisms. 

Within this framework, we analyze the charge, energy, and angular 

distributions for projectile-like fragments produced in reactions of 11- and 17-

MeV /nucleon 20Ne with 197 Au. In Sect. II, the Plastic Box is described and details 



5 

of the experimental technique are qiven. The results of measurements are 

presented in Sect. III. In Sect. N, comparisons are made between reconstructed 

orimary yields and model predictions. The observed ejectile energy spectra are 

considered in Sect. V. Finally, our results and conclusions are summarized in 

Sect. VI. 

II. Experimental Technique 

The experiments were performed at the 88-Inch Cyclotron at Lawrence 

Berkeley Laboratory. Beams of 220- and 341-MeV 20Ne (charge states 6+ and 7+, 

respectively) were used to bombard self-supporting targets of 197 Au ( 5.3-mg/cm 2 

areal density). Beam intensity was typically 1-2 enA and was monitored by a 

Faraday cup placed = 2 m from the target. The integrated current was used to 

normalize the data and provide absolute cross sections. 

The configuration of the detectors, as arranged in the LBL-Krakow 60" 

scattering chamber, is illustrated schematically in Fiq. 1. Projectile-like fragments 

were detected in two triole-element silicon surface-barrier telescopes. Each 

telescope consisted of two transmission detectors (40 r m and 100 fm) to measure 

enerqy loss, and a thick ( = 5 mm) detector to measure the total energv of the 

most penetrating fragments. Both telescopes were mounted on a movable arm, 

with a fixed relative angle of 5°. The solid angles subtended were 0.28 msr and 

0.43 msr. 0 Measurements were made over the angular range of 8-21 • 

The arrav of olastic scintillators, arranged in a cube centered on the 

target, consists of 20cm x 20cm x 1mm sheets of NE-102, each individually couplerl 

on one edae via Adiabatic liaht guides to an RCA 8850 or 8575 photomultiplier 

tube. In order to provide shielding from ambient light and improve transmission of 

the scintillation, all scintillators were wrapped in 1/4-mil aluminized mylar. Though 
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of negligible thickness for light particles, the mylar prevents the· detection of 

target-associated evaporation residues or fission fragments. 

Each of the six walls is made up of two parallel scintillator sheets in 

order to make corrections for the detection of neutral particles. A typical plot of 

light output of inner wall (A) versus outer wall (B) is shown in Fig. 2. A region in 

which only the outer wall firecl is clearly discerned and represents the scintillator 

response to neutrons and gamma rays. By usinq "AE" and "E" scintillators of equal 

thickness, it is possible to determine directly the number of neutral particles 

detected by the inner wall. (This is possible due to the low absolute neutron 

efficiency of a 1-mm-thick plastic sheet.) In this way, average contributions from 

neutral particles can be subtracted from those events corresponding to charged 

oarticles stopping in the inner scintillator. These corrections were found to be 

relatively small. 

The ~lements of wali 3 have a small hole to allow the beam to enter 

the box. Similarly, the beam emerged through an opening in wall 1. This opening 

was in the form of a horizontal slot, through which the solid-state telescopes could 

view the target. The extent of this slot restricted the telescopes to a maximum 

angle of 21° from the beam axis. Part of the solid angle lost due to this slot was 

regained by using another wall of plastic scintillators behind the telescopes and a 

sinqle scintillator downstream centered around 0°. With all detectors in place, the 

total active solid angle subtended by this augmented Plastic Box was ::- 92% of the 

full 4'tr'. (This includes a 5% loss in solid angle due to shadowing by the target 

holder.) 

The detection of a projectile-like fragment in either one of the solid

state telescopes provided the trigger for the Plastic Box. For each event, the 

pulse heights and timing signals of all silicon detectors and scintillators were 
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recorded. This was accomplished via a CAMAC interface to the MODCOMP-based 

data-acquisition system. 

Although the six walls allow for the registration of up to six hits, the 

accurate measurement of charged-particle multiplicity is hindered by the inability 

of the individual walls to ciiscriminate between single and multiple hits. However, 

this was not judqed to be a serious liability since the typical multiplicities were 

shown to he low in an earlier streamer-chamber study[lS] of a similar reaction, 

16.4-MeV /nucleon 160 + Csi. The 250-MeV 160 + natSn reaction has been studied 

with the Plastic Box (Sn has nearly the same (Z,A) as Csi) and the deduced breakup 

probabilitiei14] were found to be in agreement with the streamer-chamber results, 

indicatina that the Plastic Box has = 41T' efficiency for detecting light charged 

particles. 

The experimental technique was motivated by the desire to distinguish 

those eiectiles arising from complete charge transfer from those leading to a third 

liaht charged particle. A third fragment can be liberated in one of three ways: 

sequential decay of the target-like nucleus, sequential decay of the projectile-like 

nucleus, or a direct process associaterf with the collision itself. Of these, the first 

is a mechanism that does not change the identity, energy, or angular distribution of 

the primary ejectile. Thus, in order to suppress charged-particle emission, it is 

desirable to use a heavy target. Those particles emitted in spite of the large 

Coulomb barrier will have an almost isotropic distribution in the laboratory frame. 

It is the ability of the Plastic Box to provide rough position information via its 

segmentation that enables us to estimate and correct for this sequential target 

rlecay. Of the two remaining contributions to light charged-particle production, 

other studies[10,15-21 ] in this energy regime (10-20 MeV /nucleon) indicate that 

direct emission is less important than sequential decay. 
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All events with an ejectile trigqer are characterized by the number, 5, 

of scintillator walls that fired. Insofar as multiple hits on a single wall are 

iqnoren, 5 is a measure of the number of light charqed particles emitted in 

coincidence with the observed ejectile. The 5=0 yield corresponds to a complete 

transfer of charge in which the primary fragments are in charged-particle-bound 

states or else decay through fission or neutron emission. This process is referred 

to, operationally, as a transfer reaction. The 5 ~ 1 yields are referred to as 

breakup reactions. The correction for sequential target decay results in an increase 

in the 5=0 yield comparen to the raw value. The remaining 5 ~ 1 yield will be 

assigned predominately to sequential ejectile decay. 

While the use of double walls of scintillator could, in principle, provide 

some particle identification, in practice the Plastic Box yielded little information 

on the identity of the charged fragment. This was due to two effects: the very 

high energy threshold for particle identification caused by the thickness of the 

inner wall, and the strong pulse-height dependence upon position. Therefore, it was 

not possible to reconstruct, on an event-by-event basis, the identity of a primary 

fragment that had decayed sequentially. This limitation has prompted the 

construction of a next generation of scintillator detector[ZZ] having much better 

particle identification. In the present work, we rely on approximate, average 

reconstructions based upon known decay thresholds. 
f 

These results are presented in 

a later section. 

III. Exp_::·t'imental Results 

III. A. Results at 341 MeV 

III. A.1 Cross sections 

In Fig. 3, we show the relative yields for values of 5=0,1, ~2 for 
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ejectiles detected at 16°, plotted as a function of ejectile charge. The raw 5=0 

yield corresponds approximately to transfer reactions. The 5 _c 1 yields represent 

breakuo reactions hut, in fact, as discussed in the previous section, may contain 

contributions from sequential target decay via charged-particle emission. To 

correct for this target contribution to the value of 5 we exploit the angular 

information provided by the Plastic Box, as discussed below. 

In Fig. 4, we show the distribution of charged particles in the six walls 

- ·a crude angular distribution - in coincidence with ejectiles at 16°. For all 

eiectiles, the coincident yield is concentrated in the forward walls (1 and 2). The 

backward walls (3 and 4) and the top and bottom walls (5 and 6) are essentially 

inaccessible to charged particles coming from projectile breakup. Therefore, the 

yield in these walls is assumed to come entirely from emission by the target-like 

recoil. 0 With the assumption that the emission is symmetric about 90 in the 

laboratory system, it is possible to calculate the contribution to walls 1 and 2 from 

the sequential decay of the target, and to define another class of events 

corresponding to complete charge transfer which is independent of the decay mode 

of the tarqet-like fragment. This is illustrated in Fig. 5, where the magnitude of 

this target correction can be seen. Given our assumptions, this correction is an 

uppPr limit. In all subsequent discussions, the 5=0 yield will represent this 

corrected quantity. Fig. 5 shows that the magnitude of the correction for target 

decay increases as the target captures larger amounts of charge. This is as 

expected since the excitation energy of the target-like nucleus should he roughly 

proportional to thr: number of captured nucleons. 

The charged-particle multiplicities associated with statistical decay of 

the tarqet-like fragments are listed in Table 1. Only events in which no forward 

walls fired were consider'ed, thus removing breakup contributions. In the table, we 
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list the primary fragments (projectile-like and target-like) as well as the average 

total excitation energies deduced from average ejectile energies. Also listed are 

the charged-particle multiplicities deduced from our analyses of the backward walls. 

As already seen in Fig. 5, tarqet-recoil decay becomes more important for larger 

mass transfers (and higher excitation energies). 

Statistical model calculations have been performed[23,24] to estimate 

the amount of charged-particle emission from target-like fragments. The results 

were found to be consistent with our deduced contributions from sequential target 

decay. For example, the decay of the 203Pb* nucleus (formed by 6u capture) was 

evaluated for an excitation of 101 MeV and a spin of 33 ~ These quantities 

correspond to a peripheral reaction with most of the excitation residing in the 

taraet. The calculated charged-particle multiplicity of 0.10 (0.08 and 0.02 for 

protons and alphas, respectively) agrees well with the experimentally deduced 

multiplicity of 0.09 for nitrogen ejectiles. This agreement indicates that 

contributions of sequential target decay to the Plastic-Box data are accurately 

identified. 

The data of Fig. 5 indicate that the fluorine yield is cfominated by 5=0 

events, but the relative importance of breakup increases rapidly as the ejectile 

charge further decreases by one and two units. Perhaps the most striking feature 

of Fiq. 5 is the leveling off, or near constancy, of the 5=0/inclusive ratio observed 

towards smaller values of Z. The transfer-to-inclusive ratios for ejectiles with Z < 

7 are all roughly equal, and appear to have "relaxed'' at a value of = 30%. This 

behavior is seen at all four rneasured ejectile angles. In fact, for each of the 

individual ejectiles the 5=0/inclusive ratios are roughly constant over the measured 

angular range of 8 - 21°. 

In Fig. 6, the 5=0 and inclusive (i.e., 5 > 0) double-differential cross 
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sections, dcr/d.!l.dZ, are presented as a function of ejectile charge and scattering 

anal e. The classical qrazinq angle for this reaction is :: 17°. For both the 5=0 

and the inclusive yields, the cross sections appear to be peaked forward of this 

value, an effect becoming more pronounced for the lighter ejectiles. 

In orrler to determine ejectile production cross sections, we have 

performed inclusive measurements of differential cross sections over a much wider 

ranqe of ejectile angle than could be accomodated in the coincidence work. The 

results are presented in Fig. 7. The angle-integrated inclusive cross sections at 341 

MeV, obtained from these differential cross sections, are plotted in Fig. 8 along 

with values obtained at several other beam energies by the Hahn-Meitner 

r2sJ group.- Both sets of results ex hi bit the same system a tic trends and appear to 

be consistent with each other. 

Total angle-integrated yields for transfer reactions were obtained by 

integrating the inclusive angular· distributions weighted by the 5=0/inclusive ratio for 

eac., ejectile. Since the 5=0/inclusi ve ratios were found to change slowly over the 

anqular range 8-21°, we have extrapolated this ratio to angles lying outside of this 

range. (This prescription is illustrated in Fiq. 9 for oxygen, carbon, and lithium 

ejectiles.) The error incurred in using such an extrapolation is small: for angles 

smaller than 8°, contributions to d\f" Ide are rliminished by the sin 9 factor; for 

anqles greater than 21°, the inclusive yields drop rapidly, and the contribution from 

this anqular region to both inclusive and 5=0 yields is small. Fig. 10 shows the 

absolute cross sections for the 5=0, 5~1, and inclusive reactions at 341 MeV. The 

uncertainty in the absolute values is :: +20%. The relative errors are :: +10%. 

These uncertainties are due, in part, to uncertainties in the efficiency 

of the Plastic Box to detect all charged particles; e.g., there are regions that are 

shadowed by the tarqet holder and solid-state telescopes. In the case of the target 
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holder, this shadowing is.-: 5% of 4'h". However, only target-emitted particles are 

likely to be blocked, and· in equal amounts forward and backward. Therefore, the 

tarqet correction to the coincident data will not be affected. Analysis of the 

events in the downstream detector at 0° indicates that relatively few light 

particles from breakup are lost along the beam axis. Of more concern is the 

shadowinq hy the telescopes, since the projectile-related particles are focused in 

the direction of the ejectile. The magnitude of this effect has been estimated by 

Rssuming that the telescopes obscure a portion of the breakup cones of decaying 

ejectiles, and has been found to be no bigger than :: 6%. (The cross sections shown 

do not have this dead-space correction.) 

Since the Plastic Box detects only charged particles, it is important to 

know- whether the sequential decay of an ejectile will result in the emission of a 

neutron insteact of a proton or alpha. A study of the decay thresholds associated 

with the most abundant isotopes observed in this work indicates that 10Be, 
13

'
14c, 

anri 17 
0 will preferentially rlecay via the emission of a neutron. (In the case of 

9Be, alpha particles are_ emitted following neutron decay to 8Be.) Therefore, the 

5=0 beryllium and carbon cross sections (and, to a lesser extent, the 5=0 oxygen) 

will be "contaminated'' by neutron breakup. However, the presence of neutron 

decay does not affect the interpretation of the 5=0 and 5=1 yields in terms of 

charqe-transfer and charge-breakup probabilities. 

III. A.2 Energy spectra 

The particle-inclusive enerqy spectra r..f ejectiles from lithium to 

fluorine are shown in Fiq. 11. As can be seen, the peak energies of all ejectiles 

are correlated approximately with the beam velocity. In addition, for the heavier 

ejectiles, the distribution does not extend down to the respective ejectile Coulomb 
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barriers. These observations suggest that the reaction mechanism producing the 

heavier observed ejectiles is of a quasi-elastic nature. Although there is increasing 

inelasticity for the lighter ejectiles, it will be shown in Sect. V that the peak 

energies can be reproduced by calculations assuming a quasi-elastic process. 

As was done with the ejectile cross sections, the energy spectra can be 

decomposed into those arising from transfer and those from breakup •. This is 

illustrated in Fiq. 12, where the two components of the spectra are shown for 16o 

d 
17

0 fragments detected at 16°. I d t k t' · b' 8n n or er o ma e a quan Itative, unam 1guous, 

and global comparison of many different spectra, the first four central moments of 

each energy distribution were extracted. These moments - mean E, width <r, 

skewness ¥1' and kurtosis {i2 - are defined by the relations 

E = <E> ' 

= <(E - E)2> 

= <(E - E)3>/ o-3 

and 

~2 = <(E- E)4>/r4. 

The results are shown in Fig. 13 for the most abundant isotopes, observed at 16°. 

What is remarkable about these moments is the general similarity of 

the 5=0 and 5=1 components for each isotope. Only for the heaviest ejectiles 

(Z=8,9) are there any significant differences between the moments associated with 

transfer and those with breakup. The means, in particular, track very well, with 

the only ohvious differences occurring for Z > 8. 

III. 8. Results at 220 MeV 

In order to study the relative importance of the transfer and breakup 

mechanisms at a lower energy, the experiment conducted at 341 MeV was also 
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performed at 220 MeV· (11 MeV/nucleon). This represents a 35% decrease in 

bombarding energy, with the corresponding reduction in relative kinetic energy 

above barrier being roughly a factor of two. 

IJata were collected- for those events triggered by ejectiles detected at 

15° anri 20°. The number of charged particles versus wall number is shown in 

Fia. 14. For ejectiles close to neon, the shapes of the wall distributions r~semble 

those at the hiqher bombarding energy. However, for Z ~ 6, there are relatively 

fewer charqed particles in the back walls. This is reasonable since at 220 MeV 

multi-nucleon transfer (via a fast, quasi-elastic process) imparts less excitation 

energy to the 197 Au target than at 341 MeV. This leads, in turn, to a smaller 

cross section for charqed-particle evaporation. 

In order to assess the breakup probability, we must again subtract the 

effect of sequential target emission. This leads to the results shown in Figs. 15 

and 16 where, as at 341 MeV, the 5=0/inclusive ratios and the double-differential 

5=0 and inclusive yields are plotted versus ejectile charge. 

The transfer/inclusive ratios at 220 MeV exhibit a behavior that is 

qualitatively similar /to that observed at 341 MeV. Specifically, the 5=0 component 

dominates the fluorine yield, with the 5=0/inclusive ratio dropping rapidly with 

decreasing ejectile charqe. This drop appears to level off by Z= 7, and reaches 

values of = 60% and = 30% at 220 and 341 MeV, respectively. Therefore, the main 

difference in the results obtained at the two bombarding energies is the 

5=0/inclusive ratio for the massive charge-transfer processes. 

Due to the unavailability of data for angles beyond 21°, w~ do not 

know the 5=0/inclusive ratio near the grazing angle at 220 MeV. However, it has 

already been shown that the 5=0/inclusive ratios at 341 MeV are rather insensitive 

to scattering angle over a large angular ranqe. Assuming that this is the case at 



...... 

15 

220 MeV as well, one can use the measured ratios at angles well forward of 

qrazing to scale the total inclusive yield. We have taken inclusive cross sections 

measured at 220 MeV by the HMI group[25] and have applied our experimental 

S=O/inclusive ratios to determine, element by element, the transfer and breakup 

contributions. This is shown in Fig. 17 where, as at 341 MeV, the inclusive ejectile 

cross sections are decomposed into S=O and S=1 yields. 

IV. Primary Ejectile Yields 

IV. A. Reconstruction of Primary Cross Sections 

It would be very instructive to compare the transfer and breakup cross 

sections derived in the previous section with predictions of reaction models. 

However, while there exist models that make predictions of the primary ejectile 

yields, extensions of these models to include the effects of sequential decay are 

difficult to make. For this reason, comparisons with inclusive measurements usually 

make the ansatz that the observed secondary yields represent the primary ones. 

Such an assumption is clearly a tenuous one at the bombarding energies being 

considered in the present work since we observe large breakup cross sections. 

Therefore, we have constructed the primary ejectile distributions from the 

experimental data, usinq the following approximations. 

We assume that the S > 1 yields arise from the sequential proton or 

alpha decay of an excited primary orojectile-like fragment. (This assumption is 

borne ut L. th t d" [lo,15- 21 ] f h . b k . th" . o uy o er s u 1es o eavy-1on rea up m Is energy regime 

which suggest that prompt emission, if it exists, is much less important than the 

sequential breakup channel.) This presents two possible decay pat,!'ls leading to each 

observed ejectile. We make the further assumption that the decay mode of each 

primary fragment will be dominated by its lowest threshold. In almost all cases, 
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the alpha threshold of a primary fragment is lower than the.: proton threshold. (The 

energies of the first alpha-, proton-, and neutron-decaying states of the most 

prominent ejectiles are indicated in Fig. 18). Therefore, in most cases, the 5=1 

events will be fed via alpha-decaying states. (This assumption is supported by more 

recent coincidence experiments,[Z6] which indicate a preponderance of alpha 

particles accompanying breakup.) 

The low proton threshold of nitrogen provides an exception to this rule. 

As a result, the 5=1 carbon cross section could be expected to contain contributions 

from hath oxygen and nitrogen breakup. Similarly, the 5=1 boron yield should be 

non-existent (insofar as our ansatz that ·only the lowest thresholds contribute is 

valid). For these two cases, we have assumed that both proton and alpha 

sequential decays contribute to the observed breakup yield, and further assume that 

the relative contributions scale with the experimental 5=0 yields of the two possible 

primary nuclei. This provides us with a reconstruction of primary yields as outlined 

schematically in Fig. 19. 

The presence of low-lying neutron-decaying states among some of the 

ejectiles has already been noted. While this must be considered in evaluating the 

rieduced breakup probabilities, they do not affect the accuracy of the reconstruction 

since the primary yields are summed over isotope. 

The reconstruction procedure just outlined generates primary cross 

sections over the range of primary charge Z=5-9. It should be noted that the 

breakup of lithium and beryllium would result in 5=1 alpha and proton events. 

However, such events could also come from the breakup of heavier ejectiles, in 

which the alpha or proton is detected in a telescope and the projectile-like 

fragment triggers the Plastic Box. Thus, the data do not allow us to estimate the 

primary lithium and beryllium yields. Also, the instability of 
8
se does not allow us 

.t 
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to measure an S=1 8Be cross section. Therefore, we miss a cross section that 

should have been added to the primary carbon yield in our reconstruction algorithm. 

For this reason, the reconstructed carbon yield will underestimate the abundance of 

primary carbon fragments. 

The results of the experimental reconstruction of the primary ejectile 

charqe yields are shown in Fig. 20, at both 11 and 17 MeV /r'!ucleon. The cross 

sections for the production of the heaviest ejectiles are remarkably similar at both 

bombarding energies. The higher beam energy is seen to enhance the yields of 

light fragments arising from massive charge transfer. It is immediately obvious 

that the large cross sections observed for the production of light ejectiles at higher 

heam energies are due to two effects: increased excitation energy in the primary 

fragment as well as qreater charge transfer prior to breakup. 

IV. B. Model Predictions of Primary Yields 

In a previous section, we noted that the 341-MeV angular distributions 

(Fiq. 7) were, for most ejectiles, peaked forward of the classical grazing angle. 

This forward peaking was more pronounced for the larger mass transfer, i.e., for 

the liqhter ejectiles. Such a phenomenon is consistent with a highly geometrical 

orocess, of the sort embodied in the overlap model of Harvey and Homeyer.[Z7] It 

is also consistent with angular-momentum limitations as employed in the sum-rule 

model of Wilczynski et al.[ZS] In both cases, the lighter ejectiles will arise from 

trajectories with smaller impact parameters; the increased importance of the 

nuclear force would then cause scattering to smaller (or negative) angles. 

The reactions being considered in the present work are in an energy 

regime (11 and 17 MeV /nucleon) where both the sum-rule and overlap models should 

have their greatest applicability. Since both models predict primary fragment cross 



18 

sections, comparisons will be made with our reconstructed yields. 

The sum-rule model has previously been employed[6,28] in connection 

with studies of incomplete fusion and massive transfer. It assumes that the 

ororluction of two primary fragments (binary exit channels) is governed by the same 

mechanism found in fusion. The projectile-like fragments are associated with 

entrance-channel par,tial waves that exceed some lcr for fusion. The sum rule 

results in a competition among the various possible ejectiles (and fusion) for the 

available cross section. This competition is governed by limiting 1-waves (which 

represent an extension of the 1 concept to all exit channels) as well as phase-. cr 

space limitations. The latter are modeled by using probabilities derived from Qgg 

svstemRtics 

The sum-rule model has been applied to the 220- and 341-MeV 20Ne + 

197 Au reactions. For the purposes of comparison with experiment, all cross 

sections are summed over isotope. Also, the predicted 
8

Be yield is excluded from 

the primary distributions since it is excluded in our experimental data. 

Calculations were performed in which all input parameters were varied. For the 

most part, the only substantial changes in cross section occurred for isotopes within 

a qiven elemental group. The total elemental yield, however, was relatively 

insensitive to variations in the temperature (T), radius (r c)' and !-wave-diffuseness 

( Al) parameters. (The values used in the calculations are indicated in the captions 

to Fiqs. 21 and 22.) The choice of the maximum 1-wave upon which the sum-rule 

is oerformed, lmax', did have an appreciable effect upon fragment yield. 

Specifically, the truncation of the sum-rule was found to greatly affect the 

t,eaviest ejectiles, i.e., those arising from the most peripheral collisions. 

The effect of varyinq the 1-wave cutoff at 341 MeV is shown in 

Fiq. 21. As can be seen, the fluorine yield changes dramatically with varying 
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lmax • However, the oxygen yield saturates· by l -: 112 171. Since this corresponds 

to an impact parameter where the sum-rule model should still be applicable, the 

oxyqen vield (and that of all lighter fragments) is unambigously predicted. 

In the range Z=3-8 (i.e., excluding fluorine), the predicted primary cross 

sections drop steeply with increasing charge transfer. This drop is particular! y 

acute in going from carbon to boron. Were the partial-wave cutoff to be extended 

to larger values, the fluorine yield would follow this trend. 

In Fig. 22, the sum-rule-model predictions are shown for 220 MeV. 

Once aqain, we see a reqion of ejectile charge in which the primary yield drops 

steeply with decreasing Z. However, the truncation of partial waves at this lower 

enerqy becomes even more critical, with changes in I affecting the production max 

of several primary ejectiles. 

Whereas the sum-rule model views fragment production as an extension 

of the fusion process, subject to angular momentum limitations, the overlap 

model[27] considers a reaction mechanism that is more quasi-elastic in nature. The 

complete fusion cross section is either taken from experiment or from a separAte 

model. Nucleon transfer for the impact parameters beyond the fusion limit is 

qoverned by the requirement that the transferred mass be contained in the spatial 

overlap between target and projectile.[29] Such a geometry has been used in 

abrasion-abl~tion models(30] of high-energy reactions. 

The two requirements, a) that the transferred nucleons will interact 

stronqly enough with the tarqet to be removed from the projectile, and b) that the 

ejectile thus formed will escape without further interaction, together restrict the 

rAnge of ejectile masses that are formed at given impact parameter. The two 

requirements are most easily satisfied when there is a high probability that the two 

parts of the projectile will be further apart t,.,an some critical distance. This 
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probahilty is taken from the fragmentation model of Friedman,[31] where it is 

shown to be greatest when the separation energy of the two parts of the projectile 

is low and their N/Z ratios are close to that of the projectile. 

The overlap model applies a "sum rule" over impact-parameter rather 

than partial-wave space. Since fragment formation begins only beyond the energy-

dependent fusion radius, the choice of rfusion is critical. Variations in this radius 

will affect the predicted yields associated with the most central collisions, i.e., the 

most massive transfers. (This is in contrast to the sum-rule model, where the few-

nucleon transfers were sensitive to the choice of !max·) 

A simple parametrization of the fusion cross section as a function of 

rf . was employen. The fusion radius was then adjusted to reproduce fusion 
USIOn 

cross sections derived from either experiment or fusion systematics. Similarly, a 

maximum radius of interaction, r 
0

(Ai/3 + A~/3 ), which affects the few-nucleon

transfer channels and the reaction cross section, was found to reproduce measured 

cross sections with r 
0 

equal to 1.4 fm. The Friedman probabilities were calculated 

using b=0.3 • This parameter was fit to the data, and was found to give somewhat 

,etter results than the value b=0.4, which Friedman extractei31] from 12c- and 

160-induced yields. 

Just as the sum-rule model introduces a partial-wave diffusivity 

oarameter, so the overlap model makes use of a width, ~R , to characterize the 

distril:lution of impact parameters qiving rise to a particular ejectile mass. This 

wirlth was adjuster! to qive the best fit to experimentally rlerived ejectile cross 

sectir .s. The best value was found to be 0.65 fm, corresponding to rather strong 

localization. 

The primary fragment yields predicted by the overlap model are shown 

in Fiq. 23 for both 220 and 341 MeV. As was (lone for the sum-rule model, all 
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cross sections are summed over isotope and the 8Be yield is explicitly excluded. 

At both energies, the primary distributions exhibit a much flatter Z dependence 

than thnse from the sum-rule model • 

. A.s already mentioned, in the overlap model the range of impact 

param~ters leading to fragment production is constrained to reproduce the fusion 

anrl reaction cross sections. The sum-rule model, on the other hand, generates 1-

wave windows from moriel predictions of critical angular momenta. The reaction 

cross section could not be used to determine the maximum partial wave in the sum 

since the model does not, in principle, consider the most peripheral processes. 

In the next section, comparisons will be made between the 

reconstructed cross sections and those from the models already cited. 

IV. C. Comparison of Reconstructed and Predicted Yields 

In Figs. 24 and 25, the sum-rule and overlap model predictions at 341 

anrl 220 MeV are plotted, along with our reconstructed primary yields. At 341 MeV 

(Fig. 2l~), the overlap model gives the better fi~ to the experimental data. The 

aqreement with our primary yields is reasonable for all ejectiles with the exception 

of carbon. However, as was already indicated, the deduced cross section of 

primary carbon is underestimated due to the absence of 8se in our data. 

Therefore, the agreement would presumably be much better were the 8Be yield to 

he included. 

In contrast, the sum-rule model predicts primary distributions that 

rlecrease too rapi.dly with transferred charge. While the carbon and nitrogen cross 

sections are in accord with experiment, the heavier ejectiles are greatly 

overorerlicted and the massive transfer of boron is greatly underestimated. Any 

attempt to reduce the oxygen cross section by drastically lowering lmax would 
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result in the extinction of the fluorine yield. 

At 220 MeV (Fia. 25), the overlap model again shows rather good 

aqreement with the reconstructed cross sections. In particular, the primary yields 

of the heaviest ejectiles are very well reproduced. While the discrepancy in the 

carbon cross sections may be due to the reconstruction problem already noted, the 

data suggest that massive charge transfer is over predicted by the overlap model. 

The sum-rule model exhibits the same behavior at this lower energy as 

was seen at 341 MeV. With the exception of the nitrogen yield, .the model fails to 

reproduce any of the primary cross sections. The steepness of the predicted charge 

distribution cannot be corrected by adjusting lmax since, as has been seen, the 

vield of a qiven ejectile cannot be modified without seroiusly affecting the yields 

of all the heavier ones. 

For the reactions considered in the present investigation, the overlap 

model is more successful in predicting primary ejectile cross sections than the sum-

rule model. This suggests that, in the energy regime studied here, the geometric 

overlap between projectile and target and/or the Friedman breakup probabilities are 

more relevant quantities than limitinq angular momenta and Q systematics. . gg 

However, in addition to absolute cross sections, each model predicts the transferred 

Angular momentum. Comparison of experimental(32) and theoretical calculations for 

this latter quantity should be part of a complete evaluation. 

IV. f). Survival Fraction of the Primary Ejectiles, and the Division of Excitation 

Energy 

From the reconstructed primary vields, we can calculate the probability 

that an ejectile will "survive" the transfer process without undergoing sequential 

charged-particle decay. This is just the ratio of its 5=0 cross section to its 
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primary cross section, and is of greater physical significance than the 5=0/inclusive 

ratio. These survival fractions, calculated at 341 and 220 MeV, are shown in 

Fiq. 26. The smaller survival fractions at the higher bombarding energy can be 

understood in terms of the greater excitation associated with nucleon transfer at 

hiqh enerqies. There is also an apparent odd-even effect, suggestil")g that even-Z 

fraqments have enhanced survival fractions. This is believed to be caused by the 

presence of sequential neutron decay, which depletes the 5=1 cross sections. Since 

the carbon and oxygen yields are most affected by this contamination of the 5=0 

probabilities, the shift will be largest for them. 

However, the striking aspect is that the survival fractions associated 

with the massive charge-transfer channels are as large as they are, given that the 

massive-transfer events are characterized by very large total excitation energies. 

This indicates that most of the excitation energy resides with the target-like 

fragment. If, for example, we assume that the excitation energy is divided 

according to the ratio of the primary masses (as would be the case for equal 

temperatures), then the values of the 5=0/primary ratios can be reproduced 

qualitatively. This is illustrated in Fig. 27, where the first particle-decaying states 

of the various ejectiles are compared with the average excitation energies deposited 

in the primary ejectiles assuming the above division. As can be seen, the mass

asvmmetric division of excitation results in ejectile excitation energies that track 

roughly with the decay thresholds. (A quantitative estimate of the survival fraction 

would require knowledge about the width of the excitation-energy distribution in the 

liqht primary fragment.) On the othr:::r hand, an equal division of excitation energy 

(solid lines in Fig. '27) leads to results that are clearly inconsistent with the 

experimental yield of hound ejectiles. 

Recently, there have been other experimental studies that have focused 
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on the question of excitation-energy division. Awes et al.[33] have studied ejectiles 

from 15.3-MeV 58Ni + 
197 Au reactions, while Vandenbosch et al.[34] have examined 

8.5-MeV /nucleon 56Fe + 238u. In both cases, the results for the smaller total 

energy losses were much closer to the equal-excitation limit. An equal-excitation 

fractionation is predicted by nucleon-exchange models, provided that the mass-fluxes 

in each direction are the same and that the interaction time is too short to permit 

subsequent equilibration. The much more asymmetric division observed, in the 

present work, for projectile-like fragments lighter than neon may be explained in 

terms of a unidirectional mass flow from projectile to target. In this case, the 

target, which captures high-velocity nucleons from the projectile, absorbs most of 

the excitation energy. This is, of course, what happens in direct stripping 

reactions. Such an asymmetric division thus does not require the assumption of 

enerqv equilibration and equal temperatures. 

Detailed experimental studies are current} y under way to learn more 

about the division of excitation energy in the primary fragments by measuring the 

charge, enerqy, and angle of the emitted light particles. 

V. Comparisions of Energy Spectra with Modf"!ls 

The overall similarity between the transfer and breakup components of 

the spectra for a given ejectile has already been noted. Unfortunately, neither of 

the two models discussed in the previous section is able to make predictions 

concerning the distribution of ejectile energies. Both models assume a dissociation 

of the projectile, so that the most probable ejectile energies correspond to the 

beam velocity. 

Predictions of the most probable velocity of the primary ejectile[29] can 

he made with Brink's semi-classical theor/35] for transfer reactions. This model 
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requires that the transfer process conserve linear ~nd a~gular momentum - the so

called matchinq conditions. In addition, Brink assumes that the transfer is 

oeripheral in nature, i.e., a qrazinq trajectory. Such conditions predict most

probable ejectile enerqies as shown in Fig. 28 for the 341-MeV 16o + 197 Au 

reaction. Also in Fig. 28, we have plotted the mean ejectile energies in our 

measured S=O events. As can be seen, Brink's model does not reproduce the 

velocity damping of the lighter ejectiles. 

The overlap model uses Brink's kinematic conditions but, in addition, 

requires that the transferred mass be contained in the spatial overlap of the 

projectile and target. This is quite different from the assumption of grazing 

tr:=~iectories anr:l, when used in conjunction with the matching conditions, yields 

mean ejectile energies in better accord with experiment. In particular, the 

systematic variations ~f ejectile energy with A (for fixed Z) and with Z (for fixed 

A) are reproduced. 

In order to analyze the experimental widths of the energy spectra, we 

need a model that can supply more detail than is obtained from the kinematic 

models considered so far. Such a model has been constructed by McVoy and 

NF>mes,r36] who utilize a local-momentum plane-wave Born approximation (LMPWBA) 

to predict the observed energy spectra of ejectiles produced in direct reactions. 

Their model is able to deal with transfer and sequential breakup as separate 

orocesses. (Specific calculations have been made only for the reaction 

208Pb(16o, 12c) at 20 MeV /nucleon.) 

In general, the LMPWBA predicts that the transfer spectra will possess 

larqer means and smaller widths than the corresponding breakup spectra. The 

smaller width of the ejectile energy distribution when the lost charge is transferred 

to the tarqet nucleus is unrlerstood in terms of phase space: the capture of mass 
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by the target imposes a constraint that does not exist for breakup, resulting in a 

narrower distribution. 

The measured 5=0 and 5=1 means and widths appear to be in qualitative 

aqreement with the above preciiction of McVoy and. Nemes for the heaviest 

ejectiles, where the transfer events possess a larger mean and smaller width than 

the correspondinq breakup spectra. However, for Z < 7, the experimental widths 

for transfer become larger than for breakup, in disagreement with their prediction. 

In their analysis, however, McVoy and Nemes restrict their LMPWBA to small mass 

transfer, arquing that large mass transfer is probably mediated by a different, or 

arlditional, reaction mechanism. 

Analyses of the energy spectra using other, more elaborate, direct-

reaction mociels would be valuable. For example, a DWBA based on the diffraction 

model, as applied by Mermaz et al./37] would seem well suited for analysis of few-

nucleon transfer, providing that ·the calculations be appropriately modified to take 

into account the low particle-decay thresholds of the relatively light projectile-like 

fraqments encountered in this work. In particular, the 5=0 energy spectra are well 

suited for comparison with a DWBA calculation since one knows that the spectra 

are uncontaminated by breakup processes. Furthermore, the excited states of the 

ejectile that must be included in the calculation are limited to a relatively few 

bound states. A multistep extension of the DWBA, the breakup-fusion model of 

r3s 39] Udagawa and Tamura,· ' could be used for the larger mass transfers. 

VI. 5ummarv 

We have used a 411" charged particle detector, the Plastic Box, to 

measure the relative importance of transfer and breakup in 11- and 17-MeV /nucleon 

?0 197 ·· Ne-inc1uced reactions on Au targets. At the lower energy, transfer is the 
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main contributor to the inclusive ejectile yields. Surprisingly, transfer is still 

prominent at the higher bombarding energy, though breakup is now found to 

stronoly influence the observed distribution of ejectile charge. 

The relative amounts of transfer and breakup in inclusive ejectile yields 

were founri to be rather insensitive to scattering angle at 341 MeV over the 

angular range 8-21°. At both bombarding energies, the inclusive fluor-ine yields 

were almost entirely due to charge transfer. The importance of breakup increased 

with decreasing ejectile charge, leveling off for Z ~ 7. In this region of massive 

charge transfer, pure transfer was responsible for = 60% of the observed inclusive 

yield at 220 MeV, and = 30% of the yield at 341 MeV. 

In order to make comparisons with reaction models, the experimentally 

determined breakup cross sections were used to make reconstructions of the 

primary ejectile yields. It was found that at both 11 and 17 MeV /nucleon, the 

overlap model[27] is superior to the sum-rule model[2B] in predicting the 

reconstructed primarv charge distributions. In making these comparisons, we have 

made the assumption (borne out by other experimental studies) that most, if not 

all, of the hreakup yield is sequential rather than direct. 

Bv calculating the fraction of the deduced primary yield that 

contributes to the inclusive cross section, we are able to calculate the survival 

fraction of the primary ejectile, i.e., the probability that the ejectile was produced 

in a hound state. The results indicate relatively large survival fractions even at 

3ltl MeV, and at both energies the probability of sequential breakup is slowly 

chanqing over a larqe ranqe of transferred mass and, hence, total excitation el"'~rgy. 
1 

This arques against an equal sharinq of excitation energy in the primary system. 

However, the data are consistent with an average excitation energy fractionation in 

proportion to the masses. 
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At 341 MeV, the energy spectra of the various ejectiles were compared 

hy extractinq the first four central moments (mean, width, skewness, and kurtosis). 

For a qiven ejectile, the transfer and breakup energy spectra were found to be 

very similar. When combined with Brink's semi-classical matching conditions, the 

qeometry of the overlap model yields[29] mean ejectile energies in good agreement 

with experiment. The experimental widths of the energy spectra for the heavier 

ejectiles are consistent with systematics predicted by McVoy and Nemes,[36] with 

transfer spectra beina narrower (Rs well as more energetic) than breakup. The 

reversal of this trend for the lighter ejectiles is believed to signify the presence of 

competinq processes. 
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Table Caption 

Table 1. Estimated contributions from sequential charged-particle decay of target

like fraqments. For each binary channel (PLF and TLF), the average ejectile 

enerqy ~mrl estimated total excitation enerqy is indicated, along with the deduced 

multiplicity of charged particles. 
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Fiqure Captions 

Fig. 1. The detector configuration is illustrated, including the relative positions of 

the tarqet, Plastic Box, anti one of the telescopes. The wall numbers used in the 

·.text are indicated in the figure. 

Fiq. 2. The pulse heights of inner wall (A) versus outer wall (B) are plotted for 

inclusive events in wall 112. Contributions from charged particles as well as neutral 

events are indicated. 

Fi(l. 3. The wall multiplicity, 5, is plotted as a function of the charge of the 

triqqer ejectile detected at 16°. The data are corrected for neutral events, but 

not for contributions from sequential target emission of charged particles. 

Fiq. 4. The distributions of charged particles in the walls of the Plastic Box are 

shm~n for various coincident ejectiles. The numbering convention is the same as 

that of Fig. 1. 

Fig. 5. The relative yield of 5=0 ejectiles is plotted as a function of ejectile 

charge, at the indicated angles. Results are shown with and without corrections 

for sequential charged-particle emission from the target-like fragments. 

Fiq. 6. The differential cross sections versus ejectile charge are plotted for 

various angles. The yields shown represent inclusive and 5=0 cross sections. The 

shaded areas represent the correction for target decay. 

Fiq. 7. Particle-inclusive angular distributions are plotted for various ejectiles. 

Fiq. 8. The angle-integrated inclusive yields at 341 MeV are plotted as a function 

of eiectile charge. Also plotted are inclusive cross sections measured At several 

other bombarding energie,; by the HMI group (Ref. 25). 

Fiq. 9. The decomposition of the inclusive angular distributions into transfer yields 

is illustrated for three ejectiles. The 5=0 data points are derived from the Plastic

Box work. 
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Fiq. 10. Inclusive cross sections are plotted as a function of ejectile charge. Also 

shown are the deduced transfer and breakup components. 

Fiq. 11. Particle-inclusive energy spectra are shown ·for various ejectiles. The 

arrows indicate ejectile energies corresponding to beam-velocity fragments as well 

as those emitted with the Coulomb energy. 

Fig. 12. The decomposition of particle-inclusive energy spectra is illustrated for 

two specific ejectiles. Inclusive spectra are shown, as well as transfer and breakup 

spectra. 

Fiq. 13. The central moments of the ejectile energy spectra, measured at 16° in 

the laboratorv: (a) mean (b) width (c) skewness (d) kurtosis. The moments are 

shown for transfer and breakup yields of (left to right) 6' 7u, 7' 9Be, 10' 11B, 

11,12,13c, 14,15N, 16,17 o, 19F, and 20Ne. Elastic scattering has been excluded 

from the 20Ne spectrum. 

Fiq. 14. The distri!,utions of charged particles in the walls of the Plastic Box are 

shown for various coincident eiectiles. The numbering convention is the same as 

that of Fig. 1. 

Fiq. 15. , The relative yield of 5=0 ejectiles is plotted as a function of ejectile 

charge, and at the indicated angles. Results are shown with and without 

corrections for sequential charged-particle emission from the target-like fragments. 

Fiq. 16. The differential cross sections versus ejectile ejectile charge plotted for 

various angles. The yields shown represent inclusive and 5=0 cross sections. The 

shacfed areas represent the correction for target decay. 

Fiq. 17. Inclusive cross sections are plotted as a function of ejectile charge. Also 

shown are the deduced transfer anr' breakup components. 

Fiq. 18. The enerqy of the lowest 8lpha-, proton-, and neutron-decaying states are 

shown for the most prominent ejectiles. 

Fio. 19. The reconstruction of primary ejectile yields is illustrated schematically 
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for the 341-MeV data. 

Fig. 20. The reconstructed primary cross sections are plotted versus primary 

ejectile charge, as dedueed from data at both bombarding energies. 

Fiq. 21. Primary yields at 341 MeV as predicted by the sum-rule model (Ref. 28) 

are plotted for several values of the 1 parameter. Calculations were performed max 8 using T=4.5 MeV, rc=1.5 fm, and .11=1.7 ~. The Be cross section has been 

excluded. 

Fiq. 22. Primary yields at 220 MeV as predicted by the sum-rule model (Ref. 28) 

are plotterl for several values of the 1 parameter. Calculations were performed max 
8 usinq T =3.0 MeV, rc=l.5 fm, and b.l=l. 7 ~ • The Be cross section has been . \ 

excluded. 

!="iq. 23. Primary yields as predicted by the overlap model (R.ef. 27) are shown at 

both bombarding energies. Calculations were performed using r
0

=1.4 fm, bR=0.65 
8 

fm, and b=0.3 • The Be cross section has been excluded. 

Fig. 24. The predictions of the sum-rule and overlap models at 341 MeV are 

compared with the reconstructed primary cross sections. 

Fig. 25. The predictions of the sum-rule and overlap models at 220 MeV are 

compared with the reconstructed primary cross sections. 

Fig. 26. The survival fractions are plotted as a function of primary ejectile charge 

at both bombarding energies. 

Fig. 27. The mean excitation energies of the primary fragments are calculated 

assuming either equal sharing of excitation or di visi_on according to the exit-channel 

mass ratio. Also shown are the energies of t:he first charged-particle-decaying 

states of the most prominent ejectiles. 

Fig. 28. The most-probable energies for 5=0 ejectiles are plotted as a function of 

ejectile mass. Also shown are calculated energies (Ref. 29) using the Brink semi

classical matching conditions as applied to either overlap (dashed) or grazing (dot-
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dashed) qeometries. 
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341-MeV 20Ne + 197 Au e =1 rP 

PLF TLF EpLF [MeV] • Etot (approx .) [MeV] ~2~ (exp. ) 

Li Rn 84 220 0.32 

Be At 110 200 0.28 

B Po 134 160 o. 1 9 

c Bi 170 140 o. 13 

N Pb 211 110 o. 09 

0 Tl 256 70 0.07 

F Hg 293 10 o. 03 

TABLE 1 
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