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I. ABSTRACT

The bombarding energy dependence of the 20%Bi » 13%xe
reacticn has been studied. Comparisen of the experimental
results at bombarding energies of 940 and 1130 MeV has con-
firmed our earlier finding that the energy-loss parameter is
the most suitable quantity to describe the time evolution of
the reaction. 7The bombarding enargy dependence of the rela-
tionship between energy loss and the width of the charge
distribution suggests that the Pauli blecking of occupied
single particle levels is an important effect, leading to a
smaller dispersion of the fragment Z distribution for a given
energy loss than expected from classical theory. In order to
study in more detail the effect of Fauli blocking on nucleon
exchange and dissipation mechanisms operating in heavy-ion
reactions, all such available data for damped nuclear reac-
tions has been systematically analyzed. The observed corre-
lations between the energy loss and the variances of the
fragment A and 7 distributions are understoed on the basis
0f a nuclecn-exchange-induced dissipation mechanism, if
account is taken of the Paull exclusion principle., This
interpretation of the data suggests that nucleon exchange is
the dominant mechanism for the dissipation of kinetic energy.

In order to study isobaric charge distributions Ulz{A]
and isotepic mass distributions ¢ﬁ2[2) as a function of
various parameters, the fragment yields for specific Z and A
have been measured for projectile-like fragments produced in

the reaction of §.3 MeV¥/u 55Fe ions with targets of SEFE,



lﬁsHﬂ, 2ugBi and ZEBU. Analyses of the variances reveal

that a2 saturatien value of uzz[A] 2 0.8 is reached within
the first 30-50 MeV of energy loss and a saturation value
of aAZ{Z} = 3.0-4.0 is reached after about 60-80 MeV of
energy loss. These data are compared with various N/Z equi-
libration models. These studies have led alsc to the dis-
covery of a number of new neutron-rich isotopes of 5S¢, Ti,
V, Cr, Mn and Fe.
Time distributions of fragments from delayed fission
after muon capture have besn measured for muonic 235U, 238U, /f

23?NPJ239P“ and 242P

u. Comparison of these data with pre-
viously measured lifetimes using muon decay electrons, neutrons
and y-rays emitted after muon decay indicates that the observed
systematic discrepancies are due to atomic muon capture by
fission fragments after prompt fission induced by tadiationless

muonic rransitions.




IT. INTRODUCTION

The research activity of the group supported under
United States Department of Energy Contract EY-76-5-02-3496.A005
is focussed on two outside-user programs. The principal program
is a study of heavy-ion reaction mechanisms at the SuperHILAC
accelerater of the Lawrence Berkeley Laboratory. The other
program is concerned with a study of mucn-induced reactions on
heavy targets at the Los Alamos Meson Physics Facility - LAMPF.

In Sectien III, preprints of five articles and manuscripts
of four recent conference papers are included. Thesa articles
describe some of the current sxperimental and theoretical results
of our research group. A more <omplete listing ¢f the Publica-
tions and Activities of the group is given in Section IV,
Scientific Personnel are listed in Section V.

The principal investigator has devoted 40% of his time
during the academic year and 100% of his time during the summer
to this contract and expects to continue at these rates during
the remainder of the current term. Research Associates, J.R.
Birkelund, W.U. Schrdder and W.W. Wilcke have devoted 100% of
their time to this contract and will conmtinue at this level
for the remainder of the term. Research Associate H.J.
Wollersheim joined the group on Nov. 1, 1979 and has devoted
all of his time fe this contract and will continue to do so.
Graduate students, A.D. Hoover and L.E. Tubbs have devoted
100% of their time to this contract and will continue at this
level for the remainder of the can£ra:t period. Graduate

student, R.A. Atcher received his Ph.D. degree during this



peried and is now a postdecteral fellow in nuclear medicine
‘at Harvard. 'Graduate student -J.P. Kosky joined our research
group in June.

To. the best of our knowledge we have complied with the
. contract requirements. It is a pleasure to "acknowledge the
direct support of pur research programs by the United States
Department of Energy. In addition, we are'grateful to the
National Science Foundation for providing indirect SUpport
through the use of the facilities at the Nuclear Structure

Research Laboratory.
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ABSTRACT ;

Time distributions of fragments from delayed fission

235 238

after muon capture have been measured for mucnic U, U,

237 239 242

Np, . Pu and Pu. Comparison of these data with pre-

viously measured lifetimes using muon decay electrons, neutrons
and y-rays emitted after muon capture indicates that the f
ebserved systematic discrepan:ieé-are.due to atomic muon capture
by fission. fragments after prompt fission induced by radiztion-
less muonic transition., The deduced capture rates are éampared

with thegretical models, and very good agreement is found with

a giant-resonance excitation model.

235 ZSEU 357 239

RADIQACTIVITY Muonic ztems “7°U, Np, Pu .
and 242Pu. Measured fission fragment time distri- |
butions,deduced total mucn-capture rates and isotopic
effect, present data compared to lifetimes based on

all other decay channels.




I. INTRODUCTION
The interaction of negative muons with actinide nuclei

‘has been.studied by numerous gxperimentsl'l2

in recent years.
These heavy muonic atoms ate of particular interest because
" theories on muon capture rates, which hzve been applied success-
fully for lighter nqclei, can be tested more stringentiy with
very neutrun;rich,heavy nuclei.

Experiments. designed to determine the cépture rate usuyally
measure the time difference between the arrival of a muon in
the target and the appearanceé of any reaction product associated
with the capture of the muon by the nucleus. Since muon-capture
excites a heavy nucleus on the average to approximately 15 MeV,
various reaction products including neutrons, fission fragments
_-aﬁd y-rays can be observed. In .addition, it is possible to infer
the muon-capture rate from the time distribution of electrons
‘emitted in the leptonic decay of muons in the 1s state of a muonic
atom. It was éenerally assﬁmed that all these methods yield the
same lifetimes for a particular mucnic atom, but it soon became
obvious that lifetimes measured by detecting fission fragments
emittad after-muan capture were consistently slightly sherter
-than lifetimes determined with any other method, Had.ermanﬁl3
pdinted out the likely cause ¢f this discrepancy: It is well
known that 'prompt fission' may cccur during the atomic cascade
of a muon.to its ground state due to a radiationless transfer

. of the muonic transition energy to the nucleus. In the course

of such a prompt fission process, the muon may become bound in
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k an atomic orbital of one of the fission fragments and may later
be captured by the fragment ar underge leptonic decay. In a
singles experiment as described abeove, electrons, neutrons and
y-Tays resulting from muonic fission fragments cannot be dis-
tinguished from those stemming from muocn-capture by the actinide
nuclei., Hence, the time distributiens of slectrons, neutrons
and y-rays consist of a superposition of two expomential compo-
nents. The characteristic lifetimes are 70-30 nsec¢ for muonic

14,15 for

actinides and about 130 nsec heavy muonic fission frag-

ments. The capture of muons by the light fission fragment does

14’15. However, the statistics

occur only with low probability
of most experiments is not sufficient to zllow a distinction

of .the various components of the meaéured.time distributions

such that least-square fits assuming a simple exponential decay
law for these distributions will yilield lifetimes that are too
long.

In contrast, because muon capture by a fission fragment
cannot induce fissien of this fragment, time distributions of
delayed fission fragments produced by muon-capture are not dis-
turbed by prompt fission events. ' There afe,'hnw!ver, twﬁ second-
ary effects that lead to insignificant contamination of these
time distributions: The radiationless atomic transition of a
muon can cause the emiSSiqn of one neutron from the target nucleus
before subsequent fission of the daughter nucleus cccurs after
mucn capture. This process has a probability similar to prompt
fission, but since the lifetime difference betweeﬁ twe neighboring

isotopes is only about 1.5 nsec for actinide nuclei (as estimated
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11 of 235'2331.1 and 239'24'21’1.1], the effect of this

from a study
admixture on the lifetimes deduced is more than one order of
magnitude smaller than the effect of prompt fission on measure-
ments of electrans,nﬁutrons and y-rays described above, and is
well within the statistical uncertainties of all experiments
performed so far.  The second mechanism that may affect the time
“distribution of fission fragments is the possible excitation of
shape-isomeric nuclear states during the muonic cascade, as

16. A gquantitative discussiunl1 shows, how-

suggested by Bloom
ever, that the influence of this effect on the meaasured life-
time is very small.

Muon capture by fission fragments as propesed by Hadermannl3
and delayed fission after prompt ﬁeutrnn amission, hewever, have
- been observed dirgctly in coincidence experiments, where the

- -.n = - ' » = = . - 14
emission of fission fragments in coicidence with decay electrons

and neutrunsls was measured. In addition, a measurement ! with
- very good statistics confirmed the presence of a long-lifetime
component in the singles time spectrum of neutrons emitted from

mionic 239

Pu. Therefore, it is concluded that measurements
epploying the axperimentally rather = - unambiguous fission
technique are reguired tn'prafide meaningful data on muon cap-
tﬁru rates for actinides that can be compaTed to theoretical
models of muon capture. Coincidence experiments would be even
better, but their statistical =zc¢curacy is iﬁherently lower than
that of singles measurements. Since the effects of prompt neu-

tron emission end isomeric-state excitation on fission time

distributions are negligible, the present study of singles fission
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measurements was initiated with the aim of obtaining data of

high statistical accuracy.

E1. EXPERIMENTAL PROCEDURE
The experiments were performed using the stopped-muon
channel of the Los Alamos Meson Physics Facility (LAMPF). Muons
from the channel passed through a three-element plastic scin-
tillator telss:npeland were stopped in a fission chamber con-

taining nime Ti feils, on which the actinide targets [235’233U

ZSTHP and 239,242

¥

Pu) were depesited as 0.5 mg/em? thiek oxide

1-12 4 dicated

layers. Since 'inspection of previcus experiments
that systematical errors are frequently more important than
statistical ones, care was taken to minimize the latter by
measuring three isotopes simultaneously. As shown in Fig. 1,
three foils carrying one particular isntnpe.fnrmed an ioniza-
tion chamber, and three such chambers constituted the whole fis-
sion chamber. All timing signals were processed in the same
time-to-pulse-height converter and the same ADC, using routing
signals to distinguish the ionization chamber that had fired,
‘Time calibrations were performed frequently with several inde-

| pendent methods. 'In addition, only two isotopes were replaced
at a fime, so that the third isotope remaining in the chamber
served as an additiomal cross check for the consistency of the

results for different runs. A typical time spectrum is shown

in Fig. 2. The data were analyzed with a least-squares code
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and a fitting function representing an exponential distribution
on a constant background. A trial fit assuming two exponentials
failed to find a second lifetime component in the spectra, as

was to be sypected.

ITI. EXPERIMENTAL RESULTS AND DISCUSSION
The experimental results are compiled in Table I along
with all previcusly published data on mueonic actinide lifetimes
Ty + The indices e, n, vy and f refer to electron-, neutron-,
vy-ray~ 2nd fission fragment measurements, respectively., The

. 17,22

weighted averages ¥ + ¢ have been calculated by weighting

the data 7. ac¢cording to the published error v, &£ o, using the

1 i 1
following equations:
L{r./a,?
e T ) (1)
E(1/a;?)
£ty - i}zfaii 1/2
a E(n-l):{l}uizj (2)
o = (2(1/0;2)) /2 (3)

g = max (o,,ap) {4)
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Eq. (Z) for the error T s of the weighted mean can yield unphysi-
cal -values for very small samples. Therefore, o; was. introduced
which sets a lower limit for ¢ based on the published errors.
Inspection of Table I shows that for all isotopes the averaged

n’ TT ur Te‘.

‘lifetime §f i3 shorter than either =<
Although there is no questicn about the occurrence of mucn
capture by fission fragments, it has not been shown that this
mechanism is the only one responsible for the differences between
measured lifetimes. A gsystematical study of all mucnic actinides
nay be helpful to shed iight onh this question, since & monctonic
. increase of the {positive) difference LI ff is expected with
increasing probability for prompt fission, if nuon capture by
fission frégments ware the dominant contribution to these differ-
ences. It is-possible to define 2 characteristic. parameter
allowing a systematic c¢lassification of muonic actinides. Such
a suitable parameter is represented by the product of the proba-
bility of a radiationless muonic transition and the fissility
" of ‘the target nucleﬁs. As has bheen shown by Zaretski and
18

Novikov™™, the ratio of radiationless to radiative transition

'probabilities is given approximately by

N

o Za £s)

2

where ¢ = e2/¢ is the fine-structure constant, The probability
of fission after a radiationless transition depends in a2 compli-
cated way on the detailed shape of the double-humped fission

barrier, which is augmented in the presence of the muon. It is

-t
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assumed, however, that the general trend of the fissility be
still given by the liquid-drop expression for the Fissilityl®
¥ v Z*/A, Combining x with Eq. 5, one obtains a suitable scale

p(Z,A) for discussing the lifetimes:

. . 2273 -{s}
T_o,*Te  50.13 A(l+ Ia)

In the upper part e¢f Fig. 3 the difference LR of lifetimes
is plotted versus p.” Except for ZSZTh: the difference t - Ef is
saen ta iﬁcrease with increasing values of p as expected, if

muon caprure-by fission fragments were the dominant cause of

the lifetime differences. It is knewns, however, that the prompt

fission probability of muonic 242p,,

ZSQPu'

is very large, even larger

242Pu

than -that for- Hence, the high value of - Ef'fdr

is understandable, but the result for 232

mown 252

Th is puzzling. It is

that Th has a very low probability (5 - lﬂ-q) for

prompt fission, which is cornsistent with ite low p-value. There-
fore, muon capture after prompt fission cannot explain the large

diffaersnce of the lifetimes. It should be pointed out, however,

that the weighted average of te for 2521y,

'measurementlz. More data .are needed to firmly establish the

ig dominated by one

abnormal behavior for >°%Th shown in Fig. 3a.

As has been discussed in the introduction, both electron
and neutTton measurements are influenced by.the occurrence of
prompt- fission, whence the difference of lifetimes ¥ - 7, should
be small. This difference may be non-zero, however, since the
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two methods are of different sensitivity to the admixture of
events resulting from muon-capture by a fission fragment: The
multiplicity M, of neutrons emitted after muon capture in a

20

B-5table nucleus of mass A is approximately given by

Moy 0.3 al/3 (N

In additien, the muen capture rate decreases rapidly with
dacreasing atomic mass, whereas the muen decay rate remains
essenptially constant, Thus the ratio of electron-to-neutron
multiplicity is about twice as high for heavy muonic fission
fragments as compared tc muonic actinides. Therefore, the
difference " Th sheuld increase slightly with p, consistent
with experimental results shewn in the lower part of Fig. 3.
With the pessible exception of 232Th, the systematic comparisen
of the data indicates that muon capture by fission fragments is
the dominant contribution to the differences in lifetime. There-
fore, 1, represents the best approximation to the true lifetime
of 2 muonic actinide.

The experimental results may be compared teo existing theories
for muen capture rates A, that are related to the measursed life-

} = 1 %%P, R (8}
T, a

Here lc ts the free-puon decay rate, and R (~ 0.55) accounts for
the reduction of the decay rate due to effects of atomic bindingza.
Two theoretical approaches have been applied to the study of

much capture rates in the actinide region. The well-known
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Goulard-Primakoff farmalistl has been proven useful in pre-
dicting muon capture rates over a wide range22 of isotopes and

provides a <losed-form equation for the rotal muon capture

~

rata IGP:
GP _. | T PO T
A ek - 2Lz - N
H N (9)
A A - 27 A-2 . |Aa-2Z]
1-0.05=2= 4+ 0,25 A22% _ 35 24
* 1 22 27 S TelM Tow el

The notation is that of Ref. 11. A comparison of the Geoulard-
Primakoff predictions to the experimentally observed capture
rates igfgivén'in-Tabla II. . The predicted rates are systematic-
ally smaliEr than the measured ones. The chlardfPrimaEfo
CApture rates are proportional te the valus of zaffu’ which

has to be calculated independently, but.a comparison of sevesral
isotopes of the same element, which nearly eliminates the depen-
dence on E;ff,,indicates that this theory consistently overrates
the sensitivity of the capture rate to the neutron axcess. In

123

the alternate mode of Koztowski and Egliﬁéki the capture mech-

anism proceeds solely via the excitation of giant-resonance
states, The transition amplitude.ﬂv is given by the coverlap

24

integral of Pustovalov's muon wave functien®® and the neutrino

wave function within the nuclear volume with an isovectsr transi-

tion operator and puclear wave functions taken from the hydrody-

namical medel?>, Multipolarities L from monopole to actupole |

are taken into .account, and the total muon cCapture rate AKE is

the sum of the rates for sach multipolarity:



m 2 2
Ko g2 ¥ M) | (10)

26

This model has been-applied”™” to the nuclei under investigation

(Table II), and the agrsement between theor? and experiment is

excellent. It has been shﬂwnz? 16

that for light nuclei (e.g. Q)
the giant resonances are very effective doorway states for muon
capture. In heavy nuclei, however, numerous non-collective
states at 15-20 MeV excitation energy are expected to exist,
which alse fulfill the spin and isospin selection tules of the
opertaters describing muen capture. Therefore, it is rather
surprTising that a model which incorporates only giant-resonance
states describes the capture ratas 50 well, It appehﬁiiﬁpurtant
to check other consequences of the propossd capture mechanisms
"by experiment. Measurements of the neutron multiplicity and
energy spectrTa after muon capture in actinides currently under

way will yield information on the excitation energy spectrum

and can be compared to this model.

This work was supported by the U.S. DePartment of Energy.
‘We ‘would like tg thank the technlcal staff of the Los Alamos
Mesaanhysics Facility and especially L.E. Agnew and B.R, Rector
for their'hnspitﬁlity and assistance, and J.G. Povelites for

preparing the targets.
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TABLE I. Experimental lifetimes in msec ¢f muenic actinides
deduced from measurements of decay electrons [te), neutrans
[Tn], capture y-Tays {tT) and fission fragments [rf). As
discussed in the text, the electron, neutron and y-ray life-
time measurements yield values systematically too high,
because these three measurements are sensitive to contributions
from muon capture by fission fragments after prempt fission.
The 1ifetimes 1. deduced from a detection of delayed fission
fragments, however, dare not affected by this effect. The
weighted average if of the fission lifetimes is therefore
believed to represent the best values for the true muonic

actinide lifetimes.



TABLE I.

Isotope Te e *n Ty Tf T
232, 80.4% 2.02 74.215.6°
76.2+2.00  78.8+¢1.4  80.)1+0.601 ; 87.0%4.0° 77.4£0.%
77.310.312
233, - - : ] 61.7 1 3.8% 61.7+ 3.8
781 42 65.3+ 2,84
| &
235, 75.431.92 75.9% 1.7 75.0% 0.711 ; 66.5¢ 4.2 22.6¢ 1.5
75.6% 2.35
72.9+ 0_93
B8 £ 4! TR.6+1.59 74,12 2.8%
81.5+ 2.02 8.7+ 3.5 78.3« 1.0 79.1+0.5'0 75 6+ 2.9%
238 76.02 1.06 77.2+ 0.2
3
73.52.0 i 77.1% 0,212
79.0 0.5 77.9% (.58
B B
237p : - 73.5% 1.411 . 72 t2 71.4 % 0.8
71.3+ 0.9%
230 77.5¢ 2.02 74 £ 147
Pu 73.4% 2,383 76.1t 1.9 74.5+ 0.511 - 70 + 38 70,1+ 0.7
70.1% 0,72
79 1 48
242 i} _ 11 75.5x 0.9
Pu Bl.1+ 0.7 ] 5.4+ 0.5

Present study

_zz-



TABLE II.

~Z23-

Comparison of experimentally determined mucn

capture rates 1exp'with the predictions of the Goulard-

Primakoff [AGP} and Koz¥owski-Zglifiski

(LKIJ theories.

Units are 10° -1

Isotope A BXP 1GP hK:
324y, 125+ 1 110 124
233 158¢ 9 131 .
235y 154+ 1 122 134
238 125+ 1 108 122
237 137+ L 123 138
433y 139 ¢ 2 129 139

242, 129 ¢ 2 116 128
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FIGURE AND TABLE CAPTIONS
Fig. 1. Schematic drawing of the figsion ionization chamber.
The insert shows the arrangement of the target foils used to
avoid cross-talk between different sets of foils: The foil on
" the left is part of the adiacent electrically decoupled chamber
which uses.the same gas valume. ' -

Fig. 2. The experimental fission-fragment time distributien

far muonic 339Pu.

The. psak ipn the region near t = 0 corresponds
to prompt fission events ¢caused by radiationiess mueni¢ transi-
tiﬁns. The horizoatal dashed line represents z £it to the
background to negative gnd large positive times. Tﬁe curve drawm
through the data points represents the sum of the exponential

and the background distributions.

Fig. 3. . -The upper part shows the difference =« _- ifuf the 1ifa-

n
times measured by detecting neutrons and fission fragments,

‘respectively, after muon capture, pletted versus the product p
of liquid-drop fissility and probability for radiationléss
transitians.. Large values of this quaptity, which is an approx-
imate measure for the prompt fission probability, are correlated
- with large lifetime differences.

The. lower part shows the lifetime difference ie T
betwgen results of experiments detecting alectrons and neutrcnéj
respectively. Since 7, is more sensitive to centributions fron

mucnic fission fragments than 1 this difference is also weakly

nl
correlated with p.



-25-

b ..

Cd SHIELD AGAINST

THERMAL NEUTRONS BNC
FEED-THROUGH
(QTY:3)
e— LIGHT PIPE
LIGHT PIPE —
DETAIL
INSULATOR ; IEIE:E b AT
l . % 1 :
¥ H
R
HIHE .
N $ N 1\ {
u s .H:;\\'
BEAM " BACKING \
..’1‘ TARGET
4 ’ MATERIAL
4 AREA OF DEPOSIT
SCINT. 3 N SCINTILLATOR 4
N
L KAPTON EXIT
. WINDOW 0.04mm
. KAPTON ENTRANCE
WINDOW 0.04mm GAS HV
| FEED
Ar-CDz

Cd SHIELD AGAINST
THERMAL NEUTRONS

SIDE-VIEW

Fig. 1



7 "By

Ga7-4182

COUNTS/CHANNEL

10*

S
[

O
1]

10'

239 Pu +P'

oo 239py( 4 f)+bkgrd
— 2%y, f)
--- bkgrd

i | |
100 200 300
t(nsec) P



-

Il 0074307

€

5

4

T, - Ty (nsec)
4

Ny

O

Tp - Ty (Nsec)

-27-

| i 1 )
242 PU

B 23‘3Pu—

235U 3
- 2327 23Mp -
3 % 238U i

: : ] ?
i 238 )
3 zsspu'
i 235 _
_ N

232+, /_4:
B ¢ e T mm m_— i D et =

1 | 1 ]
0,28 Q.29 Q.20

P

Fig. 3



28~

B. Manifestation ¢f the Quantum-Statistical Nature of
Exchange and Dissipation Mechanisms Operating in

Damped Nuclear Reactions
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idfnstation of the Quantum—3tatistical Wature of Exchangs and Dissipatlon Mechanisms
wvating in Demped Huclear Reactioosw

. U. Schroder, J. X. Birkelond, J. R. Huizenga and W. W, Wilcke

Dapartments of Chemistry and Physies and Wuclaar Scrusture Easearch Laboraktory
Taiversity of Rochestar, Rochester, Waw York 14627, USA

and
J. BRandrup

fuclear Science Division, Lavrance Serkaley Laboracory
Barisaley, Califormia S4720, USA

ARSTRACT

Syatematic properties of digsipaticn and nucleon axchange zechaniswms agsociated
th dampaed ouclsar rezctions are obtaiced from availzble data. It is shown chat cor=
relatious betwesn anergy loss and varlances of Che fragment & apnd 2 discributions,
which are not understood in a classical approach, find a narural explanmsacion in terms
2f a vucleon axchange mechanism in which the Pauli exclusion primciple plays a crucial
rela. 4 good avarall description of experimeatal data is achieved wich dynamical cal-
eulations taking account of the formation of a1 neck between rche rmaction partnaers,

1. Incroduction

Despices the comsiderabls progres2 sede durdag recant years in understanding che
damped-nuclear reacticm aechanism, several of ics oost characecariscic featuores have
_ 50 far escaped a consisten: theorstical descriptien’. Of particular inturast azs the

correlarions betwaen enargy dissipacion and nuclaom exchange observed for oany systeas®,

This axperimencal evidemes 1z in accovrd with the assumpetion of successive axchsnge of

muclaons proceading simmlzanconsly wich dissipation of relative kinatic energy 1in many
© small steps.

Experimental stydies of Lizhe pareiclas?! emisted in damped nuelear reactions indi-
care that thermalizaciop of che Fragments occeurs during tha reacticon time, for the re-
latively Llow bowbarding sznergies under comsideraticm. Wuclesar temperatures ceached in
thase raactions, ¢f tha order r=2-3 MeV, are small compared ¢e the Feurgpi enargy
(Ep=~37 eV}, In this regime. charzcterized by i nucleon mean free path comparable to
the dimepsions of the system, one expects thgt approaches involving the cuclear oean
'fiald may lead to adnquzte models of :he peclei and auciear intaracticns. In the
Follewing, classicalls+?:* and quantal® medals of enerzy dissipation zaediared oy nuclesn
exchangs are dissussed thar ars based on such one~body assumptions.

2. Classical model of encrgy dissipacion and suclesn axchange

1n a phencwenclogical approach described recencly” use was zade of the microscopic
timge scale provided by the exchange wmechanism to derive i dissipation rasce

- dzfd}:ﬂ = (afw)a & (1)

*
Wotks supportsd 37 the U.5. Deparvment of Esergy
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with respact to the gumber M, of nucleons exchanged. Here, Eo€up-Ve,y,)=Erqse 15 the
available ralarive kinecic ensrgy above the Coulomp barriar Ve,,i, @ ig the nucleon
mass and U is the reduced masz of che dinuelaar system., The coefficient a conwveys
inforpation ao the chatractar of the dissipetion mechanism. Ik would be unity if all
dissipatien wetr due to the recuil induced by the exchange of classical particlaes which
are inicially either at rest or move with their Fermi veloeify. The prezence of addi-~
tional dissipation cechanisms would yield increased values of «.

Under the assumpcion that & remaing approximately constant during a given collisicn
tralectory, Eg. (1) may be integratad yiclding

Eross = {Em—?cﬁul}[l-m(—{mfu}ﬂﬂex}] (2}

Los

Whereas the anergy By,., dissipated in the teaction may be approxinataly related to tha
maasursd reaction O~valua, there is oo umanbiguous way to infer Hax Erom cxperimental
observables, although varfous relations becween N, and the variances d,% and qzz of
the fragmenc A and Z distributions have been suggested''®. Without restricting the
genarzliey of the conclusioms to be drawn balew, in tha following it is assumed that
Nex=da®. Lf culy Gz° Ls known, 0,° is estimated from the relacion gp’=(a/z)%0y’,

whera A and 2 apply teo the disucladr system.

Flg. 1 shows the resulting fits of Eq. (2) to the experigental*:’ correlacions
97 {E,ag) £oF the reaction *' Bi+!7%%e at 1130 and 940 MeV. As can be seen, an ade-
quate ceprasentation of the datis is provided by Eg. (2}, with a coustanc value of a
up to enezgy losses close €o the initially available energzias Eg=E.yu~Yiaoy] indicated by
arrows. Bowever, it 13 observed that o decredses from3.2 €6 l.4 as the bombarding energy
i3 inereasad from 940 to 1130 Me¥. 4 similar bahavior is borne out by all ocher rezc=
tions gtudiad's*s7:'? sz dememstrated in Fig. 2 axhibicing the dependence of o on chae
approach sasTgy par muclecn [an}U‘={nfu}Eﬂ. The solid curve drawm through the data
points smphasizes the average trand whick is alrsady rather wall defined by Lhe threa
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ts? for the reaccion '“*So+"“Xr. Sigmificanc deviations frem the average are

ed for the r-lativnlg asymecric systems® assoclaced wich the Sra projectila,
s well as for the 2'%e???y peaceiont®. Waither a2 dependence of o on the bombarding
nergy oot on the system 1s axpectad from tha above <lassical model which is based on
winemaric ¢an$1d==at1nus‘ Actribucing this Feature to the existencs of 2ddiftiomal
‘iasipatisn mechanisns 1% or nuclear structurs effscts'’ resulted ic a mers parameter-
zaticn of daca, lacking @ profound thesretical basis.

2. ntup=-statistical approach

dlchough the imsufficigney of the classical madel presencs s challenge fo cha
validity of the basic dissipation mecshaniszm, its failure to acoount for the data may
esule from the unjustif;ed assump:idn of classicality of the processes ipvolvad. A
uantum-statistical medel’®:!® prepased recently describing anergy dissipation asssciated
with the sxcbange of cucleons between two almost degeparace Farpi-Dirac gasas in slow
elative moeticn offers a more meaningfyl cesg of the underlying reaction mechanism.

In this wodel, che wass drift coeificient V, and the dissipation vate -E aze
ivenr by

v, " da/de = F&H (EFJ

- = dE /it = -:m’},‘.n‘{st {1

ere, € dud Fy axe the nesn and the diffsrence of the cwe Fermi levals, respectively,
-he form factnr N” represents ghe differential current of auclecas between the two
gases. The quanctity w = Fy - U-p is the amount of lacrinsic excitacien produced by
he exchanga of & cucleon with the inttinsic souwencum p. and che brackers dencce an
 verage aver the orbitals in the Fermi surface, the only ones participaring. Whereas
"affucts of che Pauli exclusion principla cancel in the ealenlation of the one=bedy
uantities im Eq. (3), the mass dispersicm GA= dapends explicitly om such Pauli corra=
Ations. In the model, its rate of change is determinad by

e L gq2/qr = oen”
nA 5 daa!dt Ty (EF} {4)

Bere, t% = <(1/2)w cotb(w/3T)>p iz measurs of the zmergy lotexval «round the Fermi
level comtributing ze e:change processes, and T is the ordioary ouclear temperaturae,
Fhis effective temperazura T* dapends oun both the available and alresady dissipated
ralative kinetic energy and, hence, intruduces a bembard ing-energy dependence of the
agxchanga processes, due to che action of the Pauli principle. Fig, 3 shows values of
t* for the reaction 29%Bi+!?%Xe ar etwo boobardimg emergies calculatsd 24 a functiem of
enerzy loss with the dynamical medal daseribed balow. As sesn from Fig. I, T cmm
initially be rather large but approaches the auclaar temparature T for high snargy
losses with 3 rate depending on the bembarding soergy. Oume interssting consedquands
of this behavior is the relatively small drifr predictaed oy tha Einstein relatiom
'\r& =~ D, F,/T*, as compared co che classical relaticn v, = O, Fu/T.

Qf interest to the classical model refarred to esarlisr 13 che quancicy
= = (u/m) d4(in E)fdﬁli, relared to the slope of the experimencal correlations
Etusstaaé} exhipiring the previcusly unexplained pombarding-energzy dependence,
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-] Sjrﬁnm with ‘E‘A_ﬁd, i.e. a gpegligible driving force, and peripheral collisions, J
Eqs. (3) and (4) predice a dependence .

oo T?,-‘ (z2tm) : {3)

wvhara Tp I1s tha Fermi kinetic e#mergy. Tais relation predices ap approwimace universal
bombarding-energy depandepce of &« for systems

coran - ' wich Fa~0. Values of ¢ increasing stromgly
® ' iﬂlﬂ ] I:.':E ! with decreasing bombarding anargy are exvectsad,
Bi+'"°Ke a behavior observed experimentally {see FTig. 2).
s . m— E a1 30 MeY T : Diffarent systems at aimilar bhombarding energies
— s B oot FOOMaY per nucleen above cha barrisr exhibir differeot
- 4 TE T AT OISTANCE CF T wvaluyes of o to che extent that the corresponding .
g " CLASAT Anmaucn valuee of F, differ.
— 3
. The bombarding-energy dependencs of the ralatien
o 2 T - . between nucleon exchange snd energy dissipation
M et as teflacted by Bq, (5) is encirely due t2 the
1= \“::f-f'F . - Farmicu nature of the exchanged nucleons. The
Lt ' classical expressions derived earlisr  aze te-
o ’ 1 y ! 1 gained in tha limic whers the Pauli principle
v} G 103 150 W3 o is relaved, yialding a = 1.
EiossiMeV]

Fig. -3

W Dyoamical calculzfions

~ Simcs che rough esgcimare represent:d by Eq. (53) velies on a number of idealizatioms,
2 more cefined approach is takem in this work by performing dyeamical <calculacioms of '
collizien erajactorias in a coordinare zpaca including the fragment-mass and —charge
asymeetries. The dinuclear complex {s paramecarized by two spherical auclai joined by
a ¢vlindrical neck. Conservarive forcss are caleulared from droplet-model mas=ses, the
Coulemb repulsicon and che surface and proximity energiss of che veck region. Enargy
dizgipacion 12 provided by the nueleon axchanze oechanism (of. Eq. (3)), tegether with
the damping due to the seck motien approximaced by a wall-cype dissipation formula.
* Inertlial forces are calculated for twe sharp rigid spheres. " Ezergy loss and the accumu-
. laced varlances ¢A1 and #zz'art obtained from integrating slong the trajacrory the dissi-
pation- fumcticu and the diffusion sceafiicients, respectively, za given by tha model. The
corresponding form factors emploved weres those calculased by Randrup® but modified ca
allow for the formation of a peck. ' Sousistent wich che droplet model, account waz Caken
of a meutron skip of rthe vuclear macter distribyriom. Thisz resules in thegrecical racios
dﬁifaé that may axcsed the values (4/Z)% for low hompardimg energies ar small energy
logsses. The various aspests of the medal are discussed in detail elsawhere®:'*:!?,

Typical tesults of the caleylations (full gcurves) ars compsred Lo experimenr in
Pigs. 4 and 5 For the resctions ' '3i+'?%Ze [Ref. 7], *°?Bi+"*Fe [Ref. 9] and '"'AokiiFe
[8ef. 12], that are associated with m-values far in exgess of the classizal limir. &
- good reproduction of che data is achiewved for 18985413937, 2t 940 MaV. For systams suc
25 1%8i+%%Fe and 5790+ %7 dapicted in Figs. 4 and 3, whers the stacic driviag forvce
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in the classical limie, the Pauli principle is
egsencial co the good agresment between data

and the gquantal model.

For Ttelazively high

amergy losses (Eppee » 100-150 MeV), predic-

frem tha dara, as Is expeacted frow che

gimplificstions made in the modal.

‘tions ¢f the quancal model deviate somewhat

Only far

. the reaction 2390+23%y, for which dominating
sequential fission of beth reaction partners prevenis dirTect measursment of primary
? or A distribuciocns!®, the modal results in a poor description of the data.
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In summary, it has been shown that the pravigualy waexplained bowdarding-eaergy
_ dapendence of the correlations betwesn measured qnergy loss and fragment mass disper-
=100 can bha undarstocd in terms of a pucleoa exchange mechanism in which the Pauli
sxclusion principle plays a crucial rola.
of 4 dynamical modal based on this approach further eaphasizes the dominance of che
avbody transpert mechanioms operacing in damped nuclezr reaccioms, wichout the
necessity to assume further processes of anergy dissipation.
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Bombarding Ecergy Degend:nca of Nucleon Ex:hanﬁe and _
Energy Dissipatiom ip the Sctrongly Damped Reaction 9ni + 136gan

W.W. Wilcke, W.U. Schrider, J.R. Huizemga and J.R, Birkelund
Drpartments of Chemistry and Physiles:
- Muclear Structure Researeh Laboratory
Universicy of Rochester
RBochester, New York 14627

J. Bandrup
Nuclear Science Division
Lawrence Berkaley Laboratocy
Berkeley, Califormia %4720
I. Introduction

Althomgh considerable progress has bean achiaved in the understanding of

- atremgly damped reactioms at enargies severil Ma¥/u above the Coulomb barrier,

some important axperimental results are not yet_clearly wmderstgod.

imemg these is the degree of cn:relltian batween the puclegon =xchange and

. the largs enerzy losses obaerved. In & modell proposed by Swiztecki nuclesns-

upon crussing a window betwean tha colliding nuclei-deposit their relative memeatum
within the recipiept nucleus and thus convert kinetic energy of relative motion

.into intrinsic sxcization energy. Although such a mechapism is comsistent with

expaerinenctal data, it has not yet besn proven that energy loss induced by nucleon

-a@xchange is so dominant 3 mode of dissipariem as to exelude other mechanigms

such as the ercitarion of isoscalar gismt Tescnaness. Investigatiom of the
bombarding-energy dependence of resction phanomena is expectaed to yiald essential

information bearing ¢m this question. TIn the following, eyperimeatal evidence is

discussed, sugzesting nuclion exchange as described by 2 one-body wodel Zo ba the
wajor componant of the dissipaticn mechani=m.

IT. Experimental results

In an experiment? similar to the cue dascribed by Schréder et al.’ the system
20984 + 136%4 has been studied by measuring the triple-differentisl cross secticn
dic/dQdZdE ar a bombarding emergy of Eya940 MeV. an overview of the data is shown
in Fig. 1. The qualitative resulis are gimilar to the study3 of this system at
E; = 1130 MeV, yialding Ganasian Z-discributions with variances 9y strongly in-
ereaging with energy loss. In Fig. 2, the variapnces ¢.*¢ are plottad as a2 fupctiom
of tha energy  loss for both banha:ding energies. . In Eg framework of one-body

- ageleon exchanga godels thare is 3 gimple ralaticn betwean the variance aki of the

masg distribution and the engrgy losg, since both are produced by the same ouclaom
flux. In the clasgiczl limit and for peripheral collisioms this relation can. be
written as

la (T /T) = % 0,2 (1)

.where T, = Eup = Vo and T = T, =« By 4, are the kinetic energies in the entrance

anrd ex:t channels, respectively, , danotes the reduced mass and m the nucleon
mases. If 3 unique propottiocnality batween dn? and dzz ex}sts througheut a reaction,
a claszical model of oucleon sxchange predicts a linegr relationship alsc between

*Wnrk supported by the U.5. Department of Energy.
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2
the quanticies u22 and ln(TafT}, with 3 slope given by E—(%) , 1f che relation
GE? n (a/Z)%0,2 "is assumed to hold. Inm Fig. 3 i= stowh = “that the dara indeed
follow straight lines, but quife in contrast to the prediceion of Eq. 1, the

9lopas ara strongly dapendant on the bombarding snergy.

It has besn poimnted out by Ramdrup® _ . .
that it £3 important to incorporate the
effect of the Pauli principle inte
models of gucleon exchange. Sioce the
exclusion prineiple decreases the
nucleen Flux, the assoclated variamces
are reduced taoo. OCu the other hand, it
can be shewm, that the anergy loss rate
iz not gffected, sincs only ouclgons
with high relstive nementum can parti-
ecipats in the nuclaom exchangs, which
just compemsaces for the reduced flux.
Therefors, the valoe 1a(T,/T) for a
given 9,2 has to be incressed by a
factor a = jchss.{j .m. = 1 with
respect to the one ;iven by Eq. 1, in
otder to accoumt for the Pauli princi-
pla. Three quantiries determine the
magnictude of o: the thermodynamic
cemperature of the colliding nuclei, Figure 13
the relative position of the Fermi-
surfaces for non-identical nuclei snd = most importantly = the relacive womentun
of the puclei, which displaces the Fermi spheres with raspect to each other. A
gtraightforward geometrical calculation of the overlap volume of two inter-—
secting Ferml spheres of equal radius Te yields a universzal snergy depandance

In (TiT)
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far a:

a s:%( b To/a(Eey - vq)) vz (2)

. L& g ; T T T T
approximately valid for peripheral . P 1
collisions of cold nuclmi. Consistent E_l \ G twag. ey | | '
with sspeviment, o increases stromgly Ve S |
with decreasing bombarding enmerzy. sk \ < :mzﬁﬁzl_ :
These tesults are 0ot restricted to D T e
the Xe + Bi system. In Fig. 4 experi- \ ey ,
nental a-values for numarous systems 4r N\ - o vty |
aTe showm, where the broken line is a “\ 8 i e :
calculated using Eq. 2. Although 3 a
thisz gimpla model reproducas che
qualicacive trand of the dara, thare
are stfll serong systemarciec deviations
of the data from & wniversal curva. ‘

They ars majinly assnciate& with
reactiona inducsed by SFe o H L L L J |
projectiles. o1 2 3 % 5 &

'E{Em “Voour) (Mav/u}

Figure &
II1. Trajectory calculations

The discussion so far has been restricted to peripheral reacticus. For
mora penstrating collisions ir 1s not possible to treat ¢ a5 a constant during
the interaction time. More detailed crajectory calculations have to be parformed
to allow a meaningful comparisom with thg datz over 3 wide range of impact pars-—
maters. In Fig. 5 results of a partial-wave decampasitian of experimental daca
are compered Lo a trajectory caleulation using a2 model’ with four degress of
freedom; the positiom vector {r,9) connacting the centers of spherical aucled
and their respective anglas of rotation. It sheuld be pointed gut, that theore—
tical values of none of the quanticies
depicted in Fig. 5 are affected dy in—-
cluzion of the Paull priceciple. Thus
the seffapt of variocus potantials or a
different set of degraees of freedom
zan be stidigd decoupled from tha
effect of the exelusion principla.

N

I
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INTERAGTMON TIME

As 2om b4 infermed from Fig. 5,
the caleculation is unabkle to reproduca
the large anetgy losses cbaerved.

This is not wmexpected, since noc de—
formarion degrees of freedom are in-
cluded, which purts an uppezr limic om
tha kinetic energy that can be dissi-—
patad, Therefore, sn extanded modal, B
where the twe spherical nuclei are
joinad by =2 ¢ylindrical neck has been
adepeed. Its tadius and the mass and
charge auebers of the projectile-liks
fragment are treated as three addi-
tional desrees of freedom. The proxi-
nity formalism and the liquid-dzop
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Figure & Figure 7

potantial energy surface has been used to define the conservative and dissi-
pative forcas. In Fig. & the results of 5 calculation {(without any adjusted
parameters) are showm. Consistent with experimant, the calculated energy loss
has strongly increased. The charge varjances azz galculatad by lacegrating

the time-dependent proton flux for each trajectory are ghewm in Fig. 7 as a
function of ensrgy lo9s. It can be seen, that the inclusicem of che Fauli
principle {solid line) leads £o good agreement with the data, whersas a claszgical
treatment fails.

In conclusiom, it appears, that the pravicusly unexplained bombarding energy
dependence between energy logs and fragment charge dispersion can be understocd
en the basiz of a3 nuclecn exchange model, provided che Pauli exsclusion principle
is taken ints acecunr. Ho necassity is sesn £o invoks further snergy dissipation
mechanisms to explain the present dara, although such processes caonot be Tuled
out wm basis of Chis comparison.

1. J. Btocki et al., aAmn. Phys. 113, 330 {1977).

2, W.W., Wiicke et al., Phys. Rev. C (in press)}.

3. W.U. Schrtider et al., Phys. Rep. 45, 3¢l (1978).

J. Randrup, Wucl. Phys. 4307, 329 (1978); ibid. A327, 490 (1979).
J.R. Birkelumd at al., Phys. Bav. Latr. 40, 1123 (1578).

W.J. Swiatacki, Report LBL-2930 (1979).

W.0. Schrodar et al., Phys. Rev. Latt, &4, 2308 (198Q).



-30-

B D. Light-Particle Emission as a Probe of Dissipation

and Deexcitation Mechanisms in Heavy-TIon Reactions



L.

-4'}-

LICHT=-PARTICLE EMISSION AS A PROBE OF DISSIPATION AND
DEEYCITATION MECOANISMS IN HEAVY-IOR REACTIONS

W, U. SCERODER

Departments of Chemistry and Physics and

Buclear Structure Besearch Laboratory

Tniversity of Bochester, Rochester, New York 14427

The relavance of studies of light-particla emizsion

© agssociated with damped nnclear rezetions for Investi-
" pating proparties of che raactlon machanism, in partic-

ular of the enargy dissipation mechariizm, 13 diseussed.
Procasses of instantangous particle emission are reviewed,
relating eo heavy-ion reagtions. Methods are sutlined
soncerving informaticsn on the conditions of che inter-

. dadiaste puelsar system ar seission ¥evealad 4in the ppo—

cegses of statistical particls evaporation from the re-
dction fragments. They are empleyed In sig jes of

| ggucTon emission in the damped reactions ‘" Ho+ 9Fe and

5K¢.yi=lding evidence for a rapid chermalization
and a relaxation of the mass-to-charge asymmetry of the.
system. FProgress 1s reported -for attempts to achieve
a unified descriprtion of anergy dissipacion, oucleon
axchange and particle emission in damped nuclasr
‘Teactions.

INTRCOOCTION .
'E:tznsive't:fe:in:ntal.an&-:hnarqti:al'inveétisatians

- of damped nuoclear reactions at bombarding energies a few
MeV/u abeve the interaction barrier have lead to a auch

?Hn:k reported was doma in callaboraciem with J.R. Birkelund,
D. -Bilscher {8, Berlin}), A.D. Hoover, J.R. Hulzeoga, and
W.W, Wilcke (Univ. of Rocheater); K.L. Wolf (Argonpe Nat'l
Lab); H.F. Breuer, A.C., Migoerey and V.E. Viela, Jr.
(Taiv. of Maryland); J. Randrup (LBL, Rerkelay).
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improved !mowledgse of the phsnomenalogy of theasa reactions,
wvhich exhibit charaetaristics af both, fast

(toyp = 10~22.10=21gac) . paripheral collisions and statiscical:
processas—. The average valuez of various macroscopic
-variables can be adequately described in tLarms of classiecal
dynamics ipvelving congservative and dissipative forces or of
clasgical tranaport phencmena, However, there are indica-
cionsi=4 that these forces may be dymamical quancities
themselves, originating from the response of inttinsic
dagreas of freedom to chamging collective ccordinaces.
Furthermore, cartain statistical reaction festures may bes
inconsistentds wich theoretical descriprions oot retaining
- assential quantal properties of the mechanisms involved,

In prineiple, rathar conplex investigarions are re-
quired to agsass tha microscopic origin of the reaction
mechanisn, covering many adpects of a damped, reaction. Con~
sideration of isclated reaction. channals may aot only providae
limdted information but may lead co inadequats cenelusions.
It 1z hoped, howesver, that studies of che most fraquent
processes inducsad by damped reactions such as smisaiasn of
lighe particles are semsitive to important compoments of
the reaction machanism. 1Ia . particular, probabilities,
energy apd angular distributicas of various associated
particle specles and the mechanisms that lead to their
emission are expected to depend om the prﬂperties 9f the
.dissipation processes playicg a crucial role in detasmining
_the condition of the interacting auclel and the pature of
7 thalr interaction. Depending cn the way collective apargy
of relative motion is cransferved to microscoeplc nucleonic
degrass of freadom, the subsequent deexcitation of the
systenm is expacted also toe follow different patterns.

In tha follewing, several particla-emission mechanisms
are discustgsed thar are of potential reilevance to damped
. reactions. Methods outlined are applied in u‘.gerime.n:zl
studies of nentron emission in l63He+3BFz and i65He+136%a
reactions representing typical examplag of damped nyciear
intetactions. Concluadons to be dravm from such axpariments
&Te in suppert of a damped-reacticn mechanism telating
intimately cnergy dissipaticm and nuclecn exchange. Recent
progress in understanding damped ouclear collisicuns is
discussed in tsrms of i quantum-statistical model based
cn this mechandism.

1TI. INSTANTANEOUS PARTICLE EMISSION IN DAMPED REACTIONS

The most primary informstion on the damped=reaction
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machapism may, obviously, be gained from particles emitted
while the myclegy interacrion is 2till in progress., Such
instantansous particle amissiom can, conceivably, oecur at
any stage of the reaction, before or after local equilibrium
is achieved with respect to varicus degrees of freedom.
Differant mechanisma may be distinguished with respect Lo
species, angular and energy distributions of the emitted
particles, as well as according to their dependence om the

_ projectile=cargec systesm, the bombarding energy and the
iniegial angular momentum.

Al Farmi Jats

. During the approach phase of the reaction, characterized
by 2 high zelative velocity, & small window may have already
opened bhetwaen prnjectile and target nuclei allewing nucleons
with intrinsic momentum P and kinetic snergy € to be ex-
changed (Fig. 1l}. In the rest frame of the acceptor nuclauvs,

TRAGET
EMMES0N

-+ LA
ORECTN

PG PROLECTILE
“mﬁ,:"‘_ ' - - TRAKCTARY

FIGURE 1, Fermi jets

the momentum of the oucleon wlll be augmented to. ; = ; + mz,
where § 15 the relative nmuclear velocity and = the nucltnn
mass. - Dapending on the relative directions of ¥ and &, the °
nucleon anargy

(1) E=c+pes =V

- may be sufficiently high to overcome tha pé;ential barrier

¥=V +vc comprised of nuclear and Coulemb parts. With a
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certaio probability, such particles may be dirsctly ejected
from the nucleus. They have been termed "prowptly emitted
particles'" by Bondorf 55_5;? and "Ferml jets" by Swiatecki
and Robel®., Emission mechanisms similsr in spirit heve also
been proposed by Gross and Wilczyiski?.
: Kinematical econditions on the bombarding energy Ep.g
and angular momsntum £ allowing Fermi-jet emission may be
summarized byd

A+ '
@ B .Eﬁ? {"’cm‘i’ + WA - E)z}"

R < ﬁ{zu[Em ~ Vo (B = u( - ol }!‘i

where and A’I are prejecclle and target mass aumbaers,
respectively, "k the reduced mass and Vo7 the Covlomh _
interaction potenctial avaluidted at a2 typical separacion B,
For the Teaction 1638o+3éTe to be discussed below, Fermi-
jet emisaion is energetically possidble for Ep,yp = 470 MeV
and £ < 116.

 Neutrons are expectad co be the most important Fermi=-
jar parricles, chargad=particle smizsion beiny drastically
reduced ‘dua £o the Coulomb barrier. Complex particles
(e.g. d, &,..) ars pot considared in this single=-particle
model. Their smission probability, however, may be asei-
matad, 2.g. by using a coalsscence modalll, Due to the
- term $d in Eq. 1 which datermines the $.P. energy, the
intansity, mean energy ind wideh of the particle cnergy
spastyum ipcrease with ralasive velocdey _
Uy T {Z(Ec_m_ - Vcnul}fu}a, the width reflecting the nucleon
momentum distribution.: Farmi-jet paretisles say be highly
energetic in the ¢c.m. svystem with the highest energies cor-
respoading to forward directioms. The aogulir discributicns
‘depend on the detills of the dymamical trajectory. In
general, a paximm intensity may be axpected at angles betwesn
the directions of the beam (highest relative velocity) and
of the momgntum transfer (largest window area), and in the
"oppoaite direcrion. _

Complications arise due to cwo-hody interactions beyend
the approximarisms of the simgle=-parricle model, increasing
in imporcance with increasing particle enargy and nuclear
tepparatuyae. These prozesses inhibit primary Fermi-jet
gizaion byt induce emission of secomdary particles. They
can ke tragted withia current pre-equilibrium cascade modais
(¢f. Fig. 2a), %.8. thoaa of Griffin and Blannll, Altarnataly,
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23 suggestad ¢arlierl? for similar emission procasses induced
by muons, the trajectory 8 of (Fig. 2b) of a nucleon inside

» v
d ' —J-MIJ

- - - - .. - *
. -l i ﬂn e I'h‘ l‘fﬂ

FIGDRE Za, Presquilibriom cascade (abova left)
FIGURE 2b, HNuclear refractiom (above righc)

the oueleus may be considarad, along which the nueleon is
absorbed due te the optical potential with a rata <orTe-
sponding to the mean free path A(E). With this rate, sec—
sndary partic¢les may bhe excited ipn two-bady sallisions
obeying the Paull principle. AL the nuc¢lear surface,
.nuclgnns are deflected as gilven by the re=al refractive indax
a{E). - With a dynamcial calculation implementiog an ngtical
model approach such as described above, Boadorf et al/ re-
produced guilitative features of high—energy neutrou spectra
observedt3 in the 138Ga+12¢ reaction at Ep,p = 152 MV,

B. Breakup Particle Emission

When rapld decelerstion of the relative motion cccurs
during rha approash phase of the reaction, the strongly time-
depandent forces may induce breakup of tha projaccile, a
process well studied for lighe-ion reastionslé. 4 light
brealyp particle with mass my and charge Iy may initially
proceead approximately along the orpiginal trajectory charac-
' terized by the projectils valacity ar brealup, gomewhat re-
duced according to the separation energy Sy. 'The projectile
remalnder nay or wmay aet react further with thalgargnt
ouclaus. Early experimencs by Britt and Quinton invelving
- 10.5 MeV/u. 12¢, 148 and 160 projectiles and heavy targers
"yielded large croas sections (cunzn.SaR} nainly of high-
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energy o particlas focussed in forwsrd directions. These

EREAKUP
- PARTHILE

FIGUEE 2, |TProjectile breakup

processes, also cermed "massive transfer” ov "incomplete
fusion", have attracted rensewed attention @s demonstratad
by Tecent experimentaib-l9 and theoretical acteepts?? to
describe breakup of lighter heavy ioms In a IMBA approach.

- ~Generally, the ahergy spectra eof Light breakup particlas
are bell-shaped (Fig. 4, Ref. 15) with mean snergiles <E%ah>

n

'z wap ;f;:r' -

= '“u‘,llc

= .

O yoal EL“‘I E

"‘-‘. ﬂun £43* \\
T : “

n L]

FIGUEE 4, Braaimp=0 particla spectrum
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decreasing with increasing smiszion angle from 3 maximum

given by )
i +(%)2] e

(3} {E'llah} i
I mﬂ-
7 - - -
ZQ{ZP ZT ZG} " ZP;T Su

=t Iﬂn m"‘lgﬂ

o

wherz R is the breskup radius. The width reflects the oo-
mentim distribuzion of che particle f{aside the nucleus.
Particle sngular distributions ars observed to be stroagly
paaked a2t angles betwaan the projectila-like fragment Teac=-
tion angle and tha heam direction, which may, however, depend
on the particular reaction. Recent cbservations2l are con-
sistent with local smixefsn of breakup particles from the
side of the projectils faczing the target nucleus.

Brealn:p procaszes are usually chsarved to reflect
strongly the individualizy of the prejectile, In particular.
ies cluster atructurs. Hepnce, allowanes has to ba made for
stTucture effacts In drawing conclusions on the gross pro-
perties of the reagtion gechanisa.

£+ Preequilibriun Zpission from Hot Zomas

If the energy dissipation mechanisms were sufficiently
fast, a transienc storage of a high amount of excitationm
energy in 2 complicared muclesar State may cccur that may
classically be deseribed in terms of a localized "hot spot”i2,
Such 3 state would rhen be 2xpectsd to decay ince many-
partisle=many=hale coafigurarions via normal pre-equilibrium
cascades allowing emigsion of- fast particles at any stage of
aquilibration. Tha zlassfcal haat transport 2quatien

@ o0 = LV odnE,
Pcp

for che temperature fiald T{?,t], where p 15 the ouclear
density, c, the muclear specific heat and ¥ the thermal
conductivity, has been comsidered by Weiner sc al?3 ang
applied to particle emission in damped reactions by
Gottachalk et al?®, High-energy o particles emitted in the
reaction 35Ki+150 at 6 H-?(u25 have been claimed as evidence
for such ac emission mechandism.

Experimencal Information or theoretical predicrions on
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n,p,a,.

-.FIGUSE 3, Decay of a "Hor Spor"

parcisla branching ratios and dependence on the bombarding
anergy are oot avallable for this mechanism. Particla
spectra are expected to be characterized by high-anergy
tails for particles emitted early in the sgquilibratiom
procesg. ‘Angular distribucions should ba peaked forward
and backward of the light-fragment reaction angle, with
the -forward peqk corresponding to the highest lab snergies:

I. Particle Emissicn in Hack Ruptuze

-.-&t the final stages of the reaction, particles may be
emlttad during the rupture of the neck that has presumably

-been formed in Bgé teaction. Such a process Is knowm frow
flasion studies*”, where long-range o particles §r= chserved
to accompany fission with a remlatively low {(<1074) probability.
i " Emission probabilicies are axpected to d=pend oo the
fragments’ kinetlc energies at che instant of scissiom and
their deformations. Particle branching retics ars not well
kmown from fiszion srtudies, but o=particle emission is
expectgd to be a relatively gignificant channel. Parriclas
are presumably produced with relacively low initifal kinetic
enargzies by such a mechanism and are qmitted in direccioms
approximately perpendicular to the system’s symmerry awis
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{Fig. 6). The final kinetic energies of charged particles
‘depend oo the balance between the Initial particle and
fragment kinetic energiez determinipg the effective Coulomb
fiald and the duration of acceleratiom.

FLGURE 4, FParticle emizsion in scizsion

. Amomg Che mechanisms of instantanesus particle smission
* diseusged abava, zo far only braalup-induced procasses
appear to be exparinentally well establishedis=1%.21 and
"are treaced2Q in eonventional quantal reastisa theory.

Other mechanisms seill lack a profound theoreticzl basis

+7 axperimentally uramblgusus verdficatien,

While insgantanecus emission may comtribute cto the
total light-particie crogs sectfon asseciated with damped
teactions, a majority of light particles is expected to be’
emitied from the highly excitad fipal fragments at times

. safficiantly long to ensure. thelr complete ssparation,

full acceleration by the Coulomh fiald and complete equili-

bration of the excitation energy.  Relevant time scales

- are plotted in Flg. 7 vs. the equilidrium nuclear tempera=

rurs. "Dﬂﬂg:ﬂdinteractinn timac T as derived?’? for the

" redction 6Fe at Epap=476 Iﬁrusing # ¢lasgical modal

~ are geen to ramgs batween mlﬂ‘z and saveral 10=Zlsae for
equilibrium tamperatures up to 2.5 MeV attained in tha
"reaction. They are cempared to the much longar times

T,%5,.10=23 exp(l3 MaV/T)sec necessary2®, on the averags, for

particls avaporatien frow z ¢ompound oucleus. Of great im-—

pertance for the evolution of a damped reaction and saveral
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instantaneous emizsion processes i3 the thermal relaxaticon
. time Tg, 2 time characteriatic for the damping of a thermal
' distortion of nuclear matter at a specified temperaturs.

| i
-
' 13
uﬂ b T -
D OECAY | AT EPOT
o
-
.Elaﬂl -
= T

wmww ww www TR T T W W w o W hr T

ﬂl} | S T B | LL L Lk
] 2 4 & 8 10 iZ
TEMPERATURE T {mev)
FIGURE 7, Characteristic time ecales for the
reaction 165uo + 56ra

This time has been caleculated?? in a single-particla model
"~ ta be given by the product of the oucleon transit time Efvf,
v.« where R is the ouclear radius and vp the Fermi velocirty,
and .the number R/} of pucleon-uucleon collisiocuns:

(5) Tp(h = B2/ (v D))

Hera, the mean free path i 13 tamperature-dependent, because
the exciton rransition racesll are,

Obviously, for egiilibrium Cemperatures accessibla to
damped reactionz, thermal relaxaticn times are axtramaly.
gbott such that immediate responss of the nuclear system is
axpacted for relatively weak thermal distortions as may be
impesed, for axample, by the sxchange ¢f a nuelesn. Omly

L
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for temperatures beyond 7-8 MeV are these relazation tipes
1p comparable to compound-nucleus evaporaticu times To» and
a significant probability for light-particle emission
(pre=aquilibrium emission in the normal nociom)  is expectad
at the early stages of the intranuclear cascada laading
evaatually to full equilibration of che tharmal excitacion
anergy ramaining in the nuelefi. However, whether or not
the relation Ty << Tyyr <€ Tp between the various time scales
iz eascabli=z=hed in a dapped reaction as depisted ia Flg. 7
dacends on srucial details of the energy dissipatien
mechanism, e.g. the presence o absence of lecalized zonses
of high temperatyre.

Studies cooceerned with the nature of dissipacion and
deexcitation mechanisms should then include the establisbtment
- of conditicos asseciacted with Instantinecus oT preeguilibrium
enfasion of light particles as revealed by the identity of
thesa particles, their energy and angular distributions and
their relation to the kinematie properties of the nuclear
system. - .in addition, Information on the damped reaction way
be obtained #from ttudyingy parricle avaporarion from the
final fragments a3s sxamplificd im the following.

ITI. PARTICLE EVAPORATION FOLLGWING DAMPED HUCLEAR BEACTIONS

- As diseussed abovae, particls evaporation occurs, on the
average, lomg after the damped nuclaar intaracticn has ceased
but teveals various conditions of the intermedlate system at
gciasion time,. such as fragment exgitation, deformation and
spin alignmant. The statistical decay of the fully equili-
© brated aystem provides a powerful investigative cool because
the dependance of this process oo the nuclear propertias
is well ¥pownd@. '

-Farticle branching -racios are determined by available
phase: space or (spip-dependant) level demgiri=s o agcording
Lo

L= I+ .
{63 .I‘U{E*,I)*'-'{zﬁ-n-l_}z Z ((2.341)
a £,=0 J=|1-2 |

*
E 'EJ'!v .
5[ de, (B B8 e )T (4, ,€,)

where the particle widths T depend on excitation energy
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E*'and spin 1 of the iaitizl nucleus, the properties of the
lighe particle givea by spin sy, angular momentum L, kinetic
aergy. €y, binding energy By and transaission cosfficient T,,.
Properties of the final nucleus enter mainly wvia its yrast
line E;, the minimum excitation energy cf levels at & given
spin J. The emergy spectrum dN/dE of garticles in an evapo-
rarion chain is approximately given by-l

(7) ~ dN/fde22<M>(nT, )132 5/11

exp(-£/T,)
where <M> 13 the meap multiplicity and T,=(11/12)T an effee-
sive mean tenperature, oaly slightly smalln: than the tam=-
" paratuze T=(E fa}k of the initial nucleus. The level deangicy
parameter a is approximately properticmal to the vuclsar mass:
a=ASE,

- The angular distributions of evaperation particles in
the test frame of & nucleus with spin I aligned Berp:ndi:ular

to itz direction of moticn (ﬁ ﬂ} ia prndicte&3 Lo be sym
metzic around @ an/2:
Callls
iamd 2 i

(8a) W(8_ J=~1l++mp?BL 2, {cusa ) for BIE It cop

C.m. 3 B 2 23

25T

(85) W(B_ . )~ 1/sind__ for I o o

e, m. Si0%: m. 23

whers m is thea particle mass, R -the radius =f the nuclaus,
<12> 12 Bean—3quare spin and J its moment of inertia. In
Ehe limifr of stropg coupling betwesn auclesr spin I and
angular momentun £ of the emitted particle, the ¢lassical

- ralation Eg. 8b for isotrepic emission resulta, 1f the
direction of the ouclear spin produced in a reaction is
zestriccad, for example, to be perpendicular te the veactiom
plane selacred by an experiment, the angular distribucien

cf cthe emirted particles will be l1sctropic within this plane
but vary wich the cut-¢f-plane angle ¢' approximately
sccording to c-m-

2, .42

L 41" »eo8 ¢

(3) W, I~l+3F (G

The mesn squi:ad angular momentum 12> carried away by a

particle of kinetic spergy £
(10) <42>~m R%(e = Vo) /m2
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ig largast for fast, heavy particles, the measurement of
which is theu most sensitive to tha size and aiignment of
the nyclear spin. For this reason, angular distribucions
of svaporated neutrons are oculy weakly dependent on spin

" ‘aligpment.

Laboratory intensity patterns of particles evaporated
from fully accelerated fragwents are quite conspicuous as
demomatrated in Fig. 8 for neutron svaporation from final
. fragpents from the reaction 163Ho+136%e at E[ap=1130 Mev.

EI Loh [HE\”

FIGURE 8, Cross sectisn of neutrens From light
' (full curves) and heavy (dazhad zurves)
fragments, -plotted vs. ladb angle and snargy

Id the calenlacion of che doyble-differential cross section
dzﬂIdEndﬂ plotted at the bottom of Fig. 8 ws. neurrom lab
- «ORTEY Epp,; and -emissiom angle HnLabr complete conversion
of kinatic energy loss inte iotriansic heat, gstablishment
" of tharmal sguilibrium before sciscion, and {sorropic emigsion
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in rhe rest frames of che fully accelerated frapgments warsa
.assumed. Neutrons from the light fragment (full curves)

are higher in snergy and confined ta a narrower angular

range arcund the light-fragment emission angle (solid arcew)
thae those from the siow-meving heavy fragmsnt. Obviously,
thers are kinematical ragions allowing an unambiguous identi-
-fication of the emitting fragment.

Bacause of the good separacion, several kindz of inform—
ation may be gathered for both reaction fragments separataly:
Experimantal particle-fragmenct acgular correlations asy be
used to determine the fragment's spin alignment (Eqs. 8, 9}.
The final fragment cemperagures can be inferred fromw the
particle. energy spectra according to Eq. 7. Furthermore,
the particle nmuleiplicicy discribotions give a measure of
the excitacion distribucion of the fragments.

1f thermal equiljibriuvm is reached during the reactiom,
the temperatyres of light (L} and heavy {H) reaction partners
are expected to be approximately equal: T,=T;. In contrast,
if "hot spots” survive the reaction, Tp>Ty msy result., How-
ever, dynamizal deformations developing during the reaction
way lead to T #Tﬂ. even if the system was thnrmaliz&i ag a1l
times. In general, the total excitation spargy E 'EL
. will ba smaller than the measured kinerlds energy loss,

- bacause of the rotational energies acquired uneil seission
oceurs, that do not convert ioto intrinsic hesat and are,
subsequently, only partially removed by particle evaporation.
-How strougly the moments of the particle muplelplicicy
. diazributions are corralated with those of the excitation
funct%nn nay be demonstrated using a simplified eveporation
model’< neglacting spin effects. It 13 based on the zssump—
ticns that the emergy E*-5, avallable for evaporation, whers
54 is the cumulative separatiom energy of 1 particles, is
distTibuted among the particles with probabiliries according
to the particle energy apectra as given by a Maxwellian
characterized by 2 mean temparatura T. The prebability Wy
for emitting At leasr 1 particles from a oucleus at sxcita=-
tion energy E™ is easily caleulataed:

. . 24-3 , (E"-Sqyn E*-s,
{10) 'Wi(E}ﬂl-{ Eﬁ( 3 ) ‘m[- T ]

o=

for 1>2. Trivislly, W_(E *y51, and W, (E Mes(zt-s,). 1 £(EM
is the exciration emergy discributioZ, cme ubnains for the
particle malciplicity distribution
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1]

an mw) = f o e@ WD - v, (2]

Fig. 94 shows the calculated depemdence of the mesn neutron
multiplicity 90 on the excitation energy EF of each of the
nuclai 10980 gnd Sbp,. Binding energies were taken from the
liquid-diop wodel corracted for shell affects. <M> is ob-
gerved to be almost. independent of the widrh of £{E™.

(3a) {9b)
- - 3
i 1T
K0y
Tu
I'_ “‘FIE
B My
.'Iau = B r P m a'u TR —
EfiMav) ﬂ‘q{ av'}

FIGURE 9, - Correlatisn betwesn maan valuas
' -(a) standard deviatiens (b) &f neutrom wulei-
plicity and excicztion ¢nergy distribucions

A4 simtlarly styong .correspondence is observed betwesn the

- standard deviaticns Oy and gya of multiplicicy and excitation
" distributions, respectively. This is illustrated in Fig, 9b
for-16580 and 56Fe nuclel at the indicated mean sxcitacion
energiss, .

‘These correlaticns are strongly dependent on the ldentity
(4,2) of the emitting nouclsus, a dapemdence that can be ampli-
fied by considaripg relations betwesn approprista quantitias
corresponding to the twe fragmenrs of a damped resctiom,
where the total 4 andiZ'is fixed. For axample, ia Fig. 10
the ratio of che mesn neutron mmlriplicizias of Ho gnd Fae
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fgagmengs is plotted vs. the energy loss for the resction

183y 645 Fe. The curves arye labelled according to the A2
ratio of the Fe fragment and 1zs share of the total energy
loss. The initial sharp drop at small spergy losses is due
to a threghold sffert and depends on the binding sanergies

and the width of the excitation function. For larger snergy
losses, a ralatively eomstent valua of tha muleiplieity ratio
rasults cthat approaches rhe valus of the mass ratio ac very
high temperatures: <Mp>/<M;> + ILL. In genaral, howaver,
thase two quancitles are quite differenc.

oF-ail
) a T T
r
Gl E!
' e
B
g | ld
TWe,> A
2.-
. 2.3 as
B ) w0 1850

Em{“ﬁ\“

. FIGURE 10, Ratio of mean neufrom pultiplicities from
the reaction 163mo+36Fa for diffarent A/Z
ratios and fractiocns E*IELDSE of che light

- fragment

5.

IV, NEUTRON EMISSION. IN THE DAMPED REACTIONS “~OoHo+ °Fe,l

The methods dascribed iz the preceding ssetion wers
dpplied in a :tudy33 of peutron emission foliowing the
reaction 155Ha+§5fa.hddrassing the quastions: '

{a) Ta there direct or indirect avidenso for instan-
tanecus particle emissiom?

(k) Is tharmal equilibrium achievad during the damped
rezction? '
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(¢} Is equilibration of the mass-tro-charge asymmetry
achisyed? '

A schematics of the experimencal setup used in the
fragment-neutton ¢oilncidente maasyregents is showm in Fig. 1l.

-3

.2 MoV

"o+ *Fe

FIGURE 11, . Schepatic setup of fragment-seutron
colncidange meagurement

5ix oeutron detectors surrounded a thin-walled scattering
chambar containing targetr and a solid-state telescope used
to measure light reaction fragments and to provide a =tart
-gignal for the peutron time-of-flight measursmant. One of che
neutron detectors was placed out of plane {En=ﬂ',-¢-55°) to
give an estimate of the out-of-plane anisotropy. ~ The flighe
digtanece. was v 70 .om, amd time resclutions aof 1=1.5 nsac
wera achieved. Detection efficiencies were caleculatedd4,

" but werified by <ouparison with sxperiments3~. _

: +.Fig. 12 shows tha resulting coineidenc labaratory

© eutron -asgular and energy distridbutions, for 3 fragmenc
detection aogle of 8,=23%: The cuzves represent evaporation

"~ -gdleulatioms with the code MB1I2% based ou tha assumptions

that the kinetic energy loss was completely convertad into
gxcication energy, that the systes rTached thermal aquili-
brium, and that isotropic evaporatico occurred only aftar
full acceleration of the fragmenrs. Obviously, the experi-
mental data are consistent with chese assumptions: neutrIons
from the light fragment are emitted in 2 aarrow cone around
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- itg reacricn angle and charaeterized by relativaly high
mean lab- enargies, while thosa asscelatsd with the haavy
. fragment are laas focussed and less cnergetic. No pogi-
tive avidencs for any significant oumber of high-ecaersgy,
forvard-paakad néuzyons was fpund that could have been
attributad to instantaneous partlcle emission.

(]

e il INELTROME SR FRAGH |

L T
E L 476 MY

{En) [lev)

FIGURE 12, Laboratory angular discributiom of neutron
czo8s section (top) and mean energy {(boeccom).
- Larves arg results of evaporation caculacions
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These assumptions were then used in an icarscive,
event-by-event apnalysis of the data as a suirable scarting
. point for the transformation into the rest frames of the
‘light and heavy fragmants. WHeasurements at angles close ko
the reaction angles of the lighe and heavy fragments Laad
ta predistions of neutron snergy Epectra at other angles,
uging the above sasumpt ioms, that can ba comparsd to the
data. In Fi{g. 13, oeutren senargy spactta in the Test frames
of the light and heavy fragment, respectivaly, are plottad
for a light-fragment detection angle 20°, averaged over
fragment-Z values between 20 and 30 and energy losses grmsater
thin 36 HeV.. As can be seen, the curves cepresenting evapo-
Tatiom specctra, based on che.assumptions discussed, reproduce
the data. very wall both, with respect to spectral shape and
#bsolute magnitude. There is again no positive evidence for
high-energy neutron emission in addition to the .evaporation
. procese. Upper limics for such nautrons have to ba placed
around 5%.

[ .
[y y "
- H¢W| ]
3 - B * 4TEMEY
o "1'2‘]‘
L. |
-
T
2
= o 4
oo |
e
=1
“ut

- FIGURE. 13, ' Canter-of-mass neytren ensrgy spectra from
© - lighe. (circles) and heavy (squares) frag~
meats. Cukves rapresent evaperation cal-

sulations
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The assumption of isotropic peutron emigsion resulring
in the calculations -shown in Fig. 13 1s consisteat wich
measurements at all neutron angles within the reaction plane.
Howevar, results of che oput=of-plane detector suggest &
P, p,m0°/90° anigotrepy of 0.2x0.1. Although not very accu-
rate, this measurement is consistent with fully aligned frag-
ment spine (ef. Eq. 9) based on those transferred in a rolling
or aticking situarion, whare snisotroples of 47 to 12X are
expectad.

In Fig, l4, tha dependepce of nuclear temperatures of
_the light (eireles) and heavy (2quares) fragments on the total
kinetiz energy loss ls shewm as obtained from the neutrTon
spectra. Az -can be seen from Fig., 14, tamparatures of light
and heavy fragments are equal for each emergy loss, indicating
thermal equilibration within the interaction time Tyyr-
Desplte relatively large error bars, equal divigion of the
excitation energy between the [ragments correapending to tem-
peraztures given by the dashed (L) and dashed-dotted (H) curves,

0079328 .
3' I lﬁiH'o + HF‘E
Bt dreMay

2052530
- _,+-_"{7’

-T=v .EELGSS_*’E‘E

[ — 1

100 200
ELC!SS( Meav/ )

FIGURE 14, ~ Final temperatures of Light (circles) aad
- heavy (agquares) fragmants., Dashed curves
correspond Lo equal shares of the total
excitation energy
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can b2 rulad out, Eitill-‘ll:isz? for interaction times yiald

then upper limits for thermal relawxation times given in
Tablae 1. Furthermere, from the agreement of data with the
Fermi-gas aguation of state (full curve in Fig. 14), it may
be concluded that most of the kinetic energy dissipated in
the reaction goes inte ipntrinsic heat ¢f the nuclei, with
the sxception of rotatigmal energy estimated to be less than
15-19 MeV at all energy lasses. This finding corroberaces
the lack of significant inremsities of high=enerzy, oon-
avaporative neutronsg.

TABLE 1 Relaxation timas T

R
=22
?Lassiﬂt?} TREID sec)
80 £ 2
100 € 5
200 <20

Fig. 15 shows at the bottom the depeadence of the mea-
sured neutron multiplicity 4; on the experimental ¢ of the
fragoent. Triamgles connraccad by a dashed cuzve reprasent
eyaporation caleulations uaing tha code MBIT? » dasuming
thermal equilibzrium, che composire system's ratio A/Z=2.38
. for all fragments: and angular-momentum dissipation zccording
o the sticking limie. Good agrsemanr betfween calexlariens
and data is observad, axcept for Z values clesg to that of
the projectile, where agresment is achieved upon relaxing
tha unrealistic stizking requirement. A discontinuiry of
the data at symmetry (Zx48) 1= understoed in terms of
~ chargad-particle evaporation from the light {ragments.

Scmewhat more instructive 1z the dependance of mulei-

plicities and thelir ratio on the kipetis anergy loss depicted
in Pig. 16. As expected from <alculations showo in Fig. 10,
-exparimental valuss of the ratioc HEIHL of the mean muitipli-
citles exbibit an initial ‘sharp decraase with increazing
enetgy loss befors reaching 4 telatively flac region. The
latter 1s wall described by evaporatiom calculations using
MBII with a fragment AfZ ratio of 2.38 and fragment spins
characterized by. a lioear approach. to the rolling condition
‘up to an emergy lass of v 130 MeV, vheresaftar rollipg is
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ELH"?G gy
BAE| noe + 236 MY

z

=
Ea

20 30 0 ' B0

FIGURE 15, - Ngutron multbiplicity {(bottom; and multi-
: "plicity ratic vs. fragment Z. Triangles
and dashed curve repraesent evaporaticn
- ealculaticn., Crosaes give predictad
charged-particle aultiplicity )

dilways assumed. The bump odccurring in che experimesntal
HHIH% ratio aruund_EL?ﬂ=w130 MeV assoecfated with a deprassion
of the light fragment’'s mulriplicfry (eirecles in the bottom
patt of Fig. 16), may be due to dizsipation of increasing
fractions of the angular momentum. The sensitivity of the
multiplicity ratio M;/My to the A/Z ratic of the fragments
iz {llustratad in the top part of Fig. 16 by open triangles
corTesponding to A2 valuss givan by the wvalley of B-
stability. Detailaed caiculations for an energy loss of
100 eV indicate @ ramge 2.26<A/2<2.38 compatible with dara.
The range of pre-evaporaction A/Z values of the fragments
vielding agresment betwesn calculations and data is cenalstent
with values where minima in the potential-snergy surfacs
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occur calszulated fromw the droplec model including shall cor=
rections. Fragosot A/2 raties are fairly well removed from

- these of projectile .and target, and omne might term this
feature "equilibration” of the mass~to—charge asymmetry,
which occurs at least at times as short as (4-8)-10=22sec.
However, it should be realized that cthe fragment .4/2 value

is z dynamical quantity governed by the action of dynamically
¢hanging driving. forces. .Due to the lack. of lkaowladge about
these foarces, an equilidbrium A/7 value cacnot be determined
except vis adopcion of a model.

Mhe/ M, i

Mon

FIGDRE 16, (2) Mulriplicities of seutrons from light
{eireles) and heavy (3quares) f{ragments
wa, energy lass. (b) Mulciplicity ratio.
Open and full trianglaz rapresant Ivapora-
tion calgulaciems with differsat fragment

. AfZ ratios. '
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The mest important fi%g;ngs of the study 2f neutron
enission in tha reaction 19Ne+36Fe described abeve are,

as far g3 a praliminary analysis indiecgces, corroborated by

a4 similar experiment om the reaction 185g0+136%s st

Erap=l1}0 MeV. Thaey can be swmmarized as folleows:

(1) Kinetic energy dissipatad in 2 damped reacticn re-
msins in the double-nucleus sysctem and is converted mafinly
into intrinsic heat.

(2) Thermal equilibrium f{s reachsd within the interaction
time. ERelaxation times may be as short as 2.10"2Zsec for
elatively low anergy losses bur may be a factor of 10 longer
thar this for very large energy logsas.

{(3) Mo positive evidepce iz found for noa-statistical
high=enargy neutrons. dHowaver, bacause of the large number
of neutrons in rtha avaporation caseade, only a relativaly
bigh upper limi: can be placed for sueh avents, although a
significant competition of thesa proceases with other dissi-
pation and deexcitation mechanisms can be ruled sut.

(4) Based on a model-dependent definitioun, it is con-
cluded thar the pags-to-chatge asymmetry alag aquilibraces
during the interaction time. However, the corrssponding
relaxation times may, io Tealiry, be much smaller than
estimated values of (ﬁ-ﬂ}-lﬁ‘zzse:. sipce it takes the ex-
change of only a few nuclecns fo achieve A/Z equilibrium.

V. ENERGY DLSSIPATION AND NUCLEON EXCAANGE

From rhe resulcs presanted in che precading secticns,
cne concludes that for nuclear reactions a few MeV/u above
the barrier, the disgipation mechanism leads to a gradual
baating of the nuglel inwvelved to temperztures of the order
2=3 ¥Ma¥. Thase temperatures ars small compared to tha Fermi
QoarTgy £o=37 MaV, such that muclear sygtems are sxpected ta
be well gescrihabla in teras of single-parcizle wodels. The
S.p+ Occupation numbars f£(E} almoat corzespond to those af
g degenerate Fermi gas of nucleons moving fresly in the
average potaatial. A relatively lomgz nuclecn nean free
path A, of the grder of the nuclear radius R, leads one to
expect the oucleus to reapond as a3 whole to small perturba-
ticns such a3 imposed by the exchange of a nucleon between
the icteracting nuclel:

Experimantal fragment mass distributions end their
evplution with the energy less suggest that mamy ouclecnas
msy be excharged in a damped reaction on a similar time scale
as spplicabla to snergy dissiparion. From light-ion reactioms
it 13 knowa that naclecn trinsfer induces kinetic energy loss
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due to the differance in ground-state ¢ values and receil
effects. Tt 1s then natural to ask what {racticn of the
energy dissipated ip damped resacrtions is due to the exchange
process icsgalf,

- A-clagaical modeil developad. earlier, wag indeed able
to explain most of the digsipartad energy as beilng due to
the reenil induced by ouneleon exchange, at leasc for rela-
tively high bombarding smergies of > 3-4 MeV/y abova the
‘barriar. Howaver, the sbearved systematic depeandence of
ayperimental correlations between anerzy loss and mass dis-
parsion ou tha bombarding energy was not predizted by the
- model and induced suggesticns of additional Jdissipatiom
mechacisms, resulting in a mers parametarizatico of the data.

In this unsatisfactory sicuacion, a xelarively simple

quantal transport model for iﬂi!§¥ dissipation and nucleon
exchange introduced by Randtup offerad the chance for a
- more meaningful test of the basic mechanism. This medel
treats the intaracting.sfstem as two almost degenarate Fermi-
Dirac gases in communicating spherical containers. The
current of pucleons tramsferred from oucleus A o nacleus B
is given by

(D wy, - fae 0o E&[II - 81,

an incegral over the bulk current W' () of nuclsons from
single-particle orhits at energy ¢, accoumting for the
gecupancy of these orbits in accordance with the Pauli
priaciple. The occupation probabilities

(1 e, B --{1 + e [(e-ep-1/2(Fy, = ")};rl}

depend on the direction nf the oucleon Domentum p with respect
to the relative velocity & of the twa aucled. €p is the mean
and Fy, the difference of the two Fermi energles, T 1s the
nucluar TENperature. um, = AT fi g3 S T Wap 15 the energy
loer or galned im a transf&r, dapinding on its direction.
Averaging over the possible directions of che nuclecn momenta
-in the Ferml surface yialds o emergy dissipation rate

=N" (s J{Fz 2 2u2 + u2 )}

(14) E-"-:ft'l o N "

sa’za ¥ Map“an’y
‘whers u, and u, are the velocity components normal amd tan-
gentizl, respectively, to the interfaca area of the twe nmelel.
Sigilatly, one obtains for the mass drift and diffusicn coef-
ficients
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A5 v My = Wepdpm W(e)) Fp
Dy = Mgy * Nypop = Wlep) ©

respectively. Heze T% = T<¢(wyp/2T)coth(w,s/27) »F denotes
the energy region arcund the:Fermi surface contriburing to
the transfer. This "éffective cemperature” 1* depends on
beth, the dissipated and tha kinetie energy =till available,
ds is demonstratad in ;13.-1?-shnwing cha resulrs of a
dynamical calculatisn?’ for the reaction 1998i1+136%e ar ewo
bombarding enargies. . For high energy Losses, T approaches
the nuclear tepperature T with a rate dapending on the
bombarding enqrgy. . '

I3 P-a324
. E 1] ] I I
2093, 4 36y s
- — B i30MeV 7
- ....EmlmGM.'ﬂ'
- ak T T AT DMGTANCE oF Y
Tt CLOSEST APPAOGCH
L
=2 3l
.
e .
- h- a2l T
Ok _:I-*"';' -
f} "J. L L A 1
Q L-n) 00 50 200
Ewss{MEVi

FIGURE 17, - Effective temperature T* and nuclear

Ctemparature € vs. engrgy loss, calcultared
for distance of closest approach.

_ 0f interast to the classical model is the quantity

a= = {u/my di{in E}!dngz, relaced to the slope of tha

- experimental correlations £y,,.(0,2) exhibiting the previously
unexplaingd bombarding-enearzy dependence. For er9tems with

3= 0, 1.e. a negligible driving foree, snd peripheral

collisions, Eqs. 14 and 13 prediet 4 dependence
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T
(16) a= —-f-
2t

where Tp is the Fermi kineric energy. This relation pred-
lcts an approximate universal bombarding-energy dependencs

of a for sysrems with Fpa==.  Values of o inerzasing stromgly
. with decreasing bombarding enargy arg predictad, a behavior
obgerved experimentally. Differsnt systems at similar bow
barding energies pexr nucleon above the barrier exhibir dif-
ferant valuas of @ to the axtent that the corrTeaponding
valuas of Fpa diffexr.

The bombardipg-epergy depeandence of che Telation becwean
nucleon exchange and snergy dissipation as reflecred by Eq, 18
* i3 entiraly due te the Permion nature of the exchanged nucl=on.
The classical expressions darived recently are ragained in the
limit where che Pauli Principle is relaxed. Because the
currents ilnvolved io the models are form factors, dynamical
calculations were performed for a dinuclesr systam describad
by two spheres connected by 2 eylindrical neck., Conssrvarive
and dizsiparive forces as well 3g nueleon transpert coef-
ficients as given by this extension of the one-body LransporTt

model were used ta deseribe an average dynamical path of tha

lo'l:wl.nq T T P T ° T T T T

g » BExy ek, 200+ Sy -
Epop “ 350 My . Bl 9GS MY | a
2300 b 4 EXPERIMENT - L EAPESIMEMT
- THEDAY o — THEOmY a
s -
L}
X
%
Ll
]

FIGURE 13, (omparison of results of dyoamical calecu-
lations §o experimental correlations
BLoga{Ts*). ArTous demote initially
available kinetic engrzy
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system. Typical predictions of the modal are.cugga:ed in

Figs. 18 and 19 to Jaca on Ehg reactions 209p1+430%a (940 Mev),
0931+56Fa (405 MeV) and 1O7He+56Fa (462 MaV), respectively.
Similar calculations have been dome for a varlety of aystems
and bombarding energies ylalding a satisfactory deasecription

of the data eaphesizing the potential of the acdel and the

‘necessity to comsider quancal effects in dapped nuclear
reactions. - :

QOTe314 1 T T
=0 |- -
l—E, ]
Eioss !f?’#::;dﬂpis
o+ %2
(Mav) oo -
? - Egy?452 MeV
"f‘ ' # EXPERIMENT -]
7 : —~— THEQRY
' L | {
qﬂ K fran )
"'zz .
1 I I I I [}
wol l -
=y ——b— -
Eross —
(MeV) o0 | _ —-+—! i
+ DPERMENT el
e THECAY -
[ f [ L ] \I
. a
21 22 23 ™M 28 18
(Z)

FIGURE 19,  Compariszcon of dyvoamical calculations co
data cu corralations between anergy loss
-and variance 0p? (top) and wmean Z of light
fragment (bottom)

By tealizing that the quantity t* governing nucleon
axchange i3 essentially a dirgeticnal average of the current
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of nucleons traversing the incerface between the two inter-
acting ouclaed, ic iz, comeeprually, relarively simpla to
extand the model to a consistent description of instanta=
neous nucleon emission. Howaver, in order to account for
‘abgorption and refraction of the primary particlas and
ajeccion of gecondayy particlsg, the nuelear medel has to
he pxtandad beyeond che simple one-body limit 8o includs
the pext higher approximation: two-body ¢ollisicns.

¥i. COHCLUSIONS

Studies of light-particle emission in damped nuclear
reactions have proven to be 3 powerful tool in obtalning
- inforpation about the Teaction mechanism that i{s easencial
for ics understanding and the development of reaction models.
In particular, they offer the only experimental means known
ta date co inpvestigare thermalizacion processes in nuclear
marter and have provided thes basis for the applicabllity of
mDean=f{ipld cheories to damped reaactions. . Although che
disgipation of zelative kinetic energy occurs om a rela-
tively fast time scale, nuelear modos have alwaye suffi=-
cienc time to adjust to the changing macroscoplc conditioms.
Despita large amowmts of disgipated energy, resultiag nuclear
‘temparatures are $till zamall asacugh to prevent significant
departure of the tuclezr system from Che one-bady limfe.
Thers are indications, however, some of which will bhe dis-
¢ugsed in otber contributions to this zympesium, for devia-
- tigng of the muclear isteraction from this simplest model
pleture at bombarding snergies -higher than 6-10 Me¥/u above
the barrier. It can be expected that in this regime, mnea—
surgments of  the aasoclated light particles will provide
important evidence for 4 gradual breakdown of reaction
. mechanisms chae succepssfully describe nucliear interaccions
at lower bombarding energies,
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JOHN R, HUIZEMGA
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Wuclear S5truccure Research Labaratory

University of Hochester, Bochestar, New York 14627

1. INTRODUCTION

Tom Sugihara impressed each of us in his Introductory
comments about tha gize, weaith and glorious virtues of
Taxas. Hence, it seems appropriate, speaking here in
San Antoania, ts illustrate in my first slide (Fig. 1)
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PIGURE 1, Collisions between water drops>
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a reaction between twe Taxas-size ouelel, two water drops.
At the top of {Fig. 1)}, the results of Brazier-Smith et al.d
illustrace the similatity of cellisicns between water drops
and heavy cuclei rangipg from fusiom, gquasi-elastic to
deap=inalastic or stromgly-damped collisions. ILnspeccion
of the bottom part of (Fig. 1), where che time interval
hatwesan the saguence of droplat pairs 1is consrant, shows
that approximacely S0 of the translational enerzy is damped
in thiz particolar watar=drop collizion.

[ find it impessible te summarize the many fine leciures
of this sympoesium in 30 minutes. Hence, I've chosen to
make a fow remarks about topies coversd in the invited and
contribuced papers under the following four catagoriss:
(1} propaertiaz of damped ar deap~inelastic collisions at
enapgies less than 5 MaV per nucleon aboeve the Coulsmb
barrier; (2) amiasion of statistical light-parcicles in
damped colliadons; (3} emisaion of fast (nom—~scatiatical)
particles in heavy-iom collisions; and, (4) heavy-ion fusion.

II. PROPERTIES OF DAMPED OR DEEP-INELASTIC COLLISIONS

As discussed in the talks of GobbiZ, Schroder?, Ngé?,
Retm> and Spechtﬁ, the well-inown charactaristic properties
of thase reactions are: (a) itrs bilnary nature; (b)) the
damping of & congsiderable amount of the initial Rinatie
energy and orbiral amgular momentum into intemmal enargy
and spin of each of the colliding nuclai - for soma part
of tha crogs gection the finz]l kinetic anergy is aven below
the Coulomb energy of touching spheares, indicating that
the nuclal are strongly daformed at the imstant of separa-
tiom; (o) angular distributions that are similar o chose
of a direct or relatively fast recaction; {d) the average
charge and pass of the reaccion products are clese to
thase of the target and projectile, although during the
interaction time there ia an exchange of many nuclsons
betwaen the colliding nuclei, -the magnitude of which is
¢orralated with the kinetic energy loss.

Each of these reaction features will be illustrared by
a slide. {PFig. 2) demcustrates the binary cature of heavy-
ion damped collisioms. The distribution of the vector
differesce {¥3-¥,| of the fission-fragment laboratory
velocities, integrated over all octher observablag, ix
shown For the reactions of 208Pb and 238U projectiles on
a Mz targat5! . Henee, this figure zlearly demonstratas
the existences of 2n intermadiate fissioning system as a

[} i
regonancad . The quantity % |¢ _3212 times u, the



-74-

JOHN R. HULZEWGA

reduced msss of the two fragments, determices the total
Flasion-fragmene kinecic energy in the rest frame of the
intermediate pucleus. Rinemarically conplets experiment s
such as these have been performad on the threg~body exir
channels for a number of reactions at laberatory projectils
- energies of 7.5 MeV/u and show that rhe bulk of the gvents
{> 99%) can be interprated as sequential fissien following
2 blnary damped collision.

y ey
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FIGURE 2, - Distridution of the vector differsnce of
' fisslon~fragment laboratery velocicies®:7.

The-large amount of energy damped in thesa heavy~fion
eollisiens 1s illustrated in (Fig. 3} for the 209311135x=

- reaction at lew bembarding energiesS. The arrows represent
the inirfal relarive kinetie gnergles above the Coulamb
barrier for the twe cases, i,e. Eem=VCoul: One sees that
the enargy- losa pay .exceed the fnitial kinetie enargy by
up to L3530 MeV for the smaller bombarding energy, cleariy

o desemsztrating the importance of fragmene daformations in

dagped’ collisicns. The energy loss ix the oSt importamt
‘paramater {or.determinaticn of tha nature of a haavy-ion
- collision, As a fumction of energy loss, it is possible
to obtain simpla corralations with the firss and second
wements of varicus distribuzisns. Some of these will be
- mentioned later.

The damping of angulir momentum {nte incrinsic sein
1s 11lustrated in (Fig. 4} for the Z3886R: rgactionl.

The spin of the uranigm-like fragment is ploctmd as a
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FIGURE 3, Energy .loss.spectra for danped :allisinnsa

function of enargy loas as inferred from sequential fission
- fragment angular correlaticon measurements with the Er=like
fragrents. From this figure one sees that the spin of tha
uranium-lika fragments increases sharply with snergy loss
Teaching valyes of 45 #i, This spin 13 known to. be strongly
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FIGURE &, Spin of uraniﬁn—like fragments followlng
© damped cellisions?
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aligned, especially at the smeller energy losses. For
gome heavy~loo systems, it has been shownl? that negative=
angle scatteriog 1s associated with orbiring trajeetaries
rather than a deflection function with a secomd rainbow
near 0%, The spin of the deflection angle has baen deducsd
from the circular polarization of che deca Y £ays mes-
sured in coincidince with che ejecrilal®, 2l _
The angular distribucion of Ye~like reaceion Ftoducts
measured for che $0%B1+136%2 reactioni ar ¢ laberatery
energy of 1130 HaV is showm in (Flg. 5). This 1= a classic
exagple of 3. sharply-focussaed damped hagvy-ion resetion
for a system vhere the entire resaction tross section goes
into this oew process. In comtrast to a teaction with
orbiting trajectories and asgative-sngle scattaring meationed

' - edrlier, ¢ne sees for ethe rgacticn displayed in (Fig. 5) that

Za-1ike fragments sre ' emitted oo the average at 8.,%50°,
for all values of the azergy loss, This focussing 1is due
Lo a balanee ¢f the attractive nuclear forces and repulsive
Coulenb forces giving a deflection function where the ra-
action angle is essentially independent of impsat paramstcear,
Raiging or lowering the bombarding energy is expected to
alter this balapce of forces and change the deflection
function as has been shov for the 20944 Tagetion ac
1940 MeV8. It is alsc possible eo change the deflaction
function from ap orbiting type to a Coylomb-like type by

T A A Al RS Iaent Sty &
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FIGURE 5, Angular discribucion for xenon=-Llike
fragokots following danped collisionsis
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keaping the ratio of the center-of-mass energy to the
Coulomb energy, B.p/Veoyl: fixed and to vary the product
of the reaction charges, Zplp. thus changing substancially
the absalute Coulomk force. This 1Is illustrated in (Fig. 6)
by the Wilezydski diagrams of fwo of the reactions showum
{n this series. The resetions LOOEr+86xr and 208pL+208pb
were both performed at ensrgies where B p/Vepel=1.3.
Henca, when Z2p21 for these systems changes f{rom 2443 to
6724 the deflection functlon changes Erom an orbiting te
a Coulomb~like type.

The double-differential cross sectiona, d¢2¢/dEdZ and
d25/dEdM, are plotted in (Fig. 7} vs. tEe :harﬁe Z and
nass M af the light fragmemt for the 110p34+208ph peaction 13
at Ep,,=1180 MeV. The resulrs are showa for 30-MeV wide
total-kinetic-gnargy bing. One sees chat the fragment
charge and mass distributions ecarrespending ro a given
apnergy bin are Gausszian in shape to a good approximation
aven though the bombarding energy is very low,

Wl RN YarSe MM
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FIGURE &, Wilczviskl diagramws of four Jdiffsrsnt
Tesctions
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(/W) {Eaq~Ve)=E,=0,47 MeV/u, and energy losses sxtznd to
some 150 MeV bayend the available kinetic esnergy for touching
spherical ouclel, Hence, even at zear barrier energies

. the mass and charge. distributions remain nearly Gaussian
as was first discovered for che 20981+136Xe reacciom ar
higher energleslé, 12,8,

T | [T e
iy = 1B MY
L -

e el -
PRy

FIGURE 7,  Fragment charge and mass disrcributions
following damped collisionsd 13 .

The sxperimental relationship between the second
moments <f the mass and charge distributions ¢ 2 and dzz,
is a subje:t-undar'aativn-investisitiaul5=15,1§ and
reported in several papersd:17-19 gt this conference.

Tha available data ars summarized io (Fig; 3) as-a function
of Biasg for the lighter reacticm fragments. In this

. flgure the variance ratios aagfazz for different systems
© and bimbarding snergies are oormalized co the value (ﬁf:)z
of thae tota syste&. fme sess Immediately thac the rals-
cionship o, =(A/2) uzz {che dashed line in Fig. 8) is oot
valid in genepal. The systems in (Fig. 8) where che tarzet
and projectile have very differsnt {AfZ) ratios have ratios
Bm(04/02)2/(4/2)2 mueh smaller than ore for low energy

- logses and approach eune only for large enargy loszes.
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another interesting {eaturs can be seen for the 2':'g'EHL+5"","1-‘|=.

data at very small energy losses whers {0,4/05)? increases

48 the energy loss decreases. These peripheral collisions
enhance nevtron exchange relacive to proton exchange and
may be iodicative of the presence of a peucrom skin, Dyna=-
mical ealeulations reproduce this trend??, When the bom-
barding emargy is reduced to approximately $.5 MaV per
tuclaon above the Coulocab barrisr, ensuring that. all colli- .
. %$iloms are distant or pearipheral, the ratio B becomes con-
glderably larger than unity, again indicating the relative
sphancqment. of neutron exchange and the pessible impotrtance
of a-neytron akin.  Although for & system like 166p 86K r,
where the A/Z values of the target and projectile ars
gimilazr and the measured racies R are uni:yl?, ne data is
available for the interesting vegion whers the energy

losses are less cthan 100 HeV.

!
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‘FIGURE 8§, [Ratiog of the miss to charge varlances
divided by (A/2)2 as a functiom of Br ¢
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The energy loss is the most importsnt parameter for
datermining the nature of the heavy-iem collision. The
vell satablished correlation?l betwean the snergy loss and
the second moment of the chirge or mass distribucion is
1iluserarad in {Fig. %) for the 209p 14136y, reaction® at
two bosbarding coargies., In a phencmenclogical approach
use has been made of the microscopic time scala provided by
the pucleon exchange mechanism to give the dissipated Energy
as 4 functicn of the number M, of exchanged nucleonsli

(l} ELD&E - (Em - vcﬂ!]l) {l - @XpP [" a(m/ L) HEI]}

Io Eq. (1), the coefficilent ¢ conveys inforpstion ou the
character of the exchange process, m 1s the nucleon mass
apd U the reduced magss of the dinuclear system. It i3 not
in general possible to derive a simple and unique relation
between N.p and exparimental observables such as the
variances 0,2 and 072 of fragment-a and-Z distributions.
For simplicicy, it is assumed that Noy=0,? or, if only 0,2
1s available by N.,=(A/2)20p2 where A and Z apply to the
total system. Zuperimental information on the Telationship
betugen 042 and 0,2 as a functiou of energy loss, ghown in
{Fig. 8), has already baen discussed. As illusrrated in

W=l T T r T T
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FIGURE 9, Corrvalacion between the energy loss and
variance of the fragment~Z distribucion®
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(Fig. 9}, cthe classical model leads to a bombarding emergy
dependence for o, where ¢ increasas as the hombarding
enargy decreases.

Tha failure of the 2lazsizal one-body dissipacion
nodel (see Eq. 1)} to acsount for the wvariations of & with
bombarding anargy and resction system has baan acttibyced
to shell structure? of the coelliding nuclei but 1s expected,
due to the neglect of the Fermion nature of the axchanged
nucleons”. The simple quantal transport model for enargy
dissipaticen and aucleon exchange intreduced by Randrup?
trsats the interacring syscem as two almost degenerate
Farmi-Dirac gases. The current of nucleons in this quantal
modal depends on the occupancey of the sipgle-particle orbits
in accordance with the Faeli principie. Explicit account
" of these quanctal restrisztions of opucleon exchangs gives a
good reprodycticm cf the wvarious experimental data~ and at
the same time gives a patural alcroscopie explanation of
the empirical corzrelation bassad on the extension of tha
classical one-bady recoil formula fo imclude shall scructura.

Recant studies of the charge aquilibration mode in
deep-inalastic veactionz have lad to coniradiceary Tesultsd.
Vheteas initial results for syometric systems appeared eo
exhibit quantal fnatureszj, results from esymmetric systems
have been interprated in tarms of z atatiatical behavicrid,
" The diffarenc interpretations ars based on the dependence
of cthe variance of tha charge distribution for fixed final
3ass asymmetry on Ep.... The above data2d:29 alcng with
. OTre Iecant di:azj are compared in fFig. 10). Im aorder ko
keep che figure from becoming congested, emly dme or cwe
representative A& values are chosen for each reaction studied
by the counter rechnique employving unit A and Z resclu-
t1iom?3+123, The radiochemical darald for six differeat
mass aumbars wers. averiged to gilva the pletted paints. In
‘addicion, the dependemca of the variance of the charge
distribution, 0;24(A), on excitation asmergy for fismioni
it 1llustrated in (Fig. 10). All of the countar data are
sinilar, with azziaj-essen:ially-independﬂnt of Byagg for
valyas of Bpogqe > 30 MeV., If one interprets these resules
"~ in terms of a relaxation time for the A/Z degree of frae-
dom, this equilibration time .1s less~than the interaction
time assoclatad with collisions where 30 MeV of kinetie
energy 15 dissipataed. Based on & classical model?’, this
interaction time for the systams under comsideratiom is
approxinately (1-2)x10"22sec. Ar present, there is no
ready a:ilanatinn for the very diffarent resulcts obtained
for the L97au+ld2¥e reacrion dara based om radiochemical
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atagurenents in conjunction with unfolding procaduras.
One observes that.the deduced variances for this system
are much narrower than. those observed for fissicnm.
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FIGURE 10, Tependenca of the fragmsnt=-I discriburion
for fixed A on the energy Lloss’.23-26

If cne assumes the energy Hu of & phemon corvesponding
ta a gollective charge-azsyumetty oscillation is-large
compared to the thermodynamic temperature, as first postu-
lared for the fission rasults?® and more recently adopted
for heavy—-ion collisions23, the variance of the charge
distribugion for fixed mass asymmetry i1s given by
gg% (A)wHu/2C. ' The quanrities in this equation are defined
Raf. 4. The caleulated varisnces, based on the quancal
modal are given Table I[. All of tha calculated results
except for the 197an+l32xe reaction, are in qualitative
agreement with the experimental results shown tn {Fig. 10).

‘The igpliecatien is that the quantum mechanical zero-point
eontribution dominates gver the statistical flusruartieons.

As alyeady uwentionad, one obtains a satisfactory
dascription of the experimeantal correlations between Ep,.g
and the variance in the mass (or charge} distributions
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TAELE 1 - Variances czz(aj hased on quantal medel

Braction “OPet Ura  PiMowSOyr  199p,430p, 197,130,

o (MeV)  10.19 8.73 8,38 7.15
¢ (MeW) 7.08 4.56 4,82 2.66
af(m .72 0.6 0.87 1.34

when explieit acgnunt ig taken of the quantal nature of
nucleon exchange~”, Hence, when Pauli blockipg 1§ included
in chese eorralations, one econcludes that ouclaon exchangs
eemtribytes the major part of the energy dissiparien (n
haavy-ion collisions when the enargy per nucleon above the
Coulombk barrier is lass than 5 MaV/u. It is of interest
to detarmine Ethe quantitacive contribution of other snargy
loss pracesses ineluding collectiva zurface modes to the
total energy disgipatien. I3 {t possible to ebtain expari-
- wantal informatiom oo the excitation of these wodas by the
study of inclusive or exclusive spectra. from heavy-iom
rezctions? It is well kpowm that imelusive spactrz fTom
heavy-ion reactions containm structure. &n example iz the
spectrum of ~/Co praduced by the *9Fe+56Fe reactionl® at
ELop=465 MeV shown in (Fig. 11). Befor: one Interprets
this abasrred structure as dve to high=emergy giant reso-
nsnces, one must eliminate che expectad structure due to
statistical processea?? gssociated with the de-gxcitacien
phase of the damped reacticm process (s.g. 57¢o fragments
egn arise from the decay of excited primary fragments of
58co, S8wi, 39Cu, esc.). This structure producad by the
. warious dacay chaonels is iljustratad ino (Fig. 12} by the
ealeulated spectrum of %1Ca produced in cha 40Ca+é0cCa
" {Erap=400 MaV¥) reaction. . The arrows corregpond to the
inerfies of the gtructyre in the experimental spectrumil
of 4l¢a., Resemtly, the experimental structurs in the
inelastic excitatioca of 15¢ on 208Pb at 20 MeV/nuclesn
has been incerprated in tetms of direct excitation of giant
resgodnces., Some of these assignments at energies whars
‘particle channels are open may well be imcorrect as the
structurs may be due to statistical processes as discussed
above.
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IIT. EMISSION OF STATISTICAL LIGHT PARTICLES

Particle evaperation oceurs on a slightly longer time
seale than the damped resction intaraction times. From
thege statiscical partizles it is possible to infer informa=-
tion about the di-mucleus at che cime of brealup such as the
fragmant excitation, deformation and spin zlignmenc. In
Table I examples of reactions are listed where enly atacis-
tical particlaes of the types indicated are peasured.

TABLE II - Exawmples of reactions whers only statistical
o particlas are obszerved

Target Proj. ELabthc?}' Part-- Eu(Hnﬁfu} Com. Ref,

. icle

0y 0y - 135 8 4.7 . (a) 32

By 40, 280 a,p 4.3 (b) 33,4
1655,  3%pg 465 a 3.8 (e) 34,3
1639, 1365, 1130 o 3.6 (d) 3
186p.  B8¢. 475,600,495 o . 3.2,2.3,1.1 (&) 35,17
Batg, My o a2m a,p 2.3 (£ 36
197, 904 240 a 1.4 (&) 37,39
37 %%y s00,285 a  1.3,0.8 (h) 38,4,39

{2) Neurrons wers measured Iin coincidence with ¥ rays charac-
teristic of spécific evaporation residues. Thesa nautrons
show a temparature of aboutr 2 MeV and thers is no avidence

. for mon-statistical n emissioo in the (20N&,Xn) resctions.

(b} The angnlar distributicns and epergy spectra of p and ¢
particles are measured in. coincidence with heavy fragments.
All light particles ara incsrpreted to be statizcically

- evaporated by the fully accelerated fragments.

{¢} Temperaturea <f projsctila-like aod tarpet-like fragments
are the same within experimental srror. FPre—egquilibrium
neutton emission coutributes less than 5%. A small ocuc~-
of-plane neutIon anisctropy is observed. The A/Z Tatios
of primary fragments are very different from projectile
and target raties,

{d) Rasulrs preliminary. Data analysixz Iin progress,.

(2) The excitation energy is shared hetween cthe fragments inm
proportion to their mass. Find ne avidence for
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presquilibrium neutrons wichin an experimencal
uncerrainty of 10%.

{f} Measured inclusive gpactra and aagular distributions.
Data interpretad in terms of stscistical cheory.

{g) HeutTom multiplicity data interpretad as evidence for
fragment daformarion ar separation. !

{h) Excitation snergy shared uniformly betwesn all the
nucleons of composite systam., Wo avidencs for
preequilibrium neytrena.

The angular distributions of evaperated particles in
tha rest frame of an equilibrated nucleus is predic:ed3 te
be sympetric areund 9.,=90°. This is illustrated for the
BALZ+40ar reaccion?d in (Fig. 13) vhera tha angular distri-
butioms of tha amirtad o parcicles of different energy bins
ar= gshevm to be symmetric arouwnd 6.po%0°. Another eriteriom
for equilibricm or acatistiecal particla emission is shown in
(Fig. 14) vhere the o partisls spectra in coincidence wich

(Fig. 13} (Fig. 14}

vl Nk S WY

FIGURE 123, Alpha particle angular &istributians36

FIGURE 14, Alphe perticle energy spectra =*%
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diffaren: fragm&n:ssa’& gre shewvm to be consistent with g
single temperature of 2.7 MeV., The fragments obsetrved in
colncidence wicth the a particles originate from fusicn-
flssion (Z=23) and deep inelastic events (Z=36).

In contrast co the above illustrations, the peutron
thaonels is the mest important for the de—excitation of
very heavy systams. In a strongly dampad collision the
energy loss is given by

DISS . _DISS
(2) Eprpee "B tH -épuY<Eiu+BiU>Hiu

whgre y dnd B.,, are the multiplicity, kinetic energy
1n3¥na ENGrEyY u% particle 1 from fragment v. At the

time of fragment separaction ot scission,

(3 2 g s aS (TS)2

L\L
() mss_zanr. F‘a ag(é)z

where E§°=. Eg. ai and Ii are the aoergy tiled up in rotaciom,

the snergy in deformation, the level density parameter apd
temparature, respactively, at scission. After fragnent
separation (neglecting the change in Ef9T), the excitation
anargies of the light and heawy fragments are

® faded By
(6) E;zﬂgﬂ-a.:(t:)zmaﬁtﬁ

where a4y and Ty are the level density parameter and tempera=
ture, respactively, of :ha obsarved fragments. In genersl,
T¢>T43, Tp#Ty and EE fE;* ¥ Ag/Ay. 1f one assumes the temper-
atures of the two fragmants at scisasion are equal, TLS-THS,
and ais'aifcmstmt, it follows that if,

s

(7) En /B =g /A, tha Ty= T >T5
(8 EL/E > A /A ,then T,>T >T;

(9 T/ F <ag (4, thes T T >

As discussed by several spaskers ¥.%,17,39 ar this
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conference, studies of the meutroa multiplicities and specera
. from fragments produced in strongly damped collisions are the
@St impartant  probas ts gpsyer the question whether thermal
equilidrice {3 achieved during a heavy—-ion damped collision.
However, the experizents peasure Ty and Iy and do not give a
direct seasurament of TS and TyS, the temparatures of the

- fxagments at tha time of geparation or scission., The tem-
perature T; of the light Fe-like (open eircles) and heawy
Hﬂrli% (s0lid squarss) fragments are shown in (Fig. 15) for
the EHnr+5'51-‘= resction?® as a Aumcrion of energy losa,
Within the experimental errors, the tenperatures Ty .of the
two fragments are gqual for all enargy lossss greater tham

- 60 MeV. 'In-ordar to deduse information ¢n the temperatures
T¢5 from the meqsured temperatures Ty, a medel caleulation i
Tequired. It turns out ‘that if Ty5«TyS, substantial deviationm
of the ratio &;D/E1D from y/A; (see Eq. 7} is raquired fn
order to observe a statistically meaningful diffareace. in Ty
and Tp. . Fer axample, at Ep,oo%145 MeV, s difference in
Ta=T; of 0.2 MeV requires EH?'NED MeV {wvhen ELE.‘-G}. Hancea,

&30 + S%Fe
B ¥ 478 MeV

2052530 -
7

50 00
FoagsiMev)

FIGURE 13, Nuclear tamperatures of che Fa=like
{opexn cirg%es} and Ho-like (filled squares)
fragments
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the temperature difference is gquite inseasitive to deforma-
tion energy when Ej,ss is5 large. However, at small values
of Brsgy information on the deformation energy at scission
for damped reactions may be obtained if Egd/Ei D is very
different from EHI*EE?’ 9.

For the heavy-iom damped reactions listed in Table II,
the various authors hava econcluded that the temperstures =f
the twe reactisn fragments are equal for esazh energy loss,
indjcaring tharmal equilibration on a tioe scale less thanp
the Incteraction time. Estimates of the incsrastion ¢
bated oo a classical model give then upper limits for che
thermal relaxation time ¢f the Intrinsic energy degrae of
freedom. For an Ep,,, of 60 Me¥ (see Fig. 153i the relaxa-
tion i3 estimated to occur in less than 2x107<4<sec. For
larger energy losses, the interaction times are longer and,
hance, the upper Iimits on the axperimental relaxacion timas
are longer also.

The neutron multiplicity ratio (neglecting the enargy
carried away by ¥ rays in additiom to Eirﬁtj for damped re—
actions is given approximarely by

izﬁ By # 8>, DU/ + (TJ/TY) + 1],
foe atEevs [T /T + (T T + 1]y

(10}

where, in general, Mg/My # Ay/Ar. The neutyon multipliciry
ratios th for two redctions discussad in this confarsnce
are placted in (Pig. 16} as a functiom of Eyges- The experi-
mental values of Mg/My for the 189Ho+36Pe reaction show a
proncunced decrease with increasing Ep,gg, 4% expected from
an evaporatien calculation, before reaching a relatively
flat vegion whers My/Mp < Ay/Ap, The multiplicity ratio is
sensitive to the A/Z ratio ef the reaction fragments as
diascussed prtvinusly3, and indicates that the pre-evaporacion
4/7 values arg well removed from those of the projeccile
and target. These data ars consistent with calculat ions2®
baged on a podel whers the A/Z valuse i< a dynamical wariable
govarnad by the driviag forees associatad with the patencial
anergy surfaca. If one associates che omset of the comstant
value of Mu/M; with an "equilibration” of the energy degree
of freedowm and calsulates from a classical model the incar-
acticn time agsoclazed with am Ej,, s::JU MaV, the ralaxation
of this mode i3 estimated to occur 13 less than (1-2)x10-22sec
{for an Ey .- .=30 MeV).

For the reactions end particles listed in Table II, ne
pesicive evidaence hbas been found for emissicm of
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oon-statistical particles for sither fusion or dagped reae-
tioms. Hence, @ven for rather high heavy-ion bhombarding
anergies, energy equilibrium is attained. A parameter that
appears to determine tha onset of mon-statistlcal particle
emission 1s the bombarding energy per nucleon above the
Coulowb barrier, €,. On the basis of the data in Table II
bhombarding energies for heavy ioms below about 5 MeV/u give
only statistical particle samission. This conclusion 1s
thaught to be valid for reactions where projeccile breakup
ar fragmentation doesn't contribute to the yield of the
particles being studied. This gualificacion is necessary
because light particles from projectile fragmeantacion <an
be anitted from sote systems it bombarding energiss much
lass than 5 Me¥/u {e.g. projectiles 1like Li,d,C,H,0 etc.
gsea Table I1I).

Strr-ainig
sl EianiMey) PE ol JiMevA)
o g 4+ iy 455 3A
s My, LS, 400 L3
6
M ML {
ap + a}ﬂﬂ
a9 a
1 ) o+
Bbotoooke ot
sl + + acd +
o . . . :
a 50 HOd 150 200
. Emss(MEV:'

FIGURE 1lé, Heucroo multiplicity ratios of heavy to
light fragments as a funccion of
ELnssl,ﬁ,Bﬁ,EE,JB

IV. EMISSION OF FAST (NON-STATISTICAL) PARTICLES

Hearly two decades ago in their classic paper o
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particle amission, Brict gnd Quintcnﬁﬂ Teportad a silzeshle
eontribution of non-srafistical proeoms (10X op) and alpha
(30% GR} particlea for 12c, 184 and 180 fnduced reactioms

on targets of 1374y and 20984 at laboracory projeczile
snergics of 10.5 MeV per nuclicon, Since this time non-
statisticel particle emission has been reportad for a large
onumber of different reactioos spanning a wide range of bom—
barding soergies. Examples of heavy-lon reaccions where
some cemeributicon of direct or oom-statistical particlas are
obsarved are listad in Table I1I1. Selected examples of light-~
fon induced reactions are included alse im Table III for com=—
pﬂhm.Fuenmh,hrmeHMHrunmnuanmug
of £.=7.8 Me¥/u, six parceat of the emitted protons are
direct or non-stacistical. This is an interascing case be-
cause almost the sneirs reaction 2ross saction goee into
proton emissgilon. Hence, for thig light-ion redgrion pom=
statiscical particle smissiom bagins to oceur for an energy
somevhat above §5 MeVW/u in saxcess of the Coulomb barrier
diszussed in sactisa IYXI (it is assumed that projectile
fragmanitation at this energy is still negligible for a
parcicles) .,

TABLE I1I Fast (non-statistical) particles

Target Projectile Emb{Ha‘.'} Par- EU{H:Wu} Com. Ref.
ticle
2094 120 18, 126,168  p,a 5.3 (1) 40
187 1u 120 L4y 165 196,147,168 o 5.5 (a) &0
By a 42 p 7.8 () 41
1035p Loy 121 0,0 5.2 () 42
209, 614,714 2534 L, ~0 @) 43
2741 164 66 " 2.4 (@) &4
Byy 16, 92,96 a 3.1,3.4  (£) 45
159, Léyg 95 a 2.5 (g) 46
2094 léyg 85,95 a  0.9,1.6 (B) &7
197, 2084, 16, 315,140 @ 14.7,3.7 (1) 48
232 209 )
22r,,2%%1 o 140 p.d, 28.2-31.8 (i) 49,
s GZ: t,3He 20

=
38yq
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Target Projectile E, . (MeV) Far- g, (MaV/u) Com. Ref.
ticle
L3384 12 152 n 8.k (&) 32
197 4 32g 373 a 5.5 (1) 51
Rare Earth 08,L2¢,%n 75166 5,4, 3-7.6  (m) $2,53
19!.2QH= £,a LT
1694 L2 90-200 o«  3.8-14.6 (n) 55
197 41 20y, 200-500 LI 6.2-18.7 (o) 56
197 s 18, 315 p 14.7 (o) 57
338 16, a1s p.d, 14.0 Q) S8
c,2,
Li1=0
b 40,c 400 & 6.6 (r) %9
matps 164 320 a  17.6 () 59,60
197, &4, 40, 140 P, 3.8-4.9 {t) 61,
Lo4gg, by 62
40,44,48,, 16, 100,162  n,a  4.3-6.9 () 63
2 R L 208 p.d, 9.8-11.8 (v) 64,
12, t,a 65
P 16, 208 a 9.7 (W) 66
404 204e 259 a, 2% 10.8 (x) 67
40, 16, 135=304  Y2¢  6.4-17.0 (y) 68
Byi,27a1, Loy 148 p.a B.0-9.5 (2) 69
lzﬂ
By 189 96 p,a 3.4 (aa) 70
Lo Loy 70,100  p,&  3.3-5.5 (bb) 71
74 1%, 88 e 3.8 (ee) 72
119,125, o 109 s 23 (ady 73
a32p, W, 15,25.5 p  1-1L.5  (aa) 74,
Pgw, 5251, 75
27
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Target Projectils Eub(ue‘.f} Par- € {MaV/u) Com. Raf.

cicle

Sy e  24.3,40.L  p,d  5.0,10.2 (ED) 74,

128

sn He 23.4 p.d 2.3 75

Lighe - %ut YR dyt, 4.2-6.9 (gg) 77

3

Targets Ee,0

.(a}

(b}

(e
(d)

(&)

()

(g

The crozs sactions for the emission of direct protons snd
direet aipha particlas are reported co be approximately
10 and 30%, respectively, of the reactrion cross saections.
61 of the protoms emittad ara direst and protom emigsion
makes yp essentizlly the entire reaction ¢ress sectionm.
Sizeable yields of direct protone and alphas are reported.
Projectile breakup makes up about 60T of the raaction
cross section.
Prupoaa the reacticn mechanism

Tal + 180 « [3ip J* + 120 » 2741 + & + 12¢
o particles measured in colacidence with projestile-like
Teaction products. Pronounced forward peek af direct
a parcicles.

:Gamma rays from che. 159Th(14n,a,%n) 182-%yy reaction

- products were measured in coincidence with direct o

. (.h)
{1}
(3}
(k)
(1)

{m)

rrioles emitred in che farvard diraction.

(x,¥n) and 14N{2a,In) reacerions make up about 5% of
tha reperion cross ssction.
Angular correlation measurements barween fast & particlaes
and projectila-like fragmants 12,13,%¢ ana 1
The large-energy loss breakup processss account fur about
)% of the total rapction ercess sectiom.
Preeguilibrium nnutrzgg abgerved in ¢oincidenca with
gamma rays from the Gd{lzg Xn}170-¥Xyp feactiuu pro=
ducts (¥=~8 to 10) and the a( zﬂ a Xn) 66=Zpr
rRaction products (I=é to 9).

‘In-plane angular correlations between ¢ particles and

proiectlile-like residual nuclei (2=5-22). Cemclude that

& emissicn originataes from the region of the projectila

whiech is facing the targer aucigus during the collisfon.
Charged particles are measured In colncidemce with gse—
lected gamma raye used to ifdencify rthe residual nuclei.
Tha fast forward peaked charged partieles result from
projectile brezkup and the ramaining projectile mass
fuses with the targec. This process cccurs for rfhess
heavy-ion projactilas with large sross; sections.
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160s4¢%%¢,a) and
Gd{12¢,2a) reactions are studied by means of a - ¥
golacidencas. Alss pestulated the existence of the

- (13¢,3a) resction.. Cross sactioms for these reactions
- are larga {up to 507 op .0

{0)

- {p)

(@)

Excitarion fimcrcions mﬁasared for various light fons

‘formad in breakup of 20ye projectiles. Evidencs for

pucleon exchange following projactila breakup.
Inzlusive p speetra saxtend up to very high energy snd

. eorpagpond Fo an effsctive Cemperature of about 12 MaV,

Data are fit with a pre-equilibrium model with an initial

“exciton numbar of 25.
-Faz: lighe particlea are peazured in coincidence with two

- flssicn fragments. Central and peripheral collisions are

- {r)
{s)

()

(u)

{?}

distinguished by the momentup transferred to the target
residue a9 deduced from the angle between colncident
flasion -frageents. The high energy light-ionm spectza
from both types of collisions have an effqctive tempera-
ture of 13 MeV,

Fast a=-particle component has a multiplicity of 0.310.1.
Sizeable yleld of fast (non=equilibrium) 2 particlea.
The multipliciey of beam walocity o particles in coine
cidenee with figsion-like residuss iz J0.420.1. Large
somponent of beam velceity o particles in ecincidsnce
with projeetiie-like fragments alse. In additiom, a
seeond componcnt has two maxima  ia emission probabllicy

~separated by a mipimum in the direction of the pro-

jeetile-likas fragmeut.

Direet p and o partiele yields In terms of the per:an:*
age of the reaction crosd saction are, re:pectivelz

S and 11 ¢ 9?@[ 14 and 25 (164Dy), 19 and 36 (19 Sm},
and 11 and 32 (6sy),

‘Reported substantial component of pre-equilibriam o

aeniszion &3 well as o emiszsion.

Light-ion spectra extend far beyond the E/A of tha
incident projectile at forward angles. The cross
sactiona for the fast parricles are large and dapend

- only weakly ocu the targat mass. At 5° the cross. saccions

(W)
(x)

‘of protons wich energies above 13 Me¥ are 335, 440 and’
460 mb/ar, respectively for targets of 1 56Fa and 9lzr.

Freliminary avidence far a component of figt nautrons.
Maasgured the coincident spacrra of ¢ and V0 particiaes
as @ functien of particle dateetion angles. Conaider-
abla yield cemcantrated alemg the (=0 line which corTe~
3 s to the transition without excizfing the targec
Ca, thus implying the direct breakyp of 2
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{y) Investigaticn of tha intarplay betwesen transfar and
projeacscile breakup procasses., The breakup process
becomes mara important as the bombarding energy is
{nersasad.

{z) Mada coincident measurements between light ions amd alpha
particlas, A proposed possible ipterpretation of the
data i3 that of fast direst o-smisaion followed by a daep—
inelastic reaction batween the remmants of the projectile
and the targzet. Larze crpss sectionm for direct o
emission (~ 30X o).

(ax) Repaort three kinds of processas including deep~inelastic
breakup of the projecrila-~like fragments and target-liks
fragoencs.,

{bb) Coinc¢idemt measurements between alpha particles {and
procon) and projsctile-like fragments {and evaporation
residuesg). Repoert “direet" & particles with cross
section of 50% oR.

{ee} Apgular correlations betwigen ¢ particles sod projectile—
like fragments., The mest jmportant reaction mechani=zm
is the sequential & decay from exciced statss of l6g, 5
This tesult diffars from that repavted by Harris et al.
whe enphasize the sequential c-decay from exciced Mg,

(dd} In the So¢ {¢,0™n) reactiom, the 4" and o particles wverae
measured in coincidence. States in the concinuum region
of 10«40 MeV wera populated leading to forward emissiom
of fast pre-equilibrium aeutrons and isocropic emission
of glow evaporation aeutrons. The pfant gquadrupale
rescnance  dacays by amijitring both typas of neautrons,

(ee) Total deutersn break-up yiald is as large as 502 of the
rezetion croas gaction. The break-up ornss ssctiom
varies wvith target mass as Al/3, The ratio of the
break up cress section to the reaction cross ssctiom
is rather constant with energy.

{££) Meagured He breakup into p + 4.

{gz) Light particle spectra were neagured fgr the collizions
of L1 with 12.13,14¢, 16g, 2741 and 2834 target nuecled.

During this conferenge a large amount of data have been
presentad on fast (non=-statistical) particle emission from
beavy-ion reactions (see a.g. Fig. 17), A number of reactiom
mechapisms have bhasn proposed to aceount for these particlaes~.
A sampling of the paperzs will reveal thair origin te ba dus
to projectila besalrp, fragwentation, Fermi jets (or PEPS),
hot spots, incraplets fusiom, massive transier, pre-
equilibrimm emission, neck Tupture, ete, Hence it iz too
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early to systematize the Jdifferent types of reaction mech-
anisms producing these fast particles. At some risk of over
simplificacion, however, I do wish to group in a qualitacive
way scme of the experimental results into categorles of dif-
ferent reaction mechanisms. It i3 important to remember, of
course, that the light particles from a particular reactiom
vay be associated with several reaction mechanisms.

w 4 . o1
L T

AT ol e b
a .
T

I BRE R RLLL |

% .

.FIGURE 17, Energy spectra of Z = 1 and 2 pa:ticlasﬁ'ﬂ

4. Projectile Braakup or Fragmentation

Congiderable avidence for a projectile breakup type of
zeacticon mechanism has been presentad for a large range of
projeccile types and epergies. The spectra of these breakup
particles are discussed in Ref. 3. The maergy spectra are
wgually bell-shaped with mtan ensrgzies decreasing with
increasing emission angle from a maximum associated with a2
velocity near the beam velocitry. The width teflacts -the
momantum distribusion of the partiecle ingide the nucleus.
The differential eroas section Iincreasas gharply aa the
angla decreases and there iz some evidance for a maximum~?
in the angular distributien for 8 > 0° (zes Fig. 18). This
procass may be divided into elaseis and inelagtic braakup.

1. Elastis Breaiup = both components of the projectile

w»
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emerge in their ground states and leave the target in ics
ground state also. Examples of this process are

(1) *Oca + Pnaqz w259 #em) 197]  “Ogags) + Lo(ge) + 0

(12) 4741 lﬁ°{31aa'53 #ev) 2] w270 sy + ecgsy +

100 = i -
:n: I’II ] ]
- t N
£ * :
g =
=
=
[
® i
F = ﬁ? :? -
B

FIGURE 18, 4Angular distribution of 25=40 MeV a
particlas coilneidant wirh 38 ¥ TAYS
following the 1397h(i%% aSn)l64Ys rasetion
ar 115 MeVd4,

The reactiom given in Eq. 11 1ia illustraced in {Fig. 19)
whera the events undar discussion lie along the line in the
fignre. This ganserzl categery of projectile brezkup is
relatively unimportant.

2. Inelsatiec Brealkup ~ {a) Both projectils fragments
emerge - ip this process both components of the projectile
smerge after collisicon although one or beth of the initial
fragments and target ara excited. The initial projectile
fragmemts may be altered by secondary breakup or puclear

exchange procegses. Examples of this type of reaction with
projectiles and energies a2beve the Conlomb barriar are:

aggn ue¥/u)49,30, lég(a-10 Mev/u)é%, 325(5.5 MeV/u)5l,
(14.7 Me¥/u)*% and 160(18 MeV/u)39,60. Cofneidence
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mezsuremants of the projectile-like fragment and the lighe
particles are reported in thase studfes. For exampla, in
the expariments raportsd by Sandersend?, light (Z=1 and 2)
and heavy (Z=3-8) ajectiles are measured. These rasults may
b8 Interpretad in tearmg of 4y breakup where the lighier

(Z=1 or 2Z) ejeccila amerges directly whereas the heavier
electile fnteracts first with the target wia a deep-inelastic
Procass. An unusual pruje:tila breakup g cess rtport&dz ax
thia conference fa-chat of 58Kz in the 1 gE 6%r reaction
vhere the 86Kr laboratory epergy was 1040 MaV.

FIGURE 19, Two-dimemsicnal spectra 1n laboratory
systen. 3o0lid line indicatag Q=) locusb?

{b) Only part of projectile ¢marges - some ccmponent
or subset of the projectile nucleonz interacts stremgly with
the targst ind fusss while the remaining projectile component
smerges (hovaver, this latter component may be altered by
‘auclecn axchange or gaccadary breaitup). This category ia-
cludes the "massive transfes" and "incomplete fusieon™ pro-
cassea. Exgoples of chis type of rea:t;nn aTe NUISIO gs
H&;re the gner 13 defined by € : »TL1(<0.5 MeV/u)43,

(~1 MeV/u) te 19F(3-8 Hawu}“ 32,33,
L26(4-15 Mav/u)S5, 150(14 MeV/u) 38 and a(30 Mev/u)s9,50,

An ymusual zspect of the Breakup process is the wide
range of epergiez at which it occurs. Prolectiles like d
and Ti breakup very easily while g=particle breakup is
important omly at relatively high energies. Hence,
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non=scatistisz]l particlas can arise for some projectiles at
gaFy low bombarding energiss. TFor example, in the sasa of
»/14 induced Teactions on Z09B4 ac energles near che Coulomb
barrisz, projectile breakup accounta for 60% of the regction
cTass sectiondd, Hence, thlxz source of non-statistical
particles is oot considared in the criterion for fast
particla emission established in sectien III (see Table II).

A recent technique*6,32-53 yhereby partizular reaction
channela are idantified via particle-3 coincidance oeasure~-
mants ara especlally important for chamnels such as
RE(HT, yXn) where y is a charged particle with Z=l or 2 and
RE 15 a rare-garth target. Such ¢oincidence studies of
high~enargy, light charged particles with near beam velocities
and ¥ rays representative of specific exit channels have
provided 3 clear dememstiration for the vemaining part of che
projectile fusing with the target, in many cases with large
CTOEN Ee:tiaus. For gﬁiﬂ@lt, the rasction channels {12C,uxn}
and (L S, 2aXn) oo a 10054 garget make up 4 subgtantial
fraction of the reaction crosa section, vhere the sperging
& particles have, on the average, the velocity of the beam37.
At laboratory 12¢ bombarding ensrgies above 15 MeV/u the
{~C,3n) reaction becomes fmportant. Therefore, eoargetic
heavy-iom projectiles like 14C have a very high probabllity
for breakup producing a mulciparticle beam and making reac-
tion mechanisp studies very difficulr to interpret.

Another interesting technique73, first developed for
light=-ion reactions, that gives informarion on the mmentum
transfer by measzuripng the corralation angle betwasn fissiom
fragments iz useaful for the study of heavy=iom resxctions.
Recently, aoargetic light particlas have baen measurad in
eoincidence with two outgoing flasion fragments which resule
from tha 238u+16p (E7_pa)15 MeV) resctiond8. Central and
paripharal collisions wers dafined by two diffarant corre=-
lation angle bims, tha larger corralaticn anglas sorTespond-
ing to the peripheral eollisions. Ligh:t particle spectra
measured at 14° in coincidencs with events in these two
correlstion-angle bins are shewn dn (Fig. 20). The tempera-~
tures af the twe groups of light-particle spectra are the
same, gorresponding to a spectral shape propertional to
exp{~B/T) with T=13 MeV, This result would net be too sur-
prising if the light particles arise from projectile break-
up in both correlation-angle bins, with the oagnitude of
thizs apgle simply reflecting a different fraction of the
projectils mass fusing with the target.

The o particle braakup reacticm has Bean thoroughly
studiad for 140-MeV o particles on a series of
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targttaég’sn’?a’an and accounts for 40% of the total reac-

tion <ross sectiom. The domfnant breakup process (> $0%)

FIGURE 20, Lighr-particle spectra measured at a
Laboratory angle of 14° in coincidence

with filssion fragments for twa correla=
tiom angle bins3%,

at these boembarding enmargies results in a fusion of a subssc
of the projectils nucleaons rssuiring in eithar evaporatiom

or non~statistical {imcluding pre—equilibrium particle
anizsion, secondary fragmantaticm, ete,) amission of particles
from the regidual nuclays, bur leaves the remaining subast

of projectile nuclecns to comtinue wirk esseatially their
initial momentum prior to interactioun. The experimental
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a=particle bBreakup sross sections®? into the 3Be-n ehanngl
at ELab'laﬂ for five targar nuelei, divided by ﬁ1f3, are
shows in (Fig. 21). Information on the breakup or frag-
nentation of heavy-ion projectiles iz uvsually Far less
complece thap that praesented above for & particles of

140 Me¥, and peints up the desirability of more detailed
experimental studies on heavy~ion breakup.

:% 707 timbsar)

FIGURE 21, ©Experimanzal a-particle breakup cross
sections?? into the YHe—n channel ax
BLah=13°, divided by 4173, The & particle
bembarding energy is 140 HeV.

B. Preequilibrium Particlas (Hot Spots, Fermi Jaets.....)}

The composite system i3 excired by the addition of
part or 2ll =f the projectila, Howaver, the energy and
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-nomentum of the jbgorbad nucleons are distribuced over 3
ng particle-hole states in the composits system., Tha

Nite resctiondl (£,97.8 MeV/u) 1s & rypical light-iom
reaztios I chis catggury Appruximately 6% of the. protong
are preequilibrium or non-statistical in origin (and
-asgantially the entire rea:tinn cIos9 section gees iateo
proton amissien}).

Preequilibrium peutrons have basz observed for the
15864412¢ (By,pv252 MeV) reactiond? (see Fig. 22) at an
snargy of B.4 MeV/u above the Coulomb barrier, ae anergy
comparabla co the above light-ign reaction. The tachonique
emplayed in chis awperiment utilizes o=y colncidance mea=-

- gurements to identify selected axit chapnels as described
sgrlisr. . The resction mechanism responsible for these fast
- nautrons is unclear. ~Bondorf et al.®l aseriba these

T L | .

ato /g Gl et Wev-1 )

FIGURE 22, Spectra of neutrun532 in goincidence with

indicared gamma ecrangicion for 152-MaV
lzc an. lSEGd
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ngutrons to Fermi jets, These neutrons wmay he preequili-
brium in origin also or they may arise froem projectile
breakyp. Much mora work iz required co settle_thiz question.

The imclusive proton spectra from the 177 Au(l6g,pix
reaction’ at a projectile labsratory emergy of 315 MeV,
corresponding to an energy of 1l4.7 MaV/u above the Coulomb
barrier, have been interpreted in several ways. Presquili-
brium emission analysis leads to an initial exciton number
of 25. The data are alassc consistent with emission from a
source moving with a velecity of about Q.lc in the laboratory.
" These {nelnsive spactra have nearly the same Cenparaturss as
the light.particle gpectta from the previously discussed
2381160 reaction ar che fame enerpy wWhare the light particlas
&re measured in eoinsidence with fission fragmentx gared into
two correlation angle bins. This may be a clue that in beth
Teactions the light particles rasult mainiy from projectile
breakup procassas and are not giving informscion oan the
heavy~ion nuclear resction mechanisa.

Az shewn £ Table ITI, non-statistical particles have
been repoTted for a large number of heavy-ion reactions.
Evidence for light-particle emission arizing from heevy-ion
- breakup processes is substantial (se= sectiom IV.A), however,
the relativa importance of cther reaction mechanisms, such
as those discussed in this section, for producing non-
statistical light particlas 1s still not well estahlished
and a subject opeeding much more atudy.

C. Particle Emigsion from Neeck Rupture

Although such particlas are well %nowm to be associated
with fissin125, no definite evidencs exises for thigs source
of particlés from deep=-inalastic reactions.

- X, HEAVI=ION FUSTICN

In paparaf2.83 prasented te thiz ceaference, it is
-reparted that the statistical properties of the compound
-aueleus are {mporcant for determining the fusiom cress

gectioma of light heavy-icom reacticas. The comcept of a
"statistical yrast line" is introduced that runs nearly
parallel to the yrast lipe with an additional emergy 4.
The model then assumes that fusilon occurs only for those
value=s of the angular momenttom vhere the energy excaeds
that of the "statistical yrast line". The quantity AQ
iz an open parametar. Values of maximum fusion cross
sectiong caleutared wirh rhis model for AQ=10 MeV are

-
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plocted as triangles in (Fig. 23) (this theory does not
predict the energy at which the cross sectism is a naximum,
therefore, the: present ecalsulations have baea made at the
energy Where the experimental fusiocam eross section is a
maximm). The maximum axperimental cross sections for the
Same reactioaz gre shown as 2olid circles.

[ 2 TN o E "'C ml’: m% a T"Em
] o FRoJECTILE 4
' E * [ rit‘,i-i.“:-
= ool N T
T EAL
h .
1w
k3
a
3
2
"N M0 "o

TARGET

FIGURE 23, Coaparison af calculated agd axpetrimentsl
_ maximum fusion ecross seetions. The
histograms. are calculated wirh a ore~body
dissipation model®3:35 and the trianglag
are calcylated with s modaif2,83 rhar
includes the "gtatistical yrast line"

~ The histograms represent: the results of the calculation
for fusiom <ross gection maxima by a very different model
‘that depends om entrafnce channel criteria. This latter
w0del®4:83 {5 based on che clagsical morion of che nuclei
in . a potancizl field, ineluding the vuclear proximity .
potenti3l36, and dissipative forces based on the ome-body
friction of RandrupaT. The compartison of the fusion cross
sacticns for target-projectile systems involving lp=shell
#rd 25-1d shell nuclei with this classical medel ig
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discussed tlsnuheresa’sg.

The clagsical model based on encrance channel critaria
glves batrer overall agresmsnt wirh experimant than doeg the
very different model based oa compound nucleus properties.
© Janea, the eomclusion®? that the fusion eross section at
 high epergiles {2 assentially datermined by the "staciszzical
yrast line" of the coumpound aucleus is not established by
the present comparison with experimental data. Heither
nndil'rag oduces sceme of the daca such as the crosa sectiom
for the +1%0 reaction.

It is well known that fusion ¢rosa sections for heavy
projectile-target systams are considerably larger than )
those predicted from che ligquid drop nodeld3. These observa-
tions nead not indicata rhat the liquid drop limits are oo
low, - but racher thar interacrion timeas for theas higher
angular momenta, which have porsntial pockats, are =c long
thar thera is comaiderabla relavarion of the mass aaymmerry
degree of freedomB5.83,89, 1o addition, the lifatimes of
thesa trajectories are long enough to produce a nearly
1/2in® angulary d¢iztribution of the "fig=zilen Ffragments".

Tha lifatimes of these dinuclear systens (4 type of meolacular
rasonance) in the window of £ wvealues between the liquid drep
crizical £ value apnd the last £ value vith a potential pocket
{(larger R values lead co desp-inelastic processes) may well
bea loog emough for light-particle emission to occur before
"flsaion''. This may be a source of the evaporation-like
charged Easticlea with a temperature «f about 2.5 MeV cbserved
for the 197a4u#0042 (Bpo @340 MeV) reaction?0,5%1. . 4 rotatien
‘timg for this system wicth a typical angular somentum In. che
above window is §x10~2L sec. The time required for the
evapcration of & particla with a temperature of 2.5 MeV
[t=0.5%10-22 exp(13/T)] is approximately 9x10~21l sec.

Hence, times of the order of the particle evaporatiou time
are reaquirad to explain the experimental "figzsfem fragment”
‘angular distributions and suggests that particle emission
-may-well seeur’ from the dinuclear syastem with ita reduced
Coulomk potantial due to daformarion.

VI. CONCLUSIONS

1. Dissipative heavy ion Gollislons cover a whele range
of ‘angular pomentun vilues between dirsct peripharal svenzs
and "fusion" evemts. For very heavy systems these collisions
make up almost the entira teaction cross section. Lighter
systams sometime allow the study of narrow ! bins.

2. Dadipad or deep-inelasric collisions are a binsry
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procass., Three-body events: are dus to sequential fission.

3. The idenetity of projeccile and target ig essgencially
preserved in @ demped heavy-ion collisiem. Drift in ¢harge
snd-mass 1s small for heaavy systams.

. 4. Large amcunts ¢f kinetic emergy and orbital angular

. momentun oay be dissipated.the magnitudes of these quantitiaes
depend on the relative motion and the intrinsic aeticn and
quantal nature of the sxchaasged nuclacns.

3. A strong alignment and polarization of the intrinsic
. angular momentunm 13 obsqrved (excepc for the fully relaxed
evenrs of heavy systems).

6. The energy loss ig the most important axparimental
parapater for determining the aatura of the collision. A=
a funotion of the ensergy loss, one obtains simple correlations
with the first &nd zecond moments of waricuys diztributions.

h 7. The relationghip betwaen the variance in the chargse
and mass distt%butiuus depends on the dyoamical driving forea
and Ty fuz may be smaller or larger than (A/Z)2 depending
en the dinuclear gysten ‘and the energy loss. There is sowe
evidence that peripheral collisions show a neutren skin
efifect.

8. Pauli bloeking plays an important role in the corre—
" lation between the energy loss and the variance of the charge
ot mass distribution; and sctrongly Influences the average
energy loss per nucleom exchanged. Nucleom gexchange is che
dominamt mods of energy loss.

9. The variance in the charge distribution for fixed
‘MASE  AXYTMerry, {AJ, iz constant for energy lasses above
approximataly 30 ﬁev for all systems, except the 137 guril32xa
reaction, indicacing the possible importance of quancal
affacts. .

10. Measurements of light-particle. spactra {(mostly
nautrons) indicate that the rasction partners from a damped
" eollislien have the ssme cemparatures over 3 range of enargy
loases, Hence, cne infara equilibration of the energy
between -the two reaction partners.

1il. Iocrinsic degrees of Ersedom including energy disai-
pation- and A/Z. e yilibracion are relaxed on a time scals
. ‘legss tham 2x10~22 gec (this is determined from a classical
- model for ap energy loss of about 30 Ha¥,- for larger smergy

lossas the upper time limit is increased),

12. For bombarding snergi=s lass than 5 MaV per nuclaoo
abova the Coulomb barrier,particle emission is predominately
ayaporation {peglsetipg raactisns wvhers briakup ccours st
low energy). The parameter £ ={m/W}(E. =V, ;) puts the
light and hsavy iom reactions on the same %oating ey
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though very large amounts of energy may be dissipated in
sowa heavy-ion eollisions.

13, Tdeneififaction of giant resonancas in heavy ion
Teaeticons by gpectral structure is severely hampered when
particle emisalon channels are eopen.

14. As the bombarding energzy increases beyond 5 MeV par
ouclece above the Coulomb barrier, -nonatacistical particle
exilssicn secs in and cotal thermallzaticm of the energy 1s
na longer walid.

15, Projectile breakup iz a well established source of
faar nonstatistical light particles and becomes a dominantc
reaction mechanism already at Bombarding energins of 15 MeV
per nucleon. Hence, the projectils brealsp procass compli-
cates sevarely heavy-ion reaction mechanism studies at
energies in excess of 15 MeV per onucleon.

16. Evidence of fast nonstatistical perticlas from
mechanisms other than prajectile breaicup, such as fireball
emisgion, het spots, Formi jets ate., i3 not well establishad,
Hueh addieienal werk I8 regquired in ordar 2o chaxacterize
these mechanisas.

17. Fusiom &ress sectison can be reasonably wgll repro+
duced by very different models based on entrance c¢hannel
limitations to c¢ompound nueleus imitations.
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ABSTRACT :

A previcus study of the.strcngly damped Teaction
205p; + 136%¢ at 1130 MeV has been extended to the lower bom-
barding energy of 940 MeV. With the same experimental tech-
nique, angulaf, energy and atomic charge distributions and
thejir correlations have been measured. The angular distribu-
tion of the reaction products is sideways peaked, but less
strongly focussed than at the highér bombarding energy. The
enefgy spectrum extends far below the Coulomb energy calculated
for taﬁching spherical ions, indicating large deformations of
the final fragments. The charge distributions are Gaussians
approximately centered arounﬁ the imjitial fragmentation. Exam-
ination of the correlations between experimental obssrvables.
confirms that the energy loss parameter is the most suitable
‘quantity to describe the time evolution of the reaction. The
Teldticnship between energ? loss and the #idth ¢f the charge
distribution is studied to gain information on the contribution
of the nucleon exchange process to the total dissipated energy.
The bombarding energy -dependence of this relationship
suggests that the Pauli bleocking of occupied single particle
levels is ar important effect, leading to a smaller dispersion
of the fragment Z-distribution for a given energy loss than
expected from a Elasﬁical theory., A quantitative analysis
establishes the nucleon exchange as the dominant mechanism for
.the dissipation of kinetic energy. With the aid of a phenomenc-

logical model a decomposition of the reaction cross section in
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partial waves is performed. Classical trajectory calculations
assuming spherical ions are compared to an empirically determined
deflection function, energy loss and interacticon times.

These calculations do not provide 2 consistent description of

the experimental results, since the esnergy loss is systematically
underestimated. From the interaction times and widths eof the
charge distributions an angular momentum dependent proton aumber
diffusion coefficient Dz[zj is5 derived, which shows a proncunced
saturation behavior for angular momenta less than 2/3 of the
grazing angular momentum. The total probability for sequential
fission of the target-like fragment is determined to be 30% for
all inelastic events. A simple model is presented which allows
calculation of this probability on the basis of known fission

properties of heavy elements.

209, , 136

= 840 MeV;

NUCLEAR REACTIONS Xe, E

Lab
measured ao(8, E, 2); strongly damped reaction; de-
duced correlations, interaction times, transport-

coefficients: comparison to trajectory calculations;

yield of sequential fission,
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I. INTRODUCTION

The reaction 2{'wEi*- 136

Xe has been studied previnusly{

at a bombarding energy of ELab = 1130 MeV as a typical example
of a strongly damped reaction. The use of such a heavy system
has several advantages: Strongly damped cnilisinns are by far
the dominant reaction mechanism and allow, therefare, the study
¢f the resacticon over a2 wide range ¢f impact parameters: from
grazing collisions to nearly central impacts. Thus the correla-
tions between observable quantities such as dissipated kinetic
energy, reaction angle and the charge distribution of the final
Teaction fragments #an be studied much more readily than for
light systems, where only 2 comparatively narrow window of
impact parameters leads to étrnngly damped events.’

Tt has been shown in the previous study,l

that the degree

of kinetic energy dissipation i1s the most useful parameter to
characterize the time development of strongly damped reactions.
Therefore, it . is a natural extension of this investigation to
change the'bombérding energy and thus the ameunt -of kinetic energy
avaiiable for dissipation. This paper rTeports on a detailed study
EHQBi N

0f the system 13ﬁXe at s bombirding energy of ELab=94D teV,

an energy of 1.4 times the {oulomb energy of touching spheres.
In the following section, the experimentzl precedures are

described briefly. Results on elastic scattering, angular,

charge and energy distributions for the Xe and Bi-like reaction

products are discussed in Section III. In Sectien IV the implica-

tions of the experimental results for the understanding of the
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reaction méchanism are discussed. Special attention is given
to the importancs of nucleon exchange as 2 mechanism of energy
. dissipation and to the importance of the Pazuli principle far'
an understanding of the correlation betwesen the widths of the
element distributions and the degrée of energy.damping. In
Section V a model is presented to calculate the observed
yield of sequential fission of the Bi-like fragments. A sum-

mary can be found in Sectiom VI.
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1. EXPERIMENTAL PROCEDURE AND DATA REDUCTION

The experiments were performed at the LBL SuperHILAC
accelerator. Targets of 235 ug/em? 20933 on carbon backings
were bombarded with 940-MeV °%Xe ions. The beam ER2TgY wWas
determined with four independent detector systems calibrated
with o and 2sch fission sources, The result was 940 MaV,
with a statistical uncertainty of 12 MeV, allowing for a pulse
height defect of 51 MeV according to the procedure of J.B.
Moulton et al. *#+3 The reaction products were detected in
two AE -E silicon surface barrier detector telescopes ard one
silicon detector. The thicknasses of the two AE detectors
were 14.3 and 9.6 um, respectively. The telescopes subtended
angles of 0.5° and 1.0° in the reaction plane. Twe monizer
counters, placed cut of plane at fixed forward angle:z monitored
the beam intensity and allowed for dead-time corrections. The
beam was defined by two pairs of slits cutside the chamber and
one pair of cleanup slits at 1its entrance. Permanent magnets
and 180 ug/em? thick Ni foils pratected the detectors from
delta electrons gensrated by the beam.

The electronic setup was very szimilar to'the one described
in Ref. 1, and included pileup circuitry and a system allowing
a determirvation of the system dead-time, taking intoe account the
pulsed character of the HILAC beam. All data were recorded on
magnetic tape in an event-by-event mode.

In Figure 1 2re shown examples of the laboratory energy
spectra taken with the singles detector. The spectrum at &, =

24° shows an intense elastic peak at 838 MeV, a2 broad bump of
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strongly damped events centéred at 600 MeV and a second

small bump at 4350 MeVY which is due to sequentizl fission of the
heavy,, Bi-like fragments, which are alsc scattersd to forward
angles for large negative reaction Q-values. In the two-
dimensional 4E - E spectira the twoe groups of fragments are well
separated.

At-eL'i38° the elas;ic peak 1s still dominant and has a
- low-energy tdail smeothly joining the strongly damped, Xe-like
fragments centered around 550 MeV. The Bi-like fragments show
up at thiﬁ angle as a bump located zround 420 MeV, whereas the
~gsequential fission events are not distinguishable from other
¢vents in the one-dimensional spectrum, At EL= 43%, very ¢lose
to the quarter-point angle, the spectrum shows the same compo-
nents as-at 9; = 38%." For larger angles the syettra are dominated
by the recoil nuclei. -

Since elastic scattering events were not resolved. from
thuEE'wifh-small energy losses, a standard geak was defined at
forward scattering angles and subtracted from the spectra taken
" at angles in the vicinity of the.quarter point. This procedure
has been used extensively in -the analysis of heavy ion elastic
scattgring.§

' The experimental aE -E distributiens were converted into
Z -E distributions using thé tables of Northcliffe and
Schilling?, tenormalized to the experimental stopping power
of Xe-ions in $i. A constant mass-to-charge ratice of

A/Z = 2,52 was assumed to convert the measured fragment
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charge into fragment mass, necessary to perform kinematical
calculations. Since 138y and 49981 both have this mass-to-
Charge ratio, no change in the A/Z ratio is expected to cccur
during the interaction. The Z-E distributions were transformed
into the center-of-mass system for 26-MeV wide bins of the asymtoti-
cally measured center-cf-mass total kinetic energy, E, using the
experimentally established fact that strongly damped reactions
at low bombarding energies are essentially of a binary naturez.
except for light-particle evaporation from the highly excited
fragments, The reducticn in kinetic energy of the fragments

in the laboratory system due to the evaporation of neutrons was
correctad for. Details of this calculatien can be found in

Ref. 1. Further corrections were applied for the energy less

in the target and Ni foils and for the pulse-height defect in
the detectors.

For angles up to the quarter point, the heavy, Bi-like
fragments could easily be distinguished from the light fragments,
because they occupy a well defined region in the Z-E plane. For
larger angles, Xe-like fragments with very large Z-transfer,
merge with the Bi-like fragments, and the separation betwesn
the fragments is not quite as unambigucus. However, the uncer-
tainty in the reaction ¢ross section introduced by this overlap is
not large. Since a sizeable fraction of the heavy fragments is
expected to undergo sequential fission, the yield of Bi-like
Teaction products is of interest. Because there is no simple

way to discriminate the elastic recoil events from heavy reaction

products, due to insufficient 7 and E resolution, the elastic
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Tecoils were accounted for by determining the cross section of
eiastically scattered Bi from the measured Xe angular distribu-

tion and subtracting it from the total yield of heavy fragments.

il11. EXPERIMENTAL RESULTS AND DISCUSSION

A. | Elastic scattering and the reaction cross section

Tﬁe ¢lastic scattering was investigated in order to obtain |
information on the bumﬁarding-enerzy dependence of the tntal-
' reaﬁtian Cross section IR the strong absorptien radius RSA and
an optical model potential suitable to describe the scattering.

Figure 2 shows the ratio of elastic-to-Rutherford cross
section in the center-of-mass-system. Compared to the experiment
at 1130 MeV bombarding energy, the quarter point angle is shifted
b#:kuards to B, © 70.2%, ‘and the slope of ‘the angular distribution
at the quarter point is smaller*.

The data were analv:zed using two models: the semi-guantal
madel of Fresnel scatteringa and a one-channel optical model.
The -Teaction parametersldeduced are_compiled in Table I. In a
simple version of the: Fresnel model the trarsmission ccefficients
are approximated by a step function: TE = 1 for L-ilg and
T

= 0 for & > ¢ _, where L_ represents the grazing angular

L g g
momentum. Since this sharp-cutoff medel is known to produce

large oscillations of the ratio d?EL!d“RUTH forward of the quar-
ter point angle, it was refinedg by introducing a finite transi-

tion re'giun in %-space of width ak. The broken curve in Fig. 2 ﬁ
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indicates the prediction of this model for 42 =18, Although

the overall agreement with the data is reasconable, the rela-
tively gradual fall-off of the data cannot be reproduced by the
Fresnel model, regardless of the width 4t chosen. It is nottoo
surprising that the Fresnel model does not f£fit the present experi-
mental data at 940 MeV as well as the data taken at 1130 MeV,

8 that diffractive models lese their validity

because it is known
for bombarding energies close to the Couloemb barrier.

Nevertheless, the present experiment still allows extraction
ef a mearingful value for the grazing angular momentum LE’ where
the transmission coefficient assumes the value 3/4, via the

relation
0374 = 2 T aTCTAN [n/ (1 + 1/2)] (3.1)

and ¢f the total reaction <ross section

R T (g 1/2)° U2 T, 177 Stzg vk (3.2)

Here, n is the Coulomb parameter and k the agymptotic wave
number. The values obtained are zgs 383 and op*® 2.10, very
similar to the results derived from the simple version of the
Fresnel model (Lg= 383, In =2.1b). PFrom these values an inter-
action radius of RINT==15.5 fr is deduced. This radius is
slightly larger than that deduced for the same system at 1130
MeV bombarding energy (15.12 fm). An optical moedel calculatien
was performed to check the dependence of the deduced interactien
radius on the type of analysis made. A standard Weeds-Saxon
nuciear potential was used to generate the elastic angular dis-

tributions with the optical model code GENGA.LC
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A set of parameters which £fit the 1130 MeV data very well
produced results which missed the experimental quarter peint by
several degrees., A two-parameter search on the radii determined
values which are considerably larger than the starting values,

The strong absorption radius Rg, defined by

CKRgp T w4+ InEeag(hg 6 1342 (3.3)

was faun& te be 15.5 fm, which is consistent with an increase
of the interaction radius at the lower bcﬁbarding energy. There
is some confirmation of this -tendency from other analyses of
heavy ion elastic scatteringﬁ’ll.

These findings illuminate the well known difficulty
in defining a wnique and energy independent optical petential
for very heavy ion reactions. Therefore, no further attempt
was Mmake to search for a set of more suitable optical-model
parameters. For the further analysis.the grazing angular momen-

tum a3 extracted with the modified Fresnel model was émployed

in order to be consistent with Ref. 1.

B. Angular, charge and energy distributions of the

.  Xe-like reaction fragments.

The angular distribution of the light reaction preducts
in the laboratory system is shown in Fig, 3. Similar to the
1130 MeV experiment, the cross section is focussed around anl
angle slightly forward of -the quarter peint anzie. The inte-
gration of the data yields an experimental total reaction Cross
section of aR_*(Z.l : 0.1) barns,in good agreement with the

analysis of the elastic scattering data. Towards forward and
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backward angles the cross section drops quickly, and the data
are consistent with vanishing cross section at &= ¢°, indicat-
ing that no negative-angle scattering (orbitimg) eccurs. This
is not surprising since orbiting should become less proncunced
with decrezsing bombarding energy and increasing product EP-ETE‘IE.
In Fig. 4 the angular distribution is shown in the center-
of-mass system for all events with a total kinstic energy E
between 260 and 546 MeV. Since elastic scattering corresponds
to an enargy of 569 MeV, most of the guasielastic svents have
been excluded. Compared to the 1130 MeV experiment, the angular
distribution is skewed and extends further backwards, indicating
that the nearly perfect angular focussing at 1130 MeV is not zan

2034, ISﬁxe, but has to be

intrinsic feature of the reaction B
viewed as the coincidental result of a delicate balance between
nuclear, Coulomb and centrifugal forces, which is destroved at
other bombarding energies.

The Z-distribution of the Xe-like fragments is shown in
Fig. 5, integrated over the same range of total kinetic energies.
The weak asymmetTy is due to a slight shift of the centreid of
the Z-distribution towards higher I for decreasing energies.
The bump around Z » 41 is5 caused by a2 weak contamination with
sequential-fission products of Bi-like fragments, which could
not be separated completely from the highly damped events. The
correlation of the I-distributicn with the energy loss parameter
will be discussed later.

In Fig. 6 the energy loss spectrum is shown for the two

bombarding energies under study. The arrows indicate the
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initially available kinetic energies zbove the Coulombd barrier

- a8 calculated assuming spherical iong separated by the strong
interaction radius. The data show clearly that a large fI;Ctiﬂn
of the reaction cross section cannot be explained without assum-
ing strong defurmatiﬂné of the fragments at the time of breakup.
This is especially importsnt at the low bombarding energy where
800 mb, {(or 40%) of the total reaction cress section, corres-
pend to final kinetic energies below the Coulemb barrier, aﬁ
compared to 300 mb (or 20%) for the 1130 MeV éxperimént.

It should be pointed ocut that the creoss section for very
low energy lus&eé (below 20 'MeV) is not very well known due to
insufficient experimental energy resolution. It was not possible
to determine whether the cross section is rising monotonically

" in the quasielastic region, or reaches 3 maximum around 10 MeV

energy loss. In the present paper, & montonic increase of

do/dE with decreasing energy loss has been assumed in the

Loss
-quasielastic region.

C.. Angular distribution of the Bi-like frasments

In contrast to the experiment at 1130 MeV, it was possible
'in the present experiment to observe the heavy Bi-like fragments
- -simultaneously with the light fragments over a wide angular
range. The heavy fragments appear as a well siparatad island
in the ﬁE.verSué E distributions for 21l but the largest angles,

where the ffinges of the light and heavy fragment I distribution
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start to overlap. It was not pessible to make a reliable Z-
identification for the slow Bi-like fragments and, therefore,

ne conversion into the center-of-mass system waslperfarmedf

~ However, the angular distribution of the inelastically scattered
heavy fragments was obtained indirectly. This was done by sub-
‘tracting the'numbe; of elastically scattered Bi ions, as deter-
mined from the measured angular distribution of the Xe iens,
from the total number of Bi-like fragments for z given angle.

The resulting angular distribution of the Bi-like reacticn
products in-the laboratory system is shewn in Fig. 7. The pro-
nounced asymmetry is due to & kinematic effect: the light
reaction fragments are strongly focussed ‘into a narrew angular
region, but with rising energy 1oss the cnfrespcnding heavy
fragments are scattered to smaller angles. The long tail towards
| forward angles is, therafore, due to very strongly damped svents.

- The integrated cross section of the Bi-like fragments is
only (1.5 & 0.4)b, which is 30% smaller tham the reaction cross
section deduced fram'the light-fragments.l This difference can
be explained by subsequant fission of the Bi-like reaction frag-
ments in 30% of all non-elastic events. - A discussion of this

number with respect to known fission properties of slements

near Bi is deferred to section V.
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L. Qualitative correlations of observablas with

fragment charge and kinetic energy loss

‘In Ref, 1 the impertance of the energy loss parameter
ELass ’Etm'E is ‘discussed in detail for the description of: the
. strongly damped reaction between 1361e and 2‘[."gla;f.-at 1134 MeV.

A. knowiedge of the energy loss determines the associated
angular - and Z-distributions, whereas a selection of either
Z or the scattering angle does not detefmine uniquely the

other observables. This significance of the energy loss as

& parameter characterizing the reaction is confirmed in the
present experiment. - In Fig. 8 the double-differential c¢ross
section d%g/d2dE is plotted on a logarithmic scale vs. the

total kinetic energy of the fragments. The events are sorteﬁ
inte 3.2 unit wide bins, the centroids of which are inﬁicated

at .the spectra. The arrows indicaté {oulomb energies calculated
fer spherical reaction piqdu:ts, assuming spheres touching at the
streng absorption radius. It is obvious from Fig. 8 that
multiple proton pickup and stripping reactions lead to rather
similar energy ‘loss spectra, confirming that the charge of the
light fragment is certainly not a suitable. quantity to charac-
terize a given strongly damped event.  ([The small difference in
The shape of the spectra for the £ =42 and the f =63 bins is at least
partly due te the contamination of the former bin with éequantial
fission events). A variation from the results ¢f the experiment
at 1130 MeV, however, is represented by the relative positions

of the maxima in the spectra relative to the calculated Coulomb ‘
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- barriers. Whereas the maximum of the yielﬁ is zlways located
at energies above the Coulomb barrier for 42 € 2 £ 63 at 1130
MeV bombarding energy, this is a feature not corroborrated for
mest Z-bins in the present experiment. This emphasizes even

- more strongly the importance of considering deformations or
neck degrees of freedom in understanding the low energy dataz.

Similar to the energy-loss distributions, the angular dis-
tributions depend strongly on the atomic number of the fragment,
but the. correlation is not unigue. . This is shown in Fig. 9,.
-where the dnuhlﬁ-differential Cross section dzufdﬂcm dZ is
plotted for the same I-bins 2s in Fig. 8. The angular distri-

butions of fragments near the projectile I are strongly peaked,
| but the spectra for either very low or very high I values of
the light fragmants look similar. In contrast teo the findings
obtained in the.1130 MeV experiment, the maxima of the angular
distributions do not remain centered around ﬁcnltﬁd’, where the
gquasielastic cross section has a maximum, but are shifted stead-
ily to larger angles with increasing magnitudé of the charge
transfer. A discussion éf-these Tesults will be giver in section
iv.

Since a large net charge transfer is related to a large
energy 1oss, it is expected that the maxima in the.double-
differentizl ¢Toss section d2g/da * dE ‘move ts larger angles
with increasing energy less. This can indeéd be seen in the

Wilezynski plutl3

(Fig. 10), showing contour lines of the c¢ross
section in the E vs 8.n Plane. The ridge of damped events,

. o . :
starting out at g.p =64 , moves backwards with decreasing E,
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whareas it was found to be parallel to the E-axis in the 1130
MeV experiment. Qualitatively, this result is due to the lower
angular momentum for a given impact parameter in the S840 MsV
experiment. The Coulomb deflec¢tion towards backward angles is
more pronounced, and the roetaticn towards forward angles during
the nuclear interaction time is less for smaller angular
momenta.

The angular distributions integrated over all Z for a
given E bin, i.e. cuts of the WilczyAski plet parallel to the
O.q 2%1s, are shown in Fig. 11. The reaction cross section is
sideways peaked for all E values, and no indication of ordbiting,
such as snhancement of the cross section at forward angles, is
visible, The deminant feature of the angular distribution is
the increase of its width with increasing energy loss, suggest-
ing that longer reaction times are assoclated with higher energy
losses,

The charge distributions d%¢/dEdZ of the Xe-like fragments
a3 & function of the final teotal kinetic energy are shown in
Fig. 12. It is obvicus that the data can be described rather
well by Gaussian distributicns as indicated by the seolid curves.
The width of the I distribution is seen to increase strongly
with increasing energy loss, suggestive of a diffusion mechan-
ism where the time available for the diffusion process increases

14 The width of the

monotonically with increasing energy loss,
558-MeV bin is mostly due to the experimental 7 resolution

¢f about 3 2Z-units. The following analysis accounts

%
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for this intrinsic width by assuming an additive law of the
.variances azz.

In agreement with the 1130 MeV experiment, the centroids
¢f the charge distributions stay close to the charge of Xe and
‘drift only fery slowly towards mass symmetry. Experimental re-
sults for the cross section, the variance a22 and the centroid
<Z» of the fragment charge distributions are collectsd in Table
IIT for 26-MaV wide E binﬁ._

The relationship between the variance “Iz and the energy
loss is plorted in Fig. 13 for thé twe bombarding energies. For
energy losses up to 100 MeV the two curves are indistinguishable
within the experimental errors, but then the energy loss rises
less fast for a given increase in azz at the lower bumbarding
energy. This is to be expected, since there is much less kiﬁe-

tic energy E_ - ?C.a?ailahle at the lower bombarding energy.

cm
Howaver, it is surprising that this energy limit, calculated
assuming spherical nuclei and indicated by the horizontal arTows,
does nmot show up mors distinctly in the experimental data. This
fact can again be interpreted.as an indication of a strong

dynamical'deformation of the system, evolving continuously with

increasing interaction time..

The dominant tole of the energy loss parameter is made ob-
vious by Fig. 14, "where the FWHM of the charge distributions
is plotted as a function of energy loss and scattering angle.
The horizontal lines represent the fits to the angle-integrated
- data as shown in Fig. 12. It is obvious that there is no cor-

relation between the scattering angle and the width of the charge
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distribution for any given energy loss. .
Fig. 15 shows the contour lines of d3a¢/dZdndE in a series

of Wilczynski plots for 3-Z-unit wide bins. Since the statis-

tical accuracy of triple-differential cross sectiens is neot

..very high, one has to assign large uncertainties to the contour

lines, especially for the Z bins far away from Xe. As can be

seen from Fig. 15, positive and negative charge transfers lead

to approximately the same shape of the ﬁilczyﬁski plet. How-

--E?ET, a .s5light influence of the Coulomb barrier calculated for

spherical systems may be seen in the fact that the center of

the distributions fﬁr large pnsitivé charge transférs {a2>6) is

s?stemitically at higher TKE values than for the corresponding

- negative charge transfers. In addition, the total cross sections

for the positive charge transfer is systematically somewhat

" ‘higher because the Z distribution is 5light1y'skewed-to large

Z values (Fig. 5] due to the weak drift towards charge equili-

brium.
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IV. IMPLICATIONS OF .THE BOMBARDING-ENERGY DEPENDENCE FOR THE
REACTION MECHANISM OF STRONGLY DAMPED COLLISIONS

A. Correlations between total kinetic enerzy loss and

mass diffusion

The understanding of the mechanism of strongly damped
- ¢ollisions of a few MeV/u has progressed to a stage where the
gross features of the reaction are well established. Strong-
ly damped collisiens are hasiéally ﬁinary processes, where the
orbital angular momentum %; in the entrance channe]l is the gov-
-etning parameter for the ‘evolution of a particular collision.
The mean valueslaf the kinematic observables for a given
L {such as scattering angle, energy loss, angular momentum)
follow the laws of classical mechanics assuhing conservative
.pntentials.and phenomenological fri:tiqn:farces%z’l4’15 The
- second moments of the observables can be described in terms of

~quantalls’1ﬁ 17

and statistical fluctuatiens™’, the latter ones
arising from the 'exchange of nucleons between the two culli&ing.
'nucleﬁ. This microscopic flux of nucieons, responsible for
the observed charge and mass transfer, <¢an also account for a
considerable fraction ﬁf the observed energy 1555,.because of
the momentum transferla by the nucleons crossing the boundary
Ectween the moving heavy ilons.

| The dissipation of kinetic energy by this mechanism may be
described by a friction force P, which in a classical model

can be written as.

e _} (4.1)
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where - and u_ are the radial and tangential components of

t
the relative velocity U of the two colliding nuclei, and j is the
one=sided mass f£lux of exchanged nuclecns. For a completely open
window of area A permitting an unrestricted flux of particles,
j is given by j =n A, where n_ « Pv/4 is the static one-sided
bulk flux, v is the average velocity of nucleons and P is the
mass density of nuclear matter. Here and in the following
paragraphs, it is assumed that the magnitude of § is small com-
pared with v.
The exchange of nucleons gives Tise te a finite width of

the mass and charge distribution due to the statistical nature
of this exchange. The random-walk theory relates the variance
aﬁ 6f the mass distribution to the total number N of exchanged
nucleons by

ui = N (4.2)
whare N is5 given by the time integral of the total particle flux
{left and right) 2j/m integrated gver the intdéraction time
associated with the collision. In the same way the total energy

loss is given by a time integral of the kinetic energy loss rate

. dr
dt
T
- . dT .
Bloss =~ 1, dc dt {4.3)
. -dT _ L _ . . 2 2
with 7y F(ey-u(e) = 3t (2u_® + u.®),

where T =1/2 uli’ is the instantaneous kinetic engrgy of the

relative motion of the nuclei in the center-of-mass system

and Fit) is the friction forces defined in Eg. 4.1.
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For peripheral reactions the radial component of the velocity
U is much smaller than the tangential component. Thus one may

neglect u, and write

fe-imat e i (4.4)

Differentiating Eq. (4.2) with respect to t gives

de,*?

dN A z2j(t) §.5
dt ’ dt : m (4.5

Thus cone can express dt in terms of dcaz, as has been suggested
by Schréder et afﬂ

Inserting Eq. (4.5) into Eq. (4.4) tesults in the differen-
tial equation

dr(t) . . m 2 .l AT a2 4
T(t) 7 494 g ey (4.6)

witere the mass and charge variances have been related by
I, = {=) g (4.7}

Here, x = 1 and x = 2 represent the extreme assumptions of
totally uncerrelated and totally ¢orrelated proton and neutron ex-

g, respectively, These terms refer to the distribution

changel
of reaction preducts in the N-I plane. The contour lines of
CONStant <ross section are circles in the former and straight
lines in the latter case,

The solution of the differential equation (4.6) is given by

1n(T,/T) = % (%]x a,’ (4.8)
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whare T0 =F - ?C and T--Ecm « ¥ < E are the kinetic ener-

cm = Loss
gies in the entrance and exit channels. Thus this model predicts
a linear relationship between 1n (T /T) and o,%, with a slope
given by % {%}x. In Fig. 16 the experimental data are shown for
the reaction at 940 and 1130 MeV. It is: seen that the data indeed
follow straight lines for both bombarding energies and not tgo
high energy losses. This experimental observation may be regarded
as an indication for energy dissipation and the proton exchange
toc be of statistical nature and to occur on the same time scale.
fhe above simple classical medel, however, failgs to explain the
observed bombarding-energy dependence of the slope, and the value

for the slope as given by Eq.{4.8)is too small compared to the experi-

mental results, as can be ssen from Table IV. It has been suggested

18,20 Z1

and Schrdder et al. that the effect of the Pauli

by Randrup

principle plays an important role in the calculation of nucleon
exchange. Only those nuclecns close to the Fermi surface can
participate in the exchanrge, and thus the flux of nuclecns through
the window is reduced by a factor l/« as compared to the clas-

2 of the mass distribue-

sical value. Accordingly, the varian;e T
tion, which is given by Eq. 4.2, is reduced by the Pauli principle.
It can be PTDYEHZ{ however, that the total &nergy loss Tate is

not affected by the reduction of the flux, since each transferred
nucleon carries on the average a larger ameunt of momentum than

in the c¢lassical case, since only fast anuclecons close to the

18 ¢ hat &

drift coefficients including both the rate of energy loss and

Fermi surface can be exchanged. It has been shown,

the net mass transfer zare not affected bv the inclusion of the
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Pauli principle in a theory which is based on one-body transition
cperators, f

Since the quantum-mechanical treatment leads te¢ a varisnce
9,? that is smaller than the value expected classically but does
not affect the energy loss rate, the classical expression fer the
slope has to be multiplied wifh the factor a to account for the
-quantum-mechanical reduction of the nucleon flux. Moreover, the
importance of the Pauli blocking is expected to depend strongly
on the relative velocity of the twe ions, since the rtelative mo-
mentum displaces the Fermi momentum spheres of the two nuclei in
k-space and opens up otherwise inaccessible parts of the phase
space, thus reducing the impactlnf the Pauli principle on the ﬁass
dispersion for higher bombarding energies. Therefore, ﬁhe slope
fﬁr a bombarding energy of 1130 MeV is predicted to be smaller
than for 940 MeV, in accordance with experiment. A more quantita-
tive comparison of the quantal theory with experimental data has
to await a complete dynamical calculation taking into account ths
velocity-dependent blocking and has, in addition, to account for
the correlaticn between neutron and proten exchange.

An estimation of the reduction.o¢f the flux,.haweVEr, can be
made by considering the displacement of twe Fermi spheres of equal
tadius kF by the momentum k, correzpoending te the relative motion
of the two nuclei. If qQne assumes kF »> k, a simple geometrical
caleulation of the ratio ¢ of the total velume cccupied by nucleons
- in k-space to that where the two spheres do not overlap yields

the Telation,
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k w1, 172
a:%f.%(_F } | (4.9)
m(E,__- V)

Here TF-t 37 Me¥Y is the Fermi kinetic energy in nuclear matter

and u/m is the reduced mass numbar of the dinuclear system. Since
nucleon exchange is restricted to those parts of phase space

where the two Fermi spheres do not overlap, Eq. (4.9) gives ap-
proximately the reduction of the flux from its classical value and,
therefore, also the increase of the slope as compared to Eq. (4.8).
Inserting the parameters from Table I for the 940 MeV and 1130 He?
experiments. into Eq. (4.9} one obtains theoretical values of a = 3.0
and 2.3, respectivel?‘ In.Table IV, the experimental values for the
. slopes a are compared to the. predicted ones, assuming either Fntally
coTrelated or uncorrelated nucleon exchange,. It can be seen from
‘this comparison that the asshmpticn cf'cq:rela&ed nucleon exchange
[i.e; “Az = (A/f2)% qzzj and intreduction of Pauli blocking leads
to a reasonable agreement with the experimental data. This

simple calculation of the blocking, however, lgads to a bombard-
ing energy dependence of « that is too weak compared to the data.
For. a more realistic calculation; such effects as the variation
0f the wave number along a trajectory, the influence of a nen-zero
nuclear temperatufe and of the driving forces in the A-Z plane
have to be:included. It was the aim of this discussion, howsver,
to demomstrate that the gxperimental data indicate the importance

‘2 In addition,

of Pauli blocking in nucleon exchange processes,
it should be pointed out that further simultanecus measurements

of the mass and charge distributions would be very helpful to
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disentangle the effects of the proton-neutron correlations from
those due to the Pauli-blocking on the functicn_ﬁzi{ELﬂ553.d Only
then will it be possible to decide whether the nucleon exchange
process alone can acceunt for the large energy losses observed

or if additional energy dissipation mechanisms such as shape
degrees of freedom have to be included. A recent experimental

208py, ., 136ye at 4 vefy low bombarding

stud)rz3 of the reaction
energy {Ecm- ?: % 40 MeV) indicates that for this system the cor-
relation-between uAE and ”I: is given by the correlated limit

208 ISﬁIe

(x -i);. If this result helds also for the system Bi+
at the higher bombarding energies studied here, then most of

the observed energy loss up to 150 MeV can be accounted for by
the nucleen exchange mechanism. This peint will be further dis-

cussed in Section IV (.

B. Angular momentum decomposition

& procedure described in Ref. 1 was used to extract an
angular=momentum scale from the data. For this purpose, a mano-
tonic relationship between the angular momentum in the .entrance
channel and the total kineti: energy loss was assumed, neglecting
fluctuations predicté&24 to be of particular impertance for |

central collisions.. Using the relation

do- -
o "x2(2ze 1) T, : Fd.lD]

between cross section and .angular momentum, a one-tc-one rela-
tionship betwesn the experimental energy loss spectrum du!dELoss

g.2%

and do/di: can be astablishe The transmission coesfficiants
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T1 may be taken either from the sharp-cutcff medel er the
optical model fit to the elastic scatteriné data. In the follow-
ing analysis the latrer were taken. The results of this anqusis
are shewn in Fig. 17 and the first 3 columns in Table V. As can
be seen, there is a nearly linear relationship between & and
ELoss for both bombarding energies.

The above & scale is used in conjunction with the angle

é giving the lccation of the cross-section maximum (cf.

mazx’
Table I11), tc construct an experimental deflection function &(t).
The results for the two bombarding energies are shown in Fig. 13,
As was already obvious from the Wilczynski plet, the ridge of
maximum cross sec¢tion for the 540-MeV data moves to larger scat-
tering angles with decreasing impact parameter, qualitatively
similar to a Coulomdb deflection functien., However, there is

still a considerable angle a8, by which the double-nucleus sys-
tem rotates to forward angles before it breaks apart,14 as can

be seen from a comparison with the sum 6¢ cf the Coulomb deflec-
tion angies in entrance and exit channels. Details of the cal-
culation can be found in Refs. 1 and 25. The labels NS and §
indicate the extreme cases of 2 nen-sticking and sticking centact
of the nuclear surfaces during the interaction time. In the
latter case 23% of the angular momentum 2, in the entrance

channel is converted into intrinsic spin of the c¢olliding nuclei.
In the non-sticking case, the final orbital angular momentum t.

iz the same as in the entrance channel. The interaction tipe

iz caleulated as

t{eg) = a8(t;) - T {8070 2, (4.11)
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and J represents the appropriate moment of inertia for the non-
sticxing and sticking case, for which the following values were

taken:

2
JHS & Rypr (4.12)

Jg = wREy, > (MpRy z+-m R %) (4.13)

The interaction times thus deduced as a function of Ly are

given in <olumns 5 and 9 of Table V. The results fer the non-
sticking model are shown in Fig. 19. At both bombarding energles
the interaction times increase approximately exponentially with
decreasing corbital momentum. Thus the lifetimes can be para-
meterized as:

10720 = 940 MeV

L (4.14)
L = 1130 MeV

{1.53 . exp(- Lifaﬂjscc E

() -20

2.18 + %0 exp(- lifﬁd.ﬁjsec E
As can be seen, the slopes are comparable for both bombarding
energies, but for a given ¢, the interaction time is about twice
as long for the higher bombarding energy. Fer a given impact

parameter, the interaction times are nearly the same for beoth

energies.

C. {lassical trajectory calculations

The phenomenological analysis pressnted in the previous
section allowed the extraction of the scattering zngle ch, the
total kinetic energy loss ELOSS and the interaction time 1 as
functions of the angular momentum %,. The same quantities can
be obtained as the result of classical dynamical calculations.

26

In the following, a model with four degrees of freedom is
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discussed. The time-dependent distance r of the centers of the
spherical nuclel, the angle & between the line connecting then
and the beam axis, and the angles o¢f rotation er and p of the

two spheres were determined by the following equations of

motian:
: ~av 3V ) )
pt = C . N . urfz« £ (1) T
BT ar L3
2- = ] - -
' - . T 2 sz .z
Ctr+ %
= . T 2 - r 2
Jp CP{CT T )E £ (r) (Cp(8p-8) * Cp(dp- 8))
Here t;, Jo and J, are the orbital angular momenta in the

entrance channel and the spins of the target and projectile,
Tespectively, The quantities u, CT and Cp are the reduced mass
of the system and the radii of projectile and target, as taken

27

from Myers® systematics. In erder to solve the abave eguation,

the Coulomb potential V., the nuclear potential V., the radial

N?
friction form factor fT(r] and the tangential friction form

factor fE[r] have to be specified. The Loulomb potential pro-
posed by Bondorf, Sobel and Sperberl4 for heavy ions was takem
for all calculations. For the nuclear potential the proximity

20 and

pntentialfE a modified version of the proximity potential
the Krappe-Nix pctential12 ware chosen. In the modified version
of the proximity potential derived from the consideratien that

the maximum nuclear density is limited to the nuclear bulk value,
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the repulsive hard cere of the normal proximity potential is
gbsant. The proximity potentials were used in ¢eonjunction with

13

the proximity friction force given by Randrup, which is essen-

tially due to the mechanism described in section 4.1. The

12

Gross friction force™™ with radial and tangential strength para-

028 28 Lac fm? Mev " was used

meters of kr = 2.5 « 1 and ktrlﬂ
in conrection with the Krapps-Nix potential.

Fig. 20 shows the results of the classical calculations
solving Eqs. (4.15%) in compariscen with the data (full symbels)
obtaiped from the partial-wave analysis, The lowest part of
Fig. Z0 depicts the deflection function. The general trend of
a Coulomb-dominated behavier is reproduced about correctly, but
the theoretical calculations show teg much structure due to
the Coulomb and nuclear rainbows, and the modified proximity
petential leads to fusion for &, < 150, which appears to be
unphysical.

The uppermost part of Fig. 20 shows the interacticn times
as a function of L. Here the interaction time in the calcula-
tion is defined as that periocd of time, where the distance
between the centers of the two is smaller than the intaraction
radius. The c¢alculations using the seoft proximity and the
Krappe-Nix potentials qualitatively reproduce the results of
the phenomenclogical analysis, whereas the hard core of the stan-

dard proximity potentials yields much shorter intertaction times

for ii < 250.

The middle part of Fig. 20 shows ELass as a function of 2.

It is obvicus that all three calculatiens fail to rTeproduce the
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large-enefgy losses observed. Teo a large extent this is due

to the fact that no shape-degrees of freedom were incorporated
inte the calculaticns, so that the availahble energy 2bove the
Coulomb barrier is an upper limit for the energy which can be
dissipated. . The importance of deformatiecns is demonstrated by
the fact that events with a total kinetic enargy as low as

- 270 MeV have been observed. This energy corresponds to the
Coulomb repulsion of tweo spherical Bi and Xe ions 23.6 fm apart
and is close to the lowest E-value (280 MeVY) observed at 1130 MeV

dzg mean kinetic

-bombarding energy and comparable to the predictre
energy (300 MeV) released by fission of a fictiticus compound
system { Xe + Bi}.. This may indicate that the highest energy

: 1usses'nn:urring in a strongly damped :aliision are not determined
by the details of the reaction mechanism, but by the s#me prnpéf—
-ties of nuclear matter which govern the snapping of the neck in -
fisgion. _

The importance of surface degrees of freednm‘[vibratiansu

21} is less obvious for more peripheral

or forming of a neck
callisions. Fig. 20 shows that calculations for spherical 1ons
understimate the energy -loss as compared ﬂith phenomenological
analyses for. all i-vilues. Inclusion of a neck degree of freedom
strongly enhances the energy loss esven for large impact #ara-
meters, but it appears premature to conclude from this comparison

that deformatiens are important for peripheral ceollisions.
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D. Transport coefficients derived from the phenomenological

model

17 the time evolutien

In the framework of a diffusion model,
of an observable x such as the charge transfer sl=1 -1, in the
reaction is governed by the Fokker-Planck equation

3 -3 ) a2 .
? P(x,t) = ;-; va{x,t} Pix,t}) -I'Ei- {Dx{x,t} P(x,t})] (4.13)

Whare Vo and Dx are the drift and diffusion coefficient, respec-

tively. Feor constant transport coefficients the solutien of

Eq. (4.15) is a Gaussian
P(x,t) = (42D, -t} 2 %cexp(- (x - v, t)2/(4D,t}]  (4.16)

where the variance and the centroid of the distribution are given

2

by a,” = ZDx-t and x_ * v_t, respectively. As discussed in section

o X

Iv. A, however, there is no reason to expect the tramsport
coefficients to be time-independent, since the exchange of nucleons
certainly deapends strongly on the relative distance between the two
nuclei. Time-dependent transport coefficients still lead to Gaussizn
solutions, howaver, if they d¢ not depend explicitly en the variable
¥. The experimsntal Gaussian shape of the 2 distributions shown

in Fig. 12 indicates thesrefore only that the charge drift coefficient
v, and the diffusion coefficient Dz are very weakly dependent on the
fragment charge Z. The experimentally measured variance can then be

Wrizten as

2

T
3, = 2 fﬂ B,{t):dt = 2 0, - 1 (4.17}
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where a time-averaged diffusion coefficient Fz has been defined
by introducing the interaction time t. Since the latter has been
extracted from the data using the phenomenclegical precedure
described in section 4.2, it is possible to determine the experi-
mental value of tha time-averaged diffusion caeffi:iént HZ' Since
- the interaction time v as well as the width.aza are strongly de-
pendent on the impagt parameter, it is expected that these dif-
fusion coefficients are functions of the angular momentum in the
entrance channel: ﬁz = Ez[li]. Assuming the noen-sticking model
for the derivation of the interaction times, the two curves shown
in Fig. 21 are obtained uéing Eq. (4.17). For both bombarding
energies, the diffusion coefficient rises quickly with decreasing
£ for angular momenta close to the grazing £, but reaches a plateau
for intermediate and low & values. As has been pointed out in
Ref. 1, this behavior might be attributed to the presence of the
conszervative and radial friction forces, which limit tﬁe inter-
penetration depth of the two colliding ions over & wide range of
£ values. Thus the s5ize of the window between the ieons which
largely determines the flux of nucleons and hence -the diffusion
coefficient remains rather constant for £ < 0.7 - ggf
The saturation values of the diffusion coefficients ﬂz are
1.1 + 1022 sec™! and 0.6 + 10%% sec”! for the high and low bom-
barding ensrgy, respectively. It is not surprising that for the
lower energy DI is smaller, since the Pauli blocking of nucleen
exchange is more effective and, in addition, the trajectovries for

a4 given impact parameter penetrate less deevly, thus reducing

the size of the window for nucleon exchange,
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An inspection of Fig. 12 shows that the ¢entreids of the
charge distributions drift slightly towards symmetry with in-
¢reasing energy loss. Drift and diffusion coefficients are related
by the Einstein relation to the driving force 3U/3Z and the nuclear

temperature T:

it = e I (4.18)

The model-independent experimental ratio &Z!czz

is approximately
constant and equal to 0.21 2 0.1 for energy losses up to 120 MeV
and decreases steadily beyond 120 MeV. I[f the temperature T is
given by the intrinsic temperature of the nucleussl, which is
related, in a Fermi gas model, to the total excitation energy E*
by

2
aT® = £ & B, (4.19)

where & is the level density parameter of the combined system,
then the magnitude ¢f the right hand side of Eq. (4.18) iz large
for grazing collisions, which are characterized by a small loss
of kinetic energy provided the driving force 135 not too small,
Therefore, a very fast, non-diffusive energy-loss mechanism has

heen pcstulated32

, which would heat the system to a high tempera-
ture before the diffusion starts and thus explain the experi-
mentally cbserved small drifrc.

The inclusion of the Paulj principle in the description of
the nucleon exchange processes, however, gilves a better account
of the experimental raties ﬁZ!azz without the necessity to intro-

duce additional dissipation mechanisms. The quantum mechanical
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trtean:mne':ru:zcII reveals that the quantity T entering in Eq. (4.13) is
merely a measure of the phase space available for nuclecn exchange
and a&qual to the auclear temperature only in a certain limit. As
has been discussed in Section IV. &, the relative motion of the
colliding nuclei opens otherwise inaccessible parts of the phase
space and has therefore similar effects as 2 non zeto tempera-
ture. To estimate which intrinsic temperaturg T* is equivalent
to a given relative momentum k, one may assume that z spherical -
shell of thickness ET* and mean radius kg with Ty = szszzm
contributes to nuclecn exchange between twe hot nucleld at rest.
This shell has a thickness Ak =« kl - k2 in k-space given by:

2
Kok
m

2
*
ot . B (xf - k%) - 4k . (4.20)

The ratio of the volume of this shell to rthe totzl valume is

equated to 1l/a where o is determined by Eq. (4.9), giving

2

—— 4.21
4w Kp"/3 H F; [ .

and yielding 4k = (1/2)k. Inserting ak intoc Eg. (4.20) defines
X
an "effective temperature” T for intrinsically cold nuclei

colliding with a relative momentum k peT nucleon:

1/2
2 m(E.. - Vo)
*_ A . - 1 ¢l c” .
T =4k ke -2-[ m TF] . (4.22)

Inserting the parameters of Tahle I yields an effective tempera-
ture of 4.1 MeV for the present experiment {930 MeV} In the limit -~
grazing collisions. A more refined c¢alculation by Schréder et al. J

leads to 2 value of 3.5 MeV.
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In order to compare this result with the experiment, it is
necessary te cobtain an estimate of the static driving foree 3U/3Z7.
It can be calculated for spherical nuclel appraoximately frdﬁ the
liquid-drop masses of the two fragments and the Coulomb, centri-
fugal and nuclear potentials. Evaluating the total potential at
the strong-absorption radius for grazing collisicens yields a
driving force of about -1 MeV/I-unit, depending somewhat on the
details of the calculation, Inserting this value and the effective
temperature ‘inte Eq. (4.18), one obtains a theoretical valus of
0.14 for 5qu12 . This value 1is in gualitative agreement
with the experiment, therefore, the inclusion of the Pauli
principle readily explains the low value of the drift measured
in fhese.expcriments withnut the necessity of irtroducing an addi-
tional energy loss mechanism. | |

It should be noted that nitcleon exchange is a fast mechanism
in the sense that most of the energy loss associated with nucleon
exchange happens during the approach phase of the reaction, where
the relative momentum k is high and therefore the energy loss rate
is large. Thus there is less of 3 qualitative discrepancy between
medels with high initial energy loss such as the one proposed by
Gross et al.lz'and'the.diffusiun model than is frequently assumed.
V. YIELD OF SUBSEQUENT FISSION

As has been discussed in Section III. V, there is svidence for
sequential fiszion of the excited Bi-like fragments.iq approximately
30% {(£=0.30) of all ﬁon-elastic events, In the following section, a

‘simple formalism will be discussed, which zllews this fraction to be

calculated using known fission properties of heavy elements. The
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basis of the formalism is 2 study of the energy dependence of the

ratio of neutron to fission 'width, rnfff. Assuming the svaporation

medel description for I'  and the Bohr-Wheeler formula for Pf33,
and adepting a Fermi gas expression for the level densities
entering these mnodels, one obtains the following expression for
the excitation energy dependence of [ /T.:

x
an?/3 4 27 By

1

VFPELE 177
k, ap(2a;""“(B - EQ) 1)

x exp (Zanlfztﬁ'— 8 )12 . 22 1/ 2(e"- Efjlfz)(s.l}

where kID = HZIZMrGI s ¥.8 MeV, Bn is the neutron binding energy,

E; is the effective fission barrier, a_ the level density para-.

n
meter at equilibrium, and e is the level density parameter at

the saddle point. Using a cnmpilationja

of values for B _, Eg and
anfaf as measured for low excitation energies E* for 15 nuclei
between Lu and U, it is possible to extrapolate I /T, to the high
excitation energies observed in strongly damped collisions.

Since rf;rn shows & very steep, exponential dependence on
the excitation energy, it is possible to associate with the con-
dition Pale a critical excitation energy E:r’ constituting a
rather sharp boundary between the regimes of deexcitation by
neutron emission and by fissien. In Fig. 2Z calculated values
of E:T are plotted as open circles vs. the atomic number Z. An
approximately linear relationship between E:r and I results,

given by:

* 808 - 8.9 * T MeV I < 91 ‘
E - {

. (1) (5.2)
cTit 6 MeV 2 > 91
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The filled rhomboids indicate measured values for E:rit34,35,3§
It can be seen that thers is good agreement between the existing
meacurements and the extrapolations. In deducing Eq. (5.2) the
dependence of E:r on A has been removed by averaging ¢ver the
broad isotopic distributicn of a given element produced in a
strongly damped collisien.

The effect of angular momentum on the fission prebability
can be taken into account by renormalizing the values of E:r(Z]
for the angular-momentum-dependent fission barrier and neutron
Binding =n¢rgy33. Hence, the iaclusion of a nuclear angular mo-
mentum J leads to a modification of Eq. (5.2), where the critical
energy E:r now depends on beth 2 and J.

(Z) + (1-7%/6400) J < 80K

* Ecr
E, (2,]) = {ﬂ s s (5.3)

Alternatively, Eq. (5.3) can be interpreted as a definition

of 2 critical atomic number Icr[E*,J} for each given excitatien
energy and spin, such that all elements with I > I . decay by
fission.

From the measured charge distribution of the Xe-like frag-
ments the distribution of the heavy fragments can easily be
deduced assuming that charged-particle evaporation is not zan
important process. Thus the centroid of the heavy fragment-Z
distribution is given by

-:Z::-H = IT + Ip - <I:-L {(5.4)

2

and the variances o,° correspending to heavy and light fragments

are equal.
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In addition, assuming 2 model for the relaticon between ELcss
and the amount of angular mementum tr;nsferrad into intrinsic

spin - such 25 the non-sticking or sticking models - the twe-
dimensional surface Icr[E*,J] can be rTeduced to & one-dimensional
functien zcr{E*]' The excitation energy E* can te obtained

from ELass’ since the division of the available excitation energy
QCCurs approximately proportional to the masses of the fragment531’3T
For a Gaussian charge distribution, the cross section aSF(E*} for
sequential fission can then be calculated by integrating the

charge distribution from Z_.(E ) upwards:

8o e (E") bep(E) [
“SF A g -
az{E }EW zcr{E*}
* 2
{2 - <Z>»,4,(E )
x exp{ { fi ] }dz . (5.5)
Zaz

In Eg. (5.5) naR{E*J is the reaction cross section for a
particular E-bin. - The total probability f for sequential
fission is obtained by summing d0c¢ for all excitation e#nergiss.
The results are compiled in Table VI for the non-sticking model
and for a more realistic J-distribution where J(2,} was para-

meterized by

£, - L -1
i 0
J(Ll] = JQ[E,'I.]{I + exp _-r-] {S.ﬁ.]
and
J
- . NS -1
Jo{ﬂi] Eil:l TS_]JT[JT * JP] {5.73
Here, J_ is the spin transfer to the heavy fragment in the 1

o
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sticking limit, and values of 1, = 283 and A = 45 were estimated
from Ref. 30.

The effect of charged-particle evaporation was studied
by reducing <Ly arbitrarily by one Z-unit before integrating
Eq.(5.5}. It was seen that the results are not sensitive to the
assumptions entering the calculation, and the theoretical values
compare favorably with the experimental result. For the 1130-MeV
data sequential fission of the heavy fragments is predicted to
occur with about 56% probability. In Fig. 23 the cross section
dGSFIdELoss is shown for sequential fission as a function of Efoss
for the 940 MeV data as calculated from Eq. (5.5).
VI. CONCLUSIONS

Zﬁgﬂi + 135xe at a bombarding

The study of the Teaction
snergy of ELab = 540 MeV zllowed, in connection with a previocus
experiment performed at ELab = 1130 MeV, a detailed investigation
cf the bombarding energy dependence of strongly damped reactions
and, in addition, c¢enfirmed conc¢lusions drawn from the previous
gxperiment., The angular distributian of the reaction products
is characteristic for a fast periphéral process and is strongly
dominated by the repulsive Coulcomb force, although a considerable
rotation of the dinuclear system is abservable,

The element distributions of the reaction products for differvent
energy losses are Gaussian and copsistent with a diffusion model
employing diffusion coefficients that are independent of the atomic
number Z. These diffusion coefficients are dependent on the impact
parameter for grazing collisions and constant for more central

cnllisions.

The study of the relation between the dissipation of kinetic
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energy and the width of the charge distribution as a function of
the hombarﬁing.energy-indi:ates that a classical description of

- nucleon exchange is not valid. Instead, consideration of the
tlocking of the nuclear orbitals avzilable for nucleon transfer
due to the Pauli principle is essential for 2n understanding of
this relationship as well as of the ratio between charge drift
‘and diffusion. In a simple madel, the degree of blecking is in-
versely properticnal teo the momentum per nucleon of the relative
motion and thus most effective for collisions at low bombarding
'-energiesl Further, more refined dynamical calculations including
this blocking effect will be necessary to understand quantitatively
the experimental results and to decide whether ﬂr-nuf energy dissi-

pation due to statistical nucleon exchange can account com-

pletely for the largelamnunts of dissipated energy cohserved n}

if additional energy loss mechanisms have to be included. Further
‘simultaneous measurements of mass and 2 distributions at different
bomkarding energies of selected systems will be helpful, because
of a strong and characteristic velocity deperdence of these

processes.
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TABLE I.. A comparison of the reaction parameter for the system

2095; o+ 138¢. at two bombarding energies.

. Quantirty _ 940 MeV 1130 HeV o Units
ELab 240 1130 | MaV
Eenm 569 684 HeV_

. e s
E1i¢(lab} _ 43.5 3% deg
E1f4(=‘ﬁ'1 _ 70.1° 54” deg
u (reduced mass) : B2.4 82.4 u
k (wave numbet) : C47.37 . ©-8§1.94 £m” 1

. n (Coulomb-parameter) 268.4 244 .8 -
RINT (Fresnel) 15.5 15.1 . - fm
zg (Fresnel exp. 8y ,4) - 383 - 480 4!
op (" AR 2.06 2.70 b
o (exp) - 2,09 2.80 b
RSA (optical model) 15.3 15.2 - fm
Vo (Rpyp) | 4§16 YT Me¥
T, = Ec o = VelRyyp) 152 256 MeV
(E. o - Ye(Ryypdd/w . 1.88 ' 3._11 MeV/u
peak in duRIdn{Iab} 38.3% 30 deg

s .

peak in (c.m.) - $4.5 50C deg
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TABLE II. The angular distribution of the Xe-like fragments
in the C-M system, integrated over all I and all E values
batween 260 and 545 MeV. This accounts for 80% of the reactien

cross section, The unit of the table entries is mb/s3r.

+0¢  +1° 2% 43" 4% +5% a5 #7" eg® +9°
$0° . - - . 14 15 22 25 28 13
$0° 39 52 &5 74 94 126 159 178 182 200

317 408 SOS 8565 1046 1033 9%4 §21 859 783
70° 760 655 617 556 489 438 386 348 309 276
256 240 231 203 172 164 15% 158 149 130
121 112 93 73 61 50 42 37 30 25

The charge distribution of the Xe-like fragments, integrated over

angle, 40° < 8__ < 100°, and E values between 260 and 545 MeV, The

CR
unite of the table entries are mb/Z-unit. The (*) indicates

contamination with sequential fission events.

i + +) * 7 -3 +d +E +8 7 +8 +4

40 §* G* 6* g g g* 11 14 18 29
50 44 64 121 154 224 229 1906 148 108 a0
60 b2 45 36 26 17 12 & 4 2 1

o
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'. ‘TABLE I11. “%%Bi+1%%Xe at E, = 940 Mev (B, 569 MeV)
The first E window is 23 MeV wide, all others 26 MsV. The
‘yariance azz is corrected for the experimental Z resolution.

" The total cross section accounted for amounts to 1,%6

max
the C-M system for each E bin.

barns. @ it the angle, where duf&ﬂcm has its maximum in

Bin <E> 2 <> . de/dE 8

e “B1oss” 2

nax
Ma¥ MesV - mb/MeV - deg
12 558 12 0.4:0.2 $4 ¢ 0.1 14.2 - 64
11 533 35 1.2+ 0.3 54.3: 0.3 10.4 64
10 507 61  .2.3:£0.4 54.5£0.5 7.1. 66
9 ' 481 87 3.6x0.4 33.,120.5 6.1, 67
§ 455. 113 5.7$0.8 55.6+0.7 6.3 68
7 429 . 139 9.7 1.5 5§5.920.7 7.2 69
6 403 165  13,0%2.5 56.0:1.0 7.8 79
5 377 181 19.9:3.3 56.3:1.0 7.1 72
‘ 351 217 29 = 7 56.8:1.0 5.2 72
3 325 243, 39 :°15  57.0:£1.5 3.1 76
2 299 269 1.7 76
1 273 . 295 0.9
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TABLE IV. Comparison of experimental and theoretical slopes,

x - :
% % @, from-the linear relatien of Ln(T/T,} vs. u% for the

20%; .
This slope is a measure of the fraction of energy loss associated
with nucleon exchange. The quantity u/m is the reduced mass
number of the dinu:lear system, TG-Ecm-vC and T=Ecm-chELﬂss.

The values of x = 1 and x = 2 represent extreme assumptions of
.uncnrfelated and correlated proton and neutron exchange, respec-
tively. -For the.classical model a« = 1 (see Eq. 4.8). -"For the

" quanta} model (see text).a.is calculated approximately by Eq. 4.9

and always has a numerical value larger than one,

ELaE (MeV) Experimental Slepe Classical Slope "Quantal Slope

. {see Fig. 16) =~ x=1 Cox=d x=1 o xm2

940 0.25 . 0.03 9.08 9.09 0.23
1130 0.11 - 0.03 3.08 0.07 0.17

136x$ reaction at bombarding energies of Sdﬂ and L1330 MeY,

dJ



TABLLE V.

The resuvlts of the angular momentum decomposition.

Nom-sticking wodel

Sticking model

Bin #

B

‘ELoss} <ky> L.Y2] T 7 <Re> AD ) ﬂz
MeV # deg 10 %2sec  102%5¢¢71 %! deg 10 %%sec  10%25ec
12 12 376 7.5 1.2 0,17 264 14.9 3.4 4. 08
11 3§ 340 13.6 2.4 0.26 261 21.2 6.0 0.10
10 61 314 16.8 3.1 0.37 241 24 .19 7.5 0. 15
9 a7 294 20.3 1.0 0.44 225 27.9 9,1 0,20
8 113 273 24.4 5.2 .54 209 31,8 11,2 0.25
7 139 249 29.4 6.9 0.70 191 36.6 14.2 U. 34
6 165 214 36.5 4.8 0.67 168 43.1 19.0 0.349
5 191 184 46.9 14.9 0.067 141 52.9 27.7 0.36
4 217 156 |60.6 25.7 0.61 115 65.7 42.2 0.34
3 243 122 66.4  31.9 0.61 94 70.6 55. 8 0.35
2 269 102 73.3  42.1 78 76.8 72,6
1 295 90 60

-1

-¢0T-
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_IABLE ¥i. Probability f = ”SFKUR for sequential fission of

the heavy jEi-like]fIagmenfs‘

‘Bombarding energy (MeV) 940 1130

Experiment 0.30:0.15% . -
NS Model 1 | 0,32 0,49
 Realistic J-distributien C0.37 .

NS Model and charged particle evap. 0.27 . -




Fig. 1.
" Fig. 2.
Fig. 3.
Fig. 4.
Fig. 5.
Fig. 6.
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FIGURE CAPTIONS

Lahnratnry'eﬂergy spectra of the reaction praduct;
taken at the angles indicated. )

The experimental ratio d”EL!d“RUTH af.the elastic-

to Rutherford <ross section as a function of the center
of mass scattering angle is compared to calculations
using the generalized Fresnel model (dashed curve) and
an optical model (solid curve),

Laboratory angular distribution of the light, Xe-like
reaction products. The curve is te guide the eye.
Center-af-masé angular distribution of the reaction
cross section for events with total kinetic energies in
the indicated range. This distribution accounts for

80% of the total reacticon cTOsSs section.

‘The Z distribution of projectile-like fragments inte-

grated over the indicated angle and TXE range. The
low-7 wing of the distributien is slightly affected

by incompletely removed events from sequential fission

of the heavy fragment.

The energy-loss. spectrum of the 2.!""QBJ'.? 13°xe reagtion
for %40 MeY and 1130 MeV bombarding energy. The energy-
loss ELnsﬁ is defined as the difference between the
center-of-mass asymptotic kinetic energies in the
sntrance and exit channels. The arrows indicate the

available kineti¢ energy in the entrance channel
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"Fig. 7. laboratory angular distributiﬁn of the heavy, target-
_likg-reactiun products, Thg curve is intended to -
guide the saye,
Fig. 8. C(Center-of-mass energy spectra for 3-Z units wide .bins. The
centroid of each bin is indicated feor each curve., The arrows
Tepresent Coulomb energies for spherical fragments. The
CUTVeS are a?hifrarily displaced along the ordinate,
Fig. 9.  Angular distribution of the damped reaction cToss sec-
tion as a.functiun of the fragment Z.
Fig. 10. Double-differential cTess section d2g/(dEdQ} plotted
a3 a contour diagram (Wilczynski plot) in the TKE-
versus-scattering-angle plane. |
Fig. 11.  Angular distribution for 26-MeV-wide TXE bins, inte-
gra2ted over the 2-range indicated. The centroid energy
- for each bin is given at esach curve.
Fig. 12, Fragment I distributions plotted as s function of the
total kinetic energy indicated at the curves. The
TKE bins are 26 MeV wide. The curves represent Gaussian
fits.. The distribution at the bottom corresponds to
' elastitallr.scatrered-Ie?ians-and illustrates the experi-
mental Z resolution. The arrow labeled FF indicates
contaminatien with sequentiﬁl fission of target-like
fragmeﬁts.

Fig. 13. Experimental correlation between and the variance

Floss _
uzl of the fragment charge distribution for two bombard-
ing energies. The insert shows the same data on 2

larger scale.
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Fig. 14. The width (FWHM) of the fragment I distribution is
plotted versus the reaction angle for various bins. of
the total kinetic energy. The horizental lines repre-
sent fits to the angle-integrated Z-distributions as
shown in Table III.

Fig. 15. Triple-differential cross sections dau!(dZdﬂ] plotted as
contour diagrams with the atomic number of the fragment
as parameter. Al « 2 - 54 is the difference between the
centroid of each Z bin and the ateomic number of Zenon.

Fig. 16, The variance “zz of the charge distribution is plotted
versus the logarithm of the ratio T,/T of the available
kinetic energy in the entrance and exit channel. The
silope of the resulting linear dependence is a msasure
for the contribution of the momentum transfer by nucleeon
exchange to the total c¢bzerved kinetic energy loss,

Fig. 17. Correlation between the angular momentum in the entrance
channel and the loss of total kinetic esnergy. The de-
composition of the cross section into partial waves
assumed 3 monotonic reiation between angular momentum
and kinetic enargy loss,

Fig. 18. The average experimental deflection functions for 92490
and 1130 MeV is compared to the sum of the Coulomb
deflections in the entrance and exit ¢hannels for the non-
sticking and sticking models at 940 MeV bombarding energvy.

Fig. 19. The angular momentum dependent interaction times for

940 and 1130 MaV bombarding energy.



Fig. 20.
. Fig! 211:
Fig. 22,
Fig. 23.
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The experimentall? deduced deflection functien, total
kinetic energy loss and interaction time as a function
of the angular momentum are compzred to classical tra-
jectory calculations, using potential and friction form
factors &s indicated, Nn_deformatiuns are taken into
account.

Average proton number diffusion coefficients

szli) as a functicon of the angular momentum for two

-bombarding energies. The curves are to guide the eye.

A systematic relationship between the atomic number Z and
excitatinn-tnergy E*, where fission width Pf and - neutrTon
width T are equal. The straight line is a fit to the
data and separates the I - g" plane into the domains of
deex:itatiun br neutron emission and by fission,

Tespectively.

‘The cross section duSFKdE fqr-sequeﬁtial fission of

the heavy, Bi-like fragment as a function of the total

kinetic-energy loss at 240 MeV bombarding energy. The

broken curve indicates the total Teaction cross section.

duR}dE;.és-dedﬁced-frnm the.xe-like fragments.
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G. Can the Z = 104-107 Spontaneous Fission Activities
be Explained by Actinide Producticn in Damped

Collisions?
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ABSTRACT

Results of recent nuclear reaction studies on the 2094 + 36Fg gystem are
analyzed in order to investigate the cross sections for production of
spaﬁtgnenus1y fissfnning spe¢fe$'with.gﬂi: ? < 100, This reaction is nearly
identical to those used as the basis for identification of new elements with Z
= 104 =107, repcrt&d.tp;he spontaneous fission emitters.. Eviﬁence is
presented which indicates that actinide e1!mehts are formecd with primary'
yields of the order oFf miliibarns in strongly-damped collisions of 464 MeV
56re with 20993, Although strongly depieted by Fission competition, fina)
yields of possible spontaneous fission activities 240F~28dfay 234-238p¢ ang
242-245rm ape catculated to be of the order of nanobarns. - These results
suggest that the spentaneous fissfon activities observed in similar. reactions
may.bhe due at least in part to fission dec&? of g:tinide eTEmeﬁts:rather than

alements with Z s 104 107,

A _ |
NUCLEAR REACTIONS  2098i(56Fg X}, £ = 464 MeV; measured o for discrete 2 and A

' for Feelike fragments; deduced primary. and fimal y1e1ds'fuﬁ =90 - 100

partners with SF half-l1ives in ms-to-s range,

B
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In studies of reactions induced by Ti, ¥, Cr, Mn and Fe ions on T1, Pb
and B4 tafgets, Oganessian and co-workersl™* have reported evidence for the
diﬁcnvery of several isutapﬂs of the elements with Z = 104 =107, A1l of these
species have been identified as spontaneous fission {3F) emitters with
characteristic half-Tivas sither in the range of 1-10 milliseconds or a few
seconds. Atomic aumber identification has relied upon the assumption that the
¢bsarved parent nuclide i3 produced by complete fusion of target and
projectiie, ¥followed by equilibratien via neutron emissicn to the ground
state., Cross sections of the arder of 0.1-1 nanobarn or Jess are associated
with these products. A summary of the targets and projectiles used in the
experiments of Ref. 1-4 and the reported nralf-livas of the Z = 104-107
products is presented in Table I,

A particylarly strikfng aspect of these studiesl-4 has been the

spontaneous Fission half-Tife systematics for eiement 104, The reported

hatf-lives éxhjbit a very weak dependence on aven neutrgn mmber for K = 150

=156, whereas for lighter even-Z elements the half-lives decrease by 2-3

.orders of magnitude for each additional pafr of neutrons from N = 152-156.

Recently, our grnup5 has performed counter axperiments in order to
investigate the nuclear reaction wechanisms which characterize a similar
reaction, 20984 + 58Fe, It 4s the purpose of this paper o discuss the
implications of these results_on the work of Refs. [-4. The measyrements
involved deférmination of cross sections as a function of energy. lass for
Fe=1ike fragments using a sE-E time-of-f1ight system that provided discrete
pass and atomic number §dentsficationd . Self-supporting targets of 500
u?fcmz metallic bismuth were dombarded with 464-Me¥ 6Fs jons from the
Lawrence Berkeley Laboratory SyperHILAC acceleratar, From the bdinary nature of
the damped collision prucess5 it {5 thus possible to fnfer the yfelds of the

primary heavy recoll pucliei, In addition the fusion-fission cross section has
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been measured, which permits evaluation of the contribution of fusion
processes in these reactions,

Of particutar ra1evaﬁce to the question of the source of the spontaneous
fission activities reported in Refs, 1-4 are the following results from
our studies:

{1) The nucieon diffusion process in damped collisions induced by S6ra
jons favors. a Z-drift fn which protons are prefersntially transferred from the
projectile to the target, reulting in-a net mass drift in the same direction.
This serves to .enhance the yields of actinide products. It is expected that
other projectiles in the Ti-Fe regien will exhibit this same-behavior.

{2) For dampéd.reéctinns the yield of heavy reaction products is
determined primarily hy-fhe choice of target nucleus, since the target
represents the injection point for the nucieon diffusion process. The major
additional factor which 1anHEnée5 the product yields is the neutrom-excess
{N-Z} of both target and prnject11é.

(3) The fusion-fission cross section is found to be zbout 500 mb For the
20%; + S€Fe. resction at bombarding energies of 385 and 480 MeY, Despite the
reduced reaction ¢ross sactions expected at lewer energies and the high
Fissility of such ¢omposite nuclei, this result 1eave§ apén the possibility uf
forming Evapofatinn residﬂes-fnr-?eact1ons of thfs type although with ver&
small crose sections. In Rafs. 1.4 it is assumed that the observed SF
activities are the products of complete fusion reactiont in which a compound
nugcleus s formed, followed by de-excitation via neutron and gamma emissfon.
Mo account 5 taken of the large (>70%) fraction of dampled'cn11i510nszin
reactions of this type or of the constraints impossd by the maximum liguid
drop angular momentum (r|ge&0 #) for nuclei in the Z-104 region’. Basad on
this Yatter point, it is expected'that the maximum in the excitation function

for true compound nucleus fromation in reactions of this type should be about
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150 mb.

In view nf-the first two points 19sted above, it is of interast to
sexamine the possibility n#-Fcrming-knawn.apontaneous fission emitters with
.2¢104 with halif-Tives in the millisecond and second range by means of damped
coltisions in the 20987 « 3bpg reaction, where detailed nuclear reaction data
are now available. Known candidates for such products are the spontaneous
fission {somers of americium (Ilz 95} and ground state 3F activities of
fermium (Z = 100}. In addition the unknown isotopes 234-Eg§cf are estimated to
have half-Tives in the 1l ms -1 sec¢ range with passible significant 3F
branching raties.. Other possibilities may also exist since the strongly
damped products populate a large number of unknown neutron-deficient nuclef
with 2 > 90, In Table II the measured prapgrties of the Am and Fm isotopes
and tha estimated propertias of the Cf isotopes of interest here are listed.
“{n estimating the §F half-iives, tgp, for Cf isotopes, & systematic dependence
of 10g tsr on neutron number that is intermediate between curium-and fermium
SF behavigr has been assumed., If Fm-Tike SF systematics are assumed for CF,
half-Tives 102 -109 times shorter result; Cm-like SF systematics lead to
half-1ives much l1onger than those in Table II,

In Fig. 1 the erErimentaT ﬁharge distribution for projectile-lika
fragments farmed {n the bombardment of 20981 with 464-Mev S6Fe fons is shown.
The charge resolfution in these-e:perimants was FWnM <0, 8 2 units, whereas the
mass resolution was FWHM <0.7 mass units. The prinary charge distribution is
assumed to be fdentical to the experimental charge distribution since
charged—paffic1e emission has been determined to be negligible ia this
reaction.® It is apparent that significant yields of Z » $-19 products
{corresponding to 7 3 100=%0 primary heavy partnars) can be produced in damped
¢caltigions. The mass- , angle- and ererqy-integratasd cross sections for Z a

90-100 primary yields are tabulated in Tabie [[I, assuming the reaction {3
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bfnary in nature. Table [I] constitutes the basis for the abscTute yields
quated below. Another pu;sih?e source of fragments with comparable 7 values
in these reactions is projectile breakup, which has been reported for
heavy=ion collisions at higher hombarding enErgies.B on the basis of the
continuous tramsition from I = 256 to much Tower I valuss in the I yfelds shown
in Fig. 1, it is concluded that projectiie breakup 1s not a deminant squrge of
such frugments; In addition it should be pointed out that }ight element
target contaminants such as oxygen cannot contribute to the cbserved yields in
these experiments since the angle. of measurement-was substaﬁt1a11y Targer than
the grazing angle for possible competing reactions; e.g., 160 (56ra, 520y ) 20Ne,
Figure 2 shows a plot of the most-probabie value of the fragment atomic
‘niymber, 7, versus ﬁhe most probable mass number, A, for the primzry fragments,
(The- A results are corrected for neutron evaporation a5 described in'Refs. $
and 10). The N/Z ratio of the most probabTe 1ight fragments is found to
approach unity {R/Z = 1.1} for the lnweﬁt I values, fndicatfng the influence
of the ground state mass surface on the nucleon diffusion process, Fu?
‘exampte, for Z = 14 2 valye of & = 29,5 s found, correspanding to a
most-probable complementary praduct.fnr Am wfth'I'f 235.5. A similar analysis
Yeads to X s 242 for Cf and & = 245 for Fm. Gaussian distributions were
Cassumed to describe the mass and enerqy distributions of the products.
Analysis of the fragment mass distribut{ion data for fixed Z in the renge § < £
<19 yields an average value fur:the variance of the mass distribution of ai
(Z} = 3.0, based on rather poor statistics. This value is somewhat -smaller
than that for the more probable Z values near Fe, where one finds a nearly
constant valuse of ui (Z} = 4.0 for enerqy losses greater than 30-40 MeV, Far
the purpose of these calculsticns we have used ui (Z) = 3.0-3as 4 lower Vimit

on the variance and u: {Z) = 4.0 as an upper 1imit.
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Primary mass yields for 240-244py 234-238cf and 242-246Fm jsotopes are
Tisted in Table IV, The energy loss (1,55} distributien fer I = 14 i5 found
to have a most probabie Eypge value of 240 MeV and a FWHM of about 40 MeV.
This energy distribution and the ground state masses of Liran and zeldes? were
used to determine the excitation energies of the primary fragments. With
respect to the ground state Q=-values, Qgg, ft is important to stress that
these valueés are highly negative for the reactions of interest nere {e.g., for
production of 240am, Qgg = =137 MeV¥). As a consequence, even for rather large
values of projectile energy Joss, diffusion processes which transfer a large
net number of nucleons yield products which are formed in relatively Yow
states of excitation. If it were not for this fact, the final yields
discussad below would be wuch smaller,

Although the primary yields of Am, Cf and Fm isatopes are found to be
quite substantia) compared to the ¢ross sections of 1 nb or Tess reported for
the Z = 104-107 spontameous fission emittarsl~4, fissfon competition during
de-excitation of the primary fragments strongly depletes these yields. In
aorder to estimate the final cross sections, we have calculated the
probabilities fer de-excitation as a fumrction of Eygee., a5suming neutron
emission and fission are the major decay channels. The excitation enargy of
the primary fragments was assumed to be detarmined by the enerqy lass (divided
sccording to the mass ratio of the fragmentsl®) and the calculated Qgg-values.
The reutron-ta-fissfon decay widths, Tn/I's, tabulated by Yandenbosch and
Huizengall, were used to estimate fission probabilities at al} stages of the
de-excitation process, which was followed using standard statistical methodsl2
to determine the final fragment yfelds. Mo attempt was made to include an
angular momentum dependance in the estimation of r'yp/r'y for the following
rogsons: (1) because of the very low fission barriars for the actinide

elements, the effect of angular momentum on Fn/rf is much Tess oronounced than
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in Tighter systems where barriers are ruch larger, and (2} most of the yield
of heavy fragments which survive fission de-excitation comes from the smallest
E1oss values in the fragment kinetic energy distribution, where the
transferred 2nou)ar momentum 1s smallest.

The yields were then integrated over all Ey,ee values and are tabulated
in Tadble IV. For Am isotopes the choice of a: (Z) influences the final
product yields strongly since the jsotopes of interest are on the high A taf)
pf the mass yield curve. For Cf and Fm gproducts the results are only weakly
dependent on ;E {Z) since the pedks of the primary product distributions
nearly ceincide with the 1sotopes of interest. Mence, an average is quoted.

It is observed 1n Table 1Y that interesting amounts of the 240-44p
1sotopes are formed in damped collisions., However, the possibility that the
Am fission isomers may constitute at least part of the observed 5F activities
depends strongly oan the branching ratio for population of the isomeric states
relative to the ground state. If a value of S x 10=% 1s assumed for this
ratio, which is consistent with formation of the isomeric states in
1fght-ion=-induced reactions, then the final yislds will be depleted to rather
low 1avels as shown fn Table I¥. On the other hand, the highly stretched
configuration that characterizes the scission point in strongly damped
processes may seérve to enhance the relative population of the fission isomeric
states if they are formed in Tow statas of excitation. In this cise, the
higher mass variance o (2) = 4.0 may he adequate to yield measurable cross
sections for the Am Ffisfnn isomers in reactions of the type 2098i + S6Fe, 1If
the lower 1imit for 4% {Z) of 3.0 is valid, it would appear less faverable for
producing the Am 5F izumers, unless the population of the fission isomer
states is quite large.

As far a5 the isstopes of CF and Fm are concerned, the yields of the

primary fragments are depleted strongly due to fission competition during
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de-excitation, The calculateqd fina! yields are quite sensitive to assumptions

concerning the fission barriers, which determine the behavior of rp/ry for

these very neutron-deficient nuclei, If direct extrapolation of the fp/Ts
systematics for Cf and Fm of Ref. 1l is smployed in these calculations, then
the cross sections for 233-238cf gng 242-Z4py are estimated to be of the
arder of tans of picobarns or less. If, on the other hand, the fission
barriers in this region are influenced by the B = 126 c¢losed shell, as is
predicéed by sheil-correctad fission barrier caTcuIatfnnsl3, then larger
values ¢f I'p/Ty are predicted. In our estimates we have assumed Mn/T¢ values
intermediate between these two extremes, 1In this case sfgnificant amounts of

238-238¢¢ and 242-286pq {sotopes result (TabTe IV).

ATlthough the calculated final cross sections are subject to considerable
uncartainties, depending on the input assumptions, we have attempted to use
parameters which represent 2 compromise detween possible extremes. For
example, the calculated fingl preduct cross sections ¢an be enhanced from
pne-to-three orders of magnitude by means of the following modificatfons:

(1) Instead of using a Gaussian function to describe the energy loss, a
distrtbutien that {s skewad toward low values of Eygee would be more
cansistent with the sxperimental data for higher Z valuss, where better
statistical definition of these distributions exists,

(2} Excitation energy division batwsen the two fragments has been assumed %o
be a unique value defined by E;IE; = A1 /A2 & more realistic assumption
would be to use a statistical distribution of excitation energfes about
this meanl0, and

[3}Iin alternative method for dividing the sxcitation snerqy between the Tight
and heavy fragments would be o calculate thie divisien on the basis of
shell-dependent Tevel density parameters rather than using a uniform valye
of A/8 Me¥-1l,
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A1l of these modifications would fncrese the relative yields of low
excitation-energy heavy fragments, which have a greatly enhanced survival
probabilities due to feuer'st;gei of neutron-fission competition in their
de-gxcitation. In this regard it should be reiterated that all of the final
yields for each nueleus listed in Table IV come from the low Ejgeg tail of the
energy-16ss distribution, well below the most probable £y, value.

One major additional factor must be considered n this evaluatien. That
is, the bombarding snergies in the experiments of Oganessian ££,21-1'4= Were
approximately 2-3 He?fnuc1éup tower than that for which the 20%Bi + 56fe data
used 1n this 2nalysfs were obtained, Although data with simyl tangous ¥ and A
‘identffication are mot available as a function of bombarding eﬁergy for the
2091 + 56Fe gystem, studies of very heavy fon reactions near the Coulomb
barrier by Rehm et all4 demonstrate that substantial nucleon exchange accurs
in near-barrier reactions, a1thnugh-ﬁ1th-snmewhat lower primary ¢ross
sections, Nonetheless, due to the much Jower excitation energies associated
with near-barrier reactions, the depletion of the primary yields due to
fissfon compatition during fragment de-excitation should be greatly reduced.
$ince fission competition is responsidle for the large depletion factors
between the primary and final yields in these caleculations, it is pot
unreasonable to expect thit-equ1#a1ent or enhanced final product yields may
 accompany lower-energy bombardments. ' |

In conclusion, evaluation of results from studies of the 2098 + S6re
reaction indicate that neutron-deficient isotopes of the actinide elements are
produced with primary cross sections of the order of miltibarns via multiple
nucleon transfer processes in damped collisions, Peak primary yields
correspond approximately to the lightest known isotopes for each e¢lement, as
shown in Fig. 1. Basead on estimates of neytron-fission competition inlthe

de-axcitation of the primary products, 1t is concluded that 234-238¢y
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242-Z46rm snd perhaps 240F-234fam spontanecus fission emitters may be produced
with final yields of the same order of magnitude as those reported for
elements Z = 1D4f1ﬂ?'hy 0ganessian ¢t a1l-4. .Thase measuremants further
indicate that at least 70% of the total reacfion ¢ross section goes Into
damped reactions. The remafning cross section can be accounted for by
fusion=fission processes, which for the most part involve angular momenta in
excess of the critical value for a rotating liquid drop of LD = 900 for
this ;ystem?. Hence, the probability for formation of completely
_energy-equilibrated compound nuclei in this reaction is expectad to be small,
even before fission competition 15 considered in the de-esxcitation of such
species, - For these réafbns it is suggested that before the results of

- Oganessian et a1.1-% can be accepted as evidence for new elements with 7 »
104-107 and for a major ancmaly in SF half-1ife systematics, a more unigque
-atomic . number identification of the products of these reactions must be

perfarmed.
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TABLE I
Symmary of target and projectile types used in assignment of spontanecus
fission activities of Refs. 1-4. Bombarding energies were in the range 240-300

MeV. Also listad are the reported products (half-lives in parenthesis).
Projectiles: 48,501, Sly, 52,54¢k SSun, 58pe

Targets: 203,20571, 206-208pp, 209

Products:
253104(25) 254104{0.5ms) 255:104(4g) 256104(5ms) 2°8104(11ms) 260104 25ms}

257105(43)
259106{ 7ms}
261107(2ms)
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TABLE 11
-Heasured and predicted {in brackets) decay properties of Am, (f and Fm
‘aetivities with half-1fves in the range of 1 ms or 1s (tsp = partial half-life

for spontaneous fission; ¢, = partial half-life for alpha decay). Alpha decay

- ‘half-1ives were derived according to Ref. 15,

242{ﬁm

240fam 244f ppm
tsfr
Q.9ms lidms 1.0ms
| 234ce 236cr ‘2380 ¢ " 280cy
I3 ;'tSF e ———
' {1us=-200ms ] {1ms-100s}) [25+2h] [2h=-20d}
Ty (200us) © [5ms) {30Cms ) - 1ms
o . 282rp L 244y 246
- tsF .
I - 0.8ms 3ms 1.2 %
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TABLE TI!
Cross sections for actinide element primary yields derived from
- projectile-11ke fragment yields in the reaction 20%i + 464-Mev 56fe, as

described in text,

z s{mb)
50 62
91 10
92 ¥
93 18

KT 13
95 10
96 10
97 8
98 4

99 1
100 4
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TABLE IV
Primary and calculated final product cross sectiens {1n manobarns) for
possible millisecond and second spontansous Fission activities of Am, Cf and
Fm 1sotopes produced in the reaction of 464-Me¥ 36Fs with 2098i, Parameters
of the calgulation are described in the text. The Am fission isomer yields
assume a fissian isomer branching ratios of 5 x 104, consistent with that

measured in fission 1somer synthesis with light jons.

Primary Yield Final Yield
{nanobarns} {nanobarns}
of (Z) » 3,0 ai (2} = 4,0 ai (2} = 3.0 ui (2) = 4.0

240 8x104 _ 2x10% 0.7 30
240fxn . 0.02
242pm 2x103 2x104 0.5 20
282fpy, - 0.Q01
¢4dpm 20 500 0.1 5
244 fam - 9.003
234cr 300 G.02
23y 1x104 0.1
238 r 1x10° 0.3
242rp, © 2x10d 0.0%
284ppy 6x10% 0,10

2d6pp Ex10° 0.05
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FIGURE CAPTIONS

Figure 1 - Plot of elemanta) (2} yields of damped reaction products
for 464-Me¥ 36Fe + 20985, Upper curve is for all Z; lower curve
shows the data for 6 ¢ Z ¢ 20 on an expanded scale.

Figure 2 = Plat of most probable projectile-like fragment mass, Ib, as 2
function of most probable elemant charge, Ib. for primary fragments
a3 derived from the data of Ref. 5. Right-hand and upper scales
refer to complementary heavy partner with mass "A¢" and charge

"ZIe". assuming a binary reaction mechanism.
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H. The Dependence of Isobaric Charge Distributions on
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B Abstract

Fragment yields for specific I and A have been measured
for projectile-like fragments preduced in the reaction of
8.3 MeV/u SGFE ions with targets of 55F¢, 165y, and 23EU_
Analyses of the variances of the isobaric charge distributions
UEZEA] reveal that a saturation velue of dzz[A] = 0.8 is reached
"within the first 30-50 MeV of energy loss. For the variances of
the isotopic¢ mass distributions we find a saturation value ﬁf'
aﬁz{Z) =~ 5.0-4.0, which is reached after about 60-80 MeV of
-anergy loss. The data are compared with N/Z equilibratiﬁn models
which invoke quantal and satistical fluctuations, based on the

symmetry term in the liguid drep mass formula.-
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In order to gain a more microscopic understanding of the
processes whereby energy is dissipated in damped collisions,
yields of individual preojectile-like fragments have been mea-
sured as a function of energy loss for 50pe-induced reactions.
4 series of target nuclel ranging from 56pe to 298y has been
studied, thus previding infermation on the effects of mass
asymmetry and target-projectile N/Z raties in the entrance
channel. Such data {dscfdAdEdE} provide a much more detailed
view of the evolution of the nucleon exchange process than
previously possible. Of particular current interest is the
explanation of the fragment isobaric charge distributlions, which
define the charge equilibration [N/Z) degree of freedom. This
process is believed to be one of the fastest relaxation modes
in damped collisions.! Hence, from studies of this type omne
hopes to derive a clearer picture of the very early stages of
the target-prejectile intervaction mechanismg which subseguently
evolve toward statistical equilibrium.

Recently the subjeact of isgbaric charge distributions has

received considerable attention, both experimentally
thearetically."ll Due to uncertainties in correcting the
experimental distributions for particle emission from the
primary fragments, the principal focus of these investigations
has been on the variances of the distributions, which are only
slightly sensitive to these effects. Two sets of experimental
data for systems in which damped collisions dominate the total

reaction cross section have been reported prior to the present

woTk. In counter studies of 2 nearly mass-symmetric system,
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430 Mev 0kr + 92+9Byq, Berlanger et EL,Z found that the vari-
ances in the isobaric charge distributions, aEE(AJ, increased
rapidly with increasing energy loss up to ELnss = 30 eV and
then remained ¢onstant at a value of GZZ(A} =~ 0.8 thereafrer.

In these measurements a mass resglution of only 1.5 u was at-
tained, leaving some uncertaintles in the derivation of the
experimental variances for individnal mass numbers. In contrast
a radiochemical study by Foitou et gl,s involving the mass-
asymmetric 890-MeV lﬁzxe « 19875y system produced quite different
results. The variances were reported to imcrease monotonically
up to an excitation energy of 150 MeV and in addition the data
were characterized by smaller values of azzLR} (=~0.2-0.8).
Despite the definite I and A identification in these experiments,
their interpretatien is complicated by the problems of energy
resolution and the assumptions employed in the complex data
reduction procedures required to unfold the dsa!dﬁdZdE data.

In this letter we present isobaric charge distribution data
obtained with counter techniques which provided discrete 7 and
A identification of zll projectile-like fragments. The measure-
ments were performed at the Lawrence Berkeley Laboratory
SupetHILAC accelerator with 8.3 MeV/u *°Fe ions incident on
targets of 56Fe, 185y, and 233U. Hence, we have studied target-
projectile systems ranging from symmetric teo very asymmetTic
combinations under identical experimental conditions. In each
case the energy in excess of the Coulomb barrier, E.qV.: i3

the same within 10 percent. Fragment mass and charge distribu-

tions werTe measured at angles near the grazing angle with a
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AE-E time-of-flight counter telescope; data on the gross fea-

SﬁFe, lﬁsﬁu and 209

tures of the Bi reactions with SﬁFe have

12

besen reported previously. In the most recent msasurements a

Z resolution (FWHM) of £ 0.8 wunite and an A resolution of <£0.7
units were obtained for the fragments over & 200 MeV range in
ELuss' in Fig. 1 we show a representative mass distribtuion

233U Teaction.

for Z = 24 fragments measured for the 0 »
In Fig. 2 the isobaric charge variaznces are shown for two
systems at §.3 MeV/u bombarding energy: (1) 55Fe + SEFE for

SEFe + lﬁan for all masses

1ll masses from A = 52 to S8 and (2)
from A = 32 to §7. Similar results are found for the 238, tcar-
get. The data shown in Fig. 2 are the fragments observed in
the detectors without correctieons for particle #mission or de-
tector resclution. If corrections are made for particle evape-
ration from the primary fragments, assuming division of the
excitation energy according to Alfﬂz, the values of azztﬁ}
Temain essentially unchanged. However, no information is
aviilable on the spread in excitation energy about this. average
gxcitation energy. If this spread is large, somewhat smaller
values of dzz(h} may result for Fhe primary frapgments. It
should be peinted out that for the prnjectiie-like fragments
Qbserved with Ho and U targets, the observed most probable mass
for each element lies on the neutron-rich side of beta-stabilicty.
Hence, for the primary fragments only neutton emission is

SﬁFe + 56Fe system charged particle emission

impoertant. For the
is alsoe possible; we estimate this effect on the data will

decTease the czzﬁﬁ] values by less than 10%,
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The significant result of this study is that all the
isobaric charge distributions are very similar and nearly
independent of target-projectile mass asymmetry {Alfhz) or
total mass (&1 + Az}. The variances are observed to saturate
within the first 30-50 MeV of energy loss and thereafter remain
constant at azz(ﬂ} = 0.9 up to energy losses in excess of
150 MeV. As an example of the similarity in the variznces, if
gne averages all experimental UZZ[A) values for each isobar
gver an energy range from SC0-150 MeV for the data of Fig. 2 and
corrects for the experimental resolution, an average value of
5,7(A) = 0.75£0.08 is found for the °®Fe targer, o,7(a) = 0.85:0.10
for the *%%Ho target, amd a,%(A) = 0.72£0.10 for the **3y target.
The average slope QZZ(R} versus ELoss is found to be consistent
with zero for energy losses greater than S0 MeV, In this
Tespect our data are similar to theose of Berlanger et 51,2 but
show an energy-loss dependence different from that teported by
Poitou et El*s

Examination of the first 50 MeV of energy loss in Fig. 3
suggests that the approach to saturation in the variances de-
pends on the system studied. Although this feature of the data
is less well-defined, it indicates that the amount of energy
dissipation required t¢ reach the saturation value for azz[A]
increases with increazing 2 and A of the composite system.

Such an effect may provide a self-consistent explanation for
the differences between the data reported here and in Ref, 2

and those of Ref. 3; however, more sxtensive data as a function

of bombarding (excitation) energy are needed before a rigorous
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comparison of all these systems can.be made.

Analysis of the isotopic mass variances, dﬁz{Z], produces
similar results. For charges near that of the projectile, all
systems yield 2z nearly uniform saturation value of cAZ(ZJas.n—4.u,
which is reached, however, only after an energy loss of aboutr
60-80 MeV. Thus it appears that approximately twice as much
energy must be dissipated in order to saturate the variances for
the mass degree of freedom as for the charge degree.

" In an attempt to explain these results a simple mudgl-has
heen proposed that is based on treatment of the neutren-excess
(N-Z) degree of freedom in terms of an hammonic eoscillater |

2,4,5 This gscillator (assumed tc have a constant

- analogy.
collective frequency w) is coupled to the iﬂtrinsic degrees of
freedom of the system which -are assumed to constitute a heat
bafh-nf~temperature T. Two extreme predictions for uzz(A}
arise frﬁm this model, depending on the relative magnitude of
the oscillator phonen energy fiw ﬁnmpared te T:

(1) If.ﬁm>hT, then GEZ[A] is predicted to be a constant
related to the stiffness coefficient, €, of the mode by
GZZ(A) = ﬁmeC. ~In'this-case the charge fluctuations are of
the quantal type and w Tepresents the frequency of the under-
lying collective mode.

{2) If %w<<T, then aiz[A] varies directly with the nuclear
temperaturs szzfﬁ) = T/C, In this case one is dealing with
statistical fluctuations. |

The EEKr + QZ’QBMQ results have been interpret-ed2 in terms

of a quantal picture with fiw = 8.5 MeV. On this basis the
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authors of Ref. I have suggested that the out-¢of-phase vibratieon
of the neutron and proton distributions, i.e., the giant iscvec-
tor dipole rescnance, is an impertant factor in determining N/Z

equilibration and energy damping in the early phase of damped

132y, , 197

collisions. On the other hand the Au support a model

based on statistical fluctuations which then readily couple to

the slower degrees of freedom, well known to te described by

13 By modifying the quantal

4,56

statistical transport models.
fluctuation model te¢ include dynamical considerations, a
slightly better fit to beoth of above sets of the data can be
obtained; however, this cannot be achieved with self-consistent
values of fiw for the two pairs of targst projectile combinations.
The variance data of Refs., Z and 3 are difficult to reconcile

in another sense; because the symmetry term in the liguid drop
mass surface plays an important role in defining the widths of

132, , 197

the Z distributions, one expects the Au system to

92,98, .
5

exhibit intrinsically larger values of ﬂzz[A) than EE'1{1' *
Just the reverse is observed. Another suggested interpretation
of these data is that mass-symmetric systems exhibit quantal
fluctuations and asymmetric systems behave statistically. Qur
data show no evidence for such behavior.

In order to compare these data with the predictions for
quantal and statistical fluctuations, in Fig. 3 we have plotted
the average of the isobaric charge variances for the data of
Fig. 2 at each energy loss as a function of ELnss' The
theoretical curves hawve been calculated ssuming¢ Aw =

78/C(A T3 + A1) Mev and € = 7.1 MeV, 4.8 MeV and 4.2 MeV
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56 5é

for the EﬁFe + Fe, lﬁSHa + 3%ge angd 253U * Fe svstems,

respectively. The agreement of the saturation values with the
quantal fluctuation extreme is good for beth the 165ns + 205

and SﬁFe + SﬁFe systems. However, before attributing this
correspondence to the isovector giant dipole resonance, it

should be cautioned that the underlying feature of this theory

" is the liquid drop mass equatiuﬁ, for which the parabolic

dependence on 7 for a given set of iscobars is well known. Hence,
 thess experimerlta]_. Tesylts may simply be a consequence of liguild I
drop.energetics. In addition, it should be noted that the |
initial incresase of the variances with energy loss is incon-

sistent with instantanecus ing¢rease predicted by the simple

quantal medel discussed above. More realistic quantal calcu-

’ qualitatively reproduce the cbserved energy dependence

lations
of GZE{A] for the esariier data of Rafs, 2 and 3. Recently,
Erusalﬂ'has shown that the data of Refs, Z and 3 can be
described with a single-particle model, while Samaddar apd
sobelll have explained the rapid equilibration of the N/Z ratio
in damped collisions in terms of both a diffusion and a
~collective model. Thus, although the data presented here are
consistent with the guantal calculations, this agreement does
not necessarily-canfirm the existence of guantzl fluctuafinns.lg
It would be intereéting to have a quantitative prediction of
th;se widths based on a microscopic transpert theory.

In conclusion, these measurements with discrete Z and A

identification demonstrate that the i1iscbaric charge variances

in damped collisions saturate very rapidly {ELuss < 50 MeV).
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In additien, it is shown that target-projectile mass asymmetry
has little effect on the limiting value of the observed
viriances. On the other hand, the dependence of GZZ{H} on
energy loss below 50 MeV suggests that saturation may be
achleved more slowly as the 2 and A of the composite system
increases. Qur results are in general agresment with the
predictions of the quantal fluctuation mode! and imply values
of fiw = 7-10 MeV for the associated oscillator mode. Equiv-
alently, one can attribute the results to constraints imposed
by the parabelic nature of the isebaric mass surface. Other

explanations may also exist.s'lu*ll

Under any circumstances
the data damonstrate the very rapid equilibration of the
isobaric charge degree of freedom and suggest that studies of
this type are important te¢ the understanding of the garliest

stages of damped collisicn processes,

This ressarch was supported by the U.S. Department of
Energy. The authors wish to thank Dr. M.S5. Zisman and the
staff at the Lawrence Berkeley Laboratory SuperHILAC for

their cooperation in performing these measurements,
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Figure Captions

Figure 1. Plot of mass distribution for Z = 24 fragments

obtained for “°Fe + 2%y reaction at 8.3 MeV/u,
- Fragments cover an- energy range of 20 £ E <
200 MeV,

Figure 2.. Plot of isobaric charge variances for
(a) *®Fe + %%Fe for A =.52-58 and
(6) %6F¢ + 8545 for A = 52-57 as-a function
of Bross

Figure 3. Comparison of average azz(ﬁ} values for data in
Fig. 2 éndfzsaﬁ, corrected for experimental
resolutien, as a function of E; .. with predicticns
of theory for quantal fluctuatiens (solid line) and
statistical fluctuations (dashed line) as described

in tex?.
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Abstract
The observation of new-neutrun-ri;h-isatcpeé of 2%7%3ge,
54’55Ti; SEV, and SS-EQCI produced in damped c¢ollisions of
8.3 MeV/u SﬁFE ions with 233U and 2&931 is reported. Tentative
identificaﬁicn for Sﬁfi; ST'SEv; ﬁUCr,'ﬁlhh and 635e is_ﬁlso

presented,
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‘Studies of product mass and charge distributions have demon-
strated that the nucleen-exchange process in damped heavy-ion
collisions is strengly influenced by the N/Z ratio of the
composite system.l'3 Consequently, in reactions between pre-
jectiles and targets which differ sifnificantly in thﬁi; N/Z
. Tatios, the lighter products tend to be neutron-rich, while
the heavy partners are neutron-deficient. "This feature of
damped collisions can thus serve as a useful means of synthe-

4-§

sizing nuclides far from stability with yields comparable

to or greater than those obtained with relativistic heavy
iﬂns.?’B

In this letter we report identification of seven previously
unobserved nuclides: SZ-SSSC’ 54'55Ti, 36y ang 3%°59%r.. tn
-addition, tentative identification of six additional nuclides
[55Ti, ST'SBV, ﬁﬂCr, ®Ipn and 53I-'e] is reported.

The experiments weres performed at the Lawrence Berkeley
Labaratary SuperHILAC accelerator.  Self-supporting targets of
Eﬂgﬂi and zssu of thicknesses approximately 500 pgfcmz WeTe
bombarded with 8.3 MeV/u SEFE ions. Projectile-like reacticon
products were identified with a AE-E time-of-flight semiconductor
dete:tdr telescope consisting of a 17 um AE detector and a 100
pm E detector. The AE detector was placed 18 cm and the E
detector 118 cm from the target. Data were taken at twp angles
separated by 5° near the grazing angle for each target. Fast-
tiping signals were gbtaived from a timing system of the

Shermantkaddiakg design which yielded a resoluticn of 80-100 psec

. o . . |
under experimental conditions for elastically-scattered 561’& ions. l



-235-
The data reported in this letter are for the 238y , Sbgg
system, for which greater statistics were obtzined, although

cimitar rezsults are obsearved for the ZtH“Ei + 36 1,4

Fe system.
For the data reported here a Z-resolution of 42 = 0.84 Z units
{FWHM) was obtained and the A-resclution was A = 0.65 u (FWHM)
for fragments in the 5S¢ € A £ 60 region.

In Fig. 1 the relative mass yeilds for fragmerts with

233U . SﬁFe system at 40 degrees

21 ¥ Z £ 26 are shown for the
in the laboratery system. Arrows indicate the expected cen-
troids of each A value in the spectrum which has not been
previously identified. The problem of possible ¢contamination
of the mass spectrum for a given element due to high-yield
nuclides of neighboring 2 and A was given particular attention
in the data analysis procedures. First, since most of the
yields for the new nuclides reported here were from strongly
damped events, energy gates werTe chosen to eliminate gquasi-
elastic products. These gates corresponded to 9D<ELGSS€13D MeV

for Z = 21; G60<E <130 MeV for I = 22-24, and S0<E; [ <140 MeV

LosS
for Z»24. Then, in order to minimize possible leak-through of
events ¢of the same A from the next higher Z in the charge
distribution, a Z-windew of £0.3 2 units about the charge cen-
ttoid was established as a second c¢riterion for acceptable
events. DBased on calculations which assume that the experimental
peak shape is a gaussian function, this procedure establishes

a limit of less than three percent for contamination due to the

tails of the peak for the next higher I.

In Table [ the new nuclides identified in this study zre
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iistéd along with the net number ¢f observed counts. In
determining the net counts for each nuclide, only events which
occurred within 0.3 A units of the mass centroid were accepted.
These values were further corrected by subtracting the calcu-
lated contribution due to possible leak-through of events from
higher Z isobars. The quoted errors include contributions from
beth counting statistics and the background subtracticn. Each
net ¢ount represents 4.4ub/sr of differential cross section, as
- datermined from c<omparisen with elasticlscattering* Tetal pro-
duction cress sections faf-each nuclide listed in Table 1 were
estimated from measurements of the cross section, do/dE, as a

209 .

function of energy loss for the SﬁFe Teactien at

'B.S.M=V!u,-whefe complete angular distribution measurements

i

have been made. ‘For these data 2 nearly coanstant value of

- do/dE & & mb/MeV is found over a broad range of energy loss.

It is assumed that the 233U + 36

Fe system axhibits similar
behavior at this bombarding energy. The quoted cross s2ctilons
derived from this procedure are believed te be accurate to
within a factor of two.

The validity of the Z and A assignments for each new
nuclide. reported here was determined on the basis of the
statistical and spectral criteria established in Ref. 10.
Nuclides for which N-AN>10 have been giveﬁ an A classification
and appear to be clearly ideatified. Seven such nuclides are
identified in our spectra. WNuclides for which N>10 but M¥-AN<1O

have been given a B ¢lassification and require further statis-

tical or spectral definition. However, based on their
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production cross sections, these should be readily observable.
In summary, the identification of seven new isotopes is
Teported: 52'533:, 5¢'55Ti, 56U and SE'EQCr. In addition,
tentative evidence is found for 56Ti., ET'SBV, EuCr, ﬁan and
63za. The cross sactions for production of these nuclides
are of the order of 0.1-to-1 miilibarn, indicating that the
praduct?nn of neutron-excess isotopes in damped collisions is

a viable means of synthesizing nuclei far from stability in

significant vields.

This research was supported by the U.§. Department of

Energy. We wish to azcknowledge Claude Ellsworth of LBL for

238

fabricating the U targets and M.S, Zisman of LBL for his

assistance with these experiments.
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spectrum poerly defined

Table I

Nuclide Counts g(mb} Classification*
S2gc . 3048 3.5

3350 196 0.3 A
Sdqy 74511 1.0

3573 2417 0.3

3674 1325 0.2

56y 187+12 1.3 A

Ty - 17+7 0.3 gt

S8y 1224 0.1 B

58¢e 74510 0.9 A
59, 286 0.3 A
80p, 104 0.1 B
lyn 1424 0.2 B

CEF 13:4 0.2 B
% A= (N-4N)>10

B = N»18; (N-AN)<10
*
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Figure Captions

" Figure 1.

Mass spectra. for I = 21-26 fragments observed in

i

bombardment of 235U with 8.3 MeV/u °CFe ions.

Arrows indicate expected mass centroids for pre-

viously unknown nuclides. The anomalously strong

56

peak for "“Fe is due to elastic scattering effects,
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EXPERIMENTAL SUMMARY OF THE INTERNATIONAL SYMPOSIUM ON
CONTINUUM SPECTRA OF HEAVY IQN REACTICONS

Proceedings of International Symposium on Continuum
Spectra of Heavy lon Reactions, San Antonic, Texas
Dec. 3-5 (1978).

W.U. Schrdder, J.R. Birkelund, J.R. Huizenga, W.W. Wilcke
and J. Randrup

MANTFESTATION OF THE QUANTUM-STATISTICAL WATURE OF EXCHANGE
AND DISSIPATION MECHANISMS OPERATING IN DAMPED NUCLEAR
REACTIONS

Proceedings of the International Workshop on Gross
Properties of Nuclei and Nuglear Excitations VIII,
Hirschegg, Austria, p. 92, January 14-19 (1980).

W.W. Wilcke, M.W, Johnson, W.U. Schrdder, D. Hilscher,
J.R. Birtkelund, J.R. Huizenga, J.C. Browneg and D.G., Perry
ACTINILE MUONIC ATOM LIFETIMES DEDUCED FROM MUCN - INDUCED
FISS10N .

Phys. Rev. C21, 2019 (1980).
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R.W. Atcher, A.M. Friedman, J.R. Huizenrga, G.V.3. Rayudu,
E.A. Silverstein and D.A. Turner,

MANGANESE-S52m, A NEW SHORT-LIVED, GEMNERATOR-PRODUCED RADIO-
NMUCLIDE: A POTENTIAL GENERATOR FOR POSITRON TOMOGRAPHY
Journal of Nuclear Medicine, 21 565 (1930).

R.¥W. Atcher, ﬁgM Friedman and J.R. Huizenga
PRODUCTION OF IFe FOR USE IN A RADIONUCLIDE GENERATOR
SYSTEM

International Journal of Nuclear Medicine and Biology
7 75 (1980}.

M., Kildir
ISOSPIN DEPENDENCE OF THE NUCLEAR LEVEL WIDTH IN THE
COMPOUND NUGCLEUS =0

Nucl. Phys. A340 117 (1980).

W.W., Wilcke, J.R. Birkelund, A.D. Hoover, J.R. Huizenga,
W.U. Schrdder; V.E. Viola, K.L. Wolf ﬁgd A. C Mignerey
BOMBARDING ENERGY DEPEWDENCE OF THE 209Bj - 6xe REACTION
Phys. Rev, C22, (1980) (in press).

J.R. Huizenga

DEEP INELASTIC HEAVY ION COLLISIONS

McGraw-Hill Yearbook of 3cience and Technelogy, (1980)
{in press].

V.E. Yiola, A.C. Mignerey, H. Breuer, K.L. Wolf, B.G.
Glagola, W.W. Wilcke, W.U. Schrider, J.R. Huizenga,

D. Hilscher and J.R. Birkelund

CAN THE Z=104-107 SPONTAMNEQUS FISSION ACTIVITIES BE
EXPLAINED BY ACTINIDE PRODUCTION IN DAMPED COLLISIONS?
Phys. Rev. C2Z2, (1980) (in press).

B. Ph.D. Thesis

NNEW RADIONUCLIDE GENERATOR SYSTEMS FOR USE IN NUCLEAR
MEDICINE"

by Robert A.Atcher, Department of Chemistry

University of Rechester, January, 1980.

C. Contributed Papers at Professional Meetings

A.C. Mignerey, K.L. Welf, J.R. Birkelund, P. Hilscher,
W.U. Schréder, W.W, Wilcke, J.R. Huizenga, V.E. Viola
and H. Breuer 56
NOM-CLASSICAL EFFECTS IN THE REACTION 264 -MeV Fe +
AND 183Ho

Bull. Am. Phys. Soc. 24, 852 (1979).
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A.C. Mignerey, K.L. Wolf, H. Breuer, B.G. Glagols,

V.E. Viola, J.R. Birkelund, D. Hilscher, J.R. Huizenga,
W.li. Schréder and W.W. Wilcke

STRUEZURE I§ THE ENERGY SPECTRA OF DAMPED PRODUCTS FROM
THE °9Fe + °OFe REACTION .

Pra:eedings of the International Symposium on Continuum
Spectra ¢of Heavy Ion Reactions, San Antonig, Texas,
Dec. 3-5 (1979), page 2 of abstracts.

H. Breuer, A.C. Mignerey, B.G. Glagela, V.E. Viola,
K.L. Wolf, J.R. Birkelund, D. Hilscher, J.R. Huizenga,

- W.YU, Schrdder and W.W. Wilcke

NUCLEON EXCHANGE AND A/Z EQUILIBRATION IN 39Fe-INDUCED
REACTIONS

Proceedings of the International Symposium on Continuum
Spectra of Heavy Jon Reactions, San Antonio, Texas,
Dec. 3-5 (1979), page 3 of abstracts.

V.E. Viola, H. Breuer, A.C. Mignerey, K.L. Wolf,

B.G. Glagola, W.W. Wilcke, W.U. Schréder, J.R. Huizenga,
D. Hilscher and J.R, Birkelund 5
PRODUCTION OF NUCLEI FAR FROM STABILITY IN °9Fe- INDUCED
REACTIONS

American Chemical Society Meeting, Houston, Texas,

March 23-28 {1980).

W.U. Schr8der, J.R. Birkelund, D. Hilscher, W.W. Wilcke,
-J.R. Huizenga, K.L. Wolf, H. Breuer, A.C. Mignerey and
V.E. Viola
?EHTRDN E%ESSIGN IN THE STRONGLY DAMPED REACTION

Xe + Ho AT 8.5 MeV/u ,
Deutsche Physikalische Gesellschaft E.V., Minchen,
Germany,-March 17-23 (1980).

H. Breuer, K. Kwiatkowski, A.C. Mignerey, V.E. Viola,
B.G. Glagela, K.L. Wolf, J.R. Birkelund, D. Hilscher,
J.R. Huizenga, W.U. Schrdder_sand W.W., Wilcke

CHARGE AND MASS EXCHANGE IN SOFe-INDUGED REACTIONS
"Proceedings of the Workshop on Muclear Dynamics,
Granlibakken, Calif., March {1980), LBL-106338

W.W. Wilcke, W.U. Schrdder, J.R. Huizenga, J.R. Birkelund
and J. Randrup :
BOMBARDING ENERGY DEPENDENCE OF NUCLEON EXCHANGE AND
E,%I RELIY DiggIPﬁTIDN IN THE STRONGLY DAMPED REACTION

Bi + Xe
Proceedings of the Workshop on Nuclear Dynamics,
Granlibakken, Calif., March (19803), LBL-10688
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A.C. Mignerey, H. Breuer, V.E. Viola, K.L. Wolf,

B.G. Glagola, W.W. Wilcke, W.U. Schrider, J.R. Huizenga
and J.R. Birkelund : :

DOES PARTICLE EMISSION E PLAIN THE STRUCTURE IN THE
ENERGY SPECTRA FOR THE Fe + 938Fe REACTION?

-Bull. am. Phys. Soc. 25, 482 (1980).

¥.E. Viola, H.-Breuer, A.C. Mignerey, K. Kwiatkowski,
K.L. Wolf, B.G. Glagola, J.R. Birkelund, D. Hilscher,
J.R. Huizenga, W.U, Schroder and W.W. Wilcke
PRODUCTION OF NU?EEI FAR FROM STABILITY IN DAMPED
COLLISIONS WITH Fe PROJECTILES

Bull. Am. Phys. Sec. .25, 482 (19530).

E. Breuer, K. Kwiatkowski, A.C. Mignerey, V.E. Viola,
K.L. Wolf, B.G. 8lagola, J.R. Birkelund, J.R. Huizenga,
W.U, Schroder and W.W. Wilcke

MASS AND CHARGE DISTRIBUTIONS-IN THE 233y + 36fe.
REACTION AT 470 MeV

BuIl. Am. Phys. Sec. 25, 482 (1380).

A.D. Hoover, L.E. Tubbs, W.W. Wilcke, W.U. Schrider,
- J.R. Birkelund, J.R. Huizenga, D. Hilscher and

H.J. Wellersheinm

FUSION-FISSION FRAGMENTS FROM THE 16545 + 36pe REACTION
Bull. am. Phys. Sec. 25, 483 (1980).

B, Invited Lectures

“"DE-EXCITATION PROCESSES IN DAMPED HEAVY-ION REACTIONS"
American Chemical. Society Meeting, Washington, D.C.,
September 9-14, 1979 (by W.U. Schrdder).

"GRADUATE EDUCATION AT THE UNIVERSITY OF ROCHESTER"
Fudan University, Shanghai, China,
Seprember 17, 1979 (by J-R. Huizenga).

THEAVY - TON FUSION"
Fudan University, Shanghai, China,
September 20, 1979 (by J.R. Huizenza).

"HEAVY -ION STRONGLY DAMPED COLLISIONS"
Fudan University, Shanghai, China,
September 20, 1979 (by J.R. Huizenga).

"HEAVY - ION REACTIONS: FUSION™
Lanchow ‘University, Lanchow, China,
September 22, 1%7% (by J.R. Huizenga).
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"HEAVY-ION REACTIONS: STRONGLY DAMPED COLLISIONS®
Institute of Modern Physics, Lanchow, China,
September 23, 1979 (by J.R. Huizenga).

"RESEARCH AT THE UNIVERSITY OF ROCHESTER'S NUCLEAR
STRUCTURE RESEARCH LABORATGRY"

Institute of Atomic Energy, Peking, China,
September 27, 1979 (by J.R. Huizenga).

"HEAYY-ION REACTIONS: FUSION"
Institute of Atemic¢ Energy, Peking, China,
September 217, 1979 (by J.R., Huizenga).

"HEAVY-ION REACTIONS: STRONGLY DAMPED COLLISIONS"™
Peking University, Peking, China,
September 30, 1979 {by J.R. Huizenga).

"ARE SINGLE PARTICLE EFFECTS FUNDAMENTAL 10 DAMPED
NUCLEAR REACTICONS"

Nuclear Structure Seminar, University of Rochester,
Gctober 4, 1979 (by W.U. Schrider).

“EEACTIDN ggENDMENﬂ IN NUCLEAR CQLLISIONS BETWEEN
*OFe aND 182Hon
Physical Chemistry Seminar, University of Rochester,
Qctobar 22, 1979 {by A.D. Hoover}.

"HEAVY-ION REACTIONS: A MEW FRONTIER OF NUCLEAR SCIENCE"
Meitner-Hahn Lecture, Hahn-Meitner Institute,

Berlin, Germany,

Qctober 23, 1979 (by J.R. Huizenga).

"HEAVY-I0ON FUSION: A CLASSICAL TRAJECTORY MODEL™
Symposium on Deep-Inelastic and Fusion Reactiens with
Heavy-lons, Hahn-Meitner Institute, Berlin, Germany,
October 25, 1979 {by J.R. Birkelund).

“"NEW RADIONUCLIDE GENERATOR SYSTEMS FOR USE IN NUCLEAR
MEDICIME"

Physical Chemistry Seminar, University of Rochester,
November 7, 1979 (by R.A. Atcher}.

"MUON CAPTURE IN THE ACTINIDRES"
Nuglear Structure Seminar, University of Rochester,
November 8, 1979 (by W.W. Wilcke).

"LIGHT PARTICLE EMISSION AS A PROBE OF DISSIPATION AND
BEEXCITATION MECHANISMS IN HEAVY-ION REACTIONS"
International Symposium on Continuum Spectra of Heavy
Ion Reactions, San Antonio, Texas,

Dacember 3-5, 1879 (by W.U. Schrdder).
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"EXPERIMENTAL SUMMARY OF THE INTERNATIONAL SYMPOSIUM
ON CONTINUUM SPECTRA OF HEAVY TON REACTIONS"
International Sympesium on Continuum Spectra of Heavy
[on Reactions, San Antonio, Texas,

Decemrber 3-5, 1979 (by J.R. Huizenga).

"DISSIPATION AND DEEXCITATION MECHANISMS IN HEAVY ION
REACTIONS"

Physics Colloquium, Brookhaven National Laboratory,
January 11, 1980 (by J.R. Huizenga).

"8 COMPARISON OF EXPERIMENTAL DATA WITH CLASSICAL
TRAJECTORY MODELS FOR HEAVY ION FUSION"

Physical Chemistry Seminar, University of Rochester,
January 14, 1980 (by L.E. Tubbs).

'"MANTFESTATION OF THE QUANTUM-STATISTICAL NATURE OF
EXCHANGE AND. DISSIPATION MECHANISMS OPERATING IN
DAMPED NUCLEAR REACTIONS™

International Workshop on Gross Properties of Nuclel
and Nuclear Excitatiens YIII, Hirschegg, Austria,
January 17, 1980 (by W.U. Schrdder).

"THE STRUCTURE OF THE STABLE ISOTOPES AT HIGH ANGULAR
MOMEMNTA'"

Nuclear Structure Seminar, University of Rochester,
January 31, 1980 {(by H.J. Wollersheim).

- "DEEP-INELASTIC HEAVY ION COLLISIONS"”

Physics Colloquium, University of Wisconsin, Madison,
February 15, 1980 (by J.R. Huizenga)}.

© . "EXPERIMENTAL ANMD THEQRETICAL FUSION CRQOSS SECTIDNS'

PROBLEMS AND UNCERTAINTIES™

Internatlunal Symposium on Heavy lon Fusion Rea:t1¢ns,
Bad Honnef, Germany,

March 10, 1930 (by J.R. Huizenga}.

"STATISTICAL AND QUANTUM ASPECTS OF HEAVY ION CDLLISIDNS"
‘Physics Colloquium, UﬂlvETSltY of Pennsylvania,

- Philadelphia,

March 26, 1980 (by J.R. Huizenga).

- "COLLECTIVE PROPERTIES OF THE STABLE DYSPROSIUM- ISOTOPES"
. Physics. Colloquium, University of Pittsburgh, Pittsburgh,
Aptil 17, 1980 (by H.J. Wollersheim).

"DISSIPATION AND EQUILTIBRATION PRDCESSES IN DAMPED
MUCLEAR REACTIONZ"

Physics Seminar, Michigan State University, East Lansing,
May 7, 1580 (by W.U. Schrdder}.
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"WHAT HAPPENS WHEN TWQ HEAVY TQNS COLLIDE™?
Colloquium, Los Alamos Scientific Laboratory,
Los Alamos, New Mexico,

May 22, 1980 (by J.R. Huizenga).

-"CLASSICAL TRAJECTORY MODELS IN HEAVY-ION FUSION™
Nuclear Structure (ordon Conference,

Tilton, New Hampshire,

July &, 1980 (by J.R. Huizenga).

E. Professional Activities

"Member of Faculty Recruiting Committee,
-Department of Chemistry

Member of Research Grants and Contracts Committee,
Depariment of Chemistry

Member of Faculty Bridging Committee

Member of Los Alamos Meson Physics Facility
Program Advisory Committee

Member of Nuclear Chemistry Division Review Committee,
Lawrence Livermore Laboratory

Member of ACS Division of Nuclear ChemistTy and
Technology Committee on Fupnding

Member ¢f Program Committee @f the Division of
Nuclear Physics, APS

Membar of Visiting Committee of Chemistry Division of
Argenne National Laboratory

" Member of Nuclear Science Advisory Committes to
DOE and NSF

- Member of International Advisory Committee for
Conference on the Theory and Applications of Moment
Methods in Many Fermion Systems

(Septembeyr 10-14, 1979, Ames, Ipwa)

Member of Internationzl Advisory Committee for
Symposium on Continuum Spectra of Heavy Ilon Reactions
{(December 3-5, 1979, San Antonio, Texas)
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PERSONNEL

Dr. J.R. Hulzenga, Tracy H. Harris Professor of
Chemistry and Physics

Dr. J.R. Birkelund, Research Associate

Hr._ﬁ.U. Schréder, Senior Research Associate
Dr. W.W. Wilcke, Research Assoﬁiate

Dr. H.J. Wollersheim,* Hesearch Associate

Mr. R.A., Atcher,** graduate student, Department of
Chemistry

Ms. A.D. Hoover, graduats student, Department of
Chemlstry

Ms. L.E. Tubbs, graduate student, Department of
Chemistry

Mr. J.P. Kosky, graduate student, Department of
Chemistry

On leave- from GSI, Darmstadt, W. Germany

Lompleted Ph{D.'degree and presently a postdocteral:
fellow in MNuclear Medicine at Harvard Medical School



