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LIGHT-PARTICLE EMISSION AS A PROBE OF DISSIPATION AND 
DEEXCITATION MECHANISMS IN HEAVY-ION REACTIONS1" 

W. U. SCHRODER 
Departments of Chemistry and Physics and 
Nuclear Structure Research Laboratory 
University of Rochester, Rochester, New York 14627 

The relevance of studies of light-particle emission 
associated with damped nuclear reactions for investi
gating properties of the reaction mechanism, in partic
ular of the energy dissipation mechanism, is discussed. 
Processes of instantaneous particle emission are reviewed, 
relating to heavy-ion reactions. Methods are outlined 
concerning information on the conditions of the inter
mediate nuclear system at scission revealed in the pro
cesses of statistical particle evaporation from the re
action fragments. They are employed in studies of 
neutron emission in the damped reactions 165Ho+56Fe and 
^Ho+^-^Xe yielding evidence for a rapid thermalization 
and a relaxation of the mass-to-charge asymmetry of the 
system. Progress is reported for attempts to achieve 
a unified description of energy dissipation, nucleon 
exchange and particle emission in damped nuclear 
reactions. 

I. INTRODUCTION 

Extensive experimental and theoretical investigations 
of damped nuclear reactions at bombarding energies a few 
MeV/u above the interaction barrier have lead to a much 
t Work reported was done in collaboration with J.R. Birkelund, 
D. Hilscher (HMI, Berlin), A.D. Hoover, J.R. Huizenga, and 
W.W. Wilcke (Univ. of Rochester); K.L. Wolf (Argonne Nat'l 
Lab); H.F. Breuer, A.C. Mignerey and V.E. Viola, Jr. 
(Univ. of Maryland); J. Randrup (LBL, Berkeley). 
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improved knowledge of the phenomenology of these reactions, 
which exhibit characteristics of both, fast 
(Tjjj.j.«10"*22-10~21sec) peripheral collisions and statistical 
processes^. The average values of various macroscopic 
variables can be adequately described in terms of classical 
dynamics involving conservative and dissipative forces or of 
classical transport phenomena. However, there are indica-
tions2~4 that these forces may be dynamical quantities 
themselves, originating from the response of intrinsic 
degrees of freedom to changing collective coordinates. 
Furthermore, certain statistical reaction features may be 
inconsistent5»6 with theoretical descriptions not retaining 
essential quantal properties of the mechanisms involved. 

In principle, rather complex investigations are re
quired to assess the microscopic origin of the reaction 
mechanism, covering many aspects of a damped reaction. Con
sideration of isolated reaction channels may not only provide 
limited information but may lead to inadequate conclusions. 
It is hoped, however, that studies of the most frequent 
processes induced by damped reactions such as emission of 
light particles are sensitive to important components of 
the reaction mechanism. In particular, probabilities, 
energy and angular distributions of various associated 
particle species and the mechanisms that lead to their 
emission are expected to depend on the properties of the 
dissipation processes playing a crucial role in determining 
the condition of the interacting nuclei and the nature of 
their interaction. Depending on the way collective energy 
of relative motion is transferred to microscopic nucleonic 
degrees of freedom, the subsequent deexcitation of the 
system is expected also to follow different patterns. 

In the following, several particle-emission mechanisms 
are discussed that are of potential relevance to damped 
reactions. Methods outlined are applied in experimental 
studies of neutron emission in 165Ho+56pe ana" 165Ho+136xe 
reactions representing typical examples of damped nuclear 
interactions. Conclusions to be drawn from such experiments 
are in support of a damped-reaction mechanism relating 
intimately energy dissipation and nucleon exchange. Recent 
progress in understanding damped nuclear collisions is 
discussed in terms of a quantum-statistical model based 
on this mechanism. 

II. INSTANTANEOUS PARTICLE EMISSION IN DAMPED REACTIONS 

The most primary information on the damped-reaction 
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mechanism may, obviously, be gained from particles emitted 
while the nuclear interaction is still in progress. Such 
instantaneous particle emission can, conceivably, occur at 
any stage of the reaction, before or after local equilibrium 
is achieved with respect to various degrees of freedom. 
Different mechanisms may be distinguished with respect to 
species, angular and energy distributions of the emitted 
particles, as well as according to their dependence on the 
projectile-target system, the bombarding energy and the 
initial angular momentum. 

A. Fermi Jets 

During the approach phase of the reaction, characterized 
by a high relative velocity, a small window may have already 
opened between projectile and target nuclei allowing nucleons 
with intrinsic momentum p and kinetic energy £ to be ex
changed (Fig. 1). In the rest frame of the acceptor nucleus, 
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the momentum of the nucleon will be augmented to q - p + mu, 
where u is the relative nuclear velocity and m the nucleon 
mass. Depending on the relative directions of p and u, the 
nucleon energy 

(1) E = £ + p«u - V 

may be sufficiently high to overcome the potential barrier 
V = VM+V comprised of nuclear and Coulomb parts. With a 
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certain probability, such particles may be directly ejected 
from the nucleus. They have been termed "promptly emitted 
particles" by Bondorf et al7 and "Fermi j ets" by Swiatecki^ 
and RobelS. Emission mechanisms similar in spirit have also 
been proposed by Gross and Wilczynski^. 

Kinematical conditions on the bombarding energy E ^ ^ 
and angular momentum £. allowing Fermi-jet emission may be 
summarized by8 

(2) ELab > ̂ J {VCoul<« + ̂  " ̂ > 2 } l i 

where A_ and A„ are projectile and target mass numbers, 
respectively, u the reduced mass and V^ou1_ the Coulomb 
interaction potential evaluated at a typical separation R. 
For the reaction 165jj0+56Fe to be discussed below, Fermi-
jet emission is energetically possible for Eĵ jj = 470 MeV 
and I <_ 116. 

Neutrons are expected to be the most important Fermi-
jet particles, charged-particle emission being drastically 
reduced due to the Coulomb barrier. Complex particles 
(e.g. d, a,..) are not considered in this single-particle 
model. Their emission probability, however, may be esti
mated, e.g. by using a coalescence model10. Due to the 
term p̂ u" in Eq. 1 which determines the s.p. energy, the 
intensity, mean energy and width of the particle energy 
spectrum increase with relative velocity 
uQ = (2(EC-m# - Vcoui^/u}^, the width reflecting the nucleon 
momentum distribution. Fermi-jet particles may be highly 
energetic in the cm. system with the highest energies cor
responding to forward directions. The angular distributions 
depend on the details of the dynamical trajectory. In 
general, a maximum intensity may be expected at angles between 
the directions of the beam (highest relative velocity) and 
of the momentum transfer (largest window area), and in the 
opposite direction. 

Complications arise due to two-body interactions beyond 
the approximations of the single-particle model, increasing 
in importance with increasing particle energy and nuclear 
temperature. These processes inhibit primary Fermi-jet 
emission but induce emission of secondary particles. They 
can be treated within current pre-equilibrium cascade models 
(cf. Fig. 2a), e.g. those of Griffin and Blann^. Alternately, 
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as suggested earlier^ for similar emission processes induced 
by muons, the trajectory S of (Fig. 2b) of a nucleon inside 

FIGURE 2a, Preequilibrium cascade (above left) 
FIGURE 2b, Nuclear refraction (above right) 

the nucleus may be considered, along which the nucleon is 
absorbed due to the optical potential with a rate corre
sponding to the mean free path A(E). With this rate, sec
ondary particles may be excited in two-body collisions 
obeying the Pauli principle. At the nuclear surface, 
nucleons are deflected as given by the real refractive index 
n(E). With a dynamcial calculation implementing an optical 
model approach such as described above, Bondorf et̂  al7 re
produced qualitative features of high-energy neutron spectra 
observed1^ in the J^Gd+J^C reaction at ELab = 152 MeV. 

B. Breakup Particle Emission 

When rapid deceleration of the relative motion occurs 
during the approach phase of the reaction, the strongly time-
dependent forces may induce breakup of the projectile, a 
process well studied for light-ion reactions^, A light 
breakup particle with mass 1% and charge Z a may initially 
proceed approximately along the original trajectory charac
terized by the projectile velocity at breakup, somewhat re
duced according to the separation energy Sa. The projectile 
remainder may or may not react further with the target 
nucleus. Early experiments by Britt and Quint on" involving 
10.5 MeV/u 12C, 14N and 16Q projectiles and heavy targets 
yielded large cross sections (a a 0.3a ) mainly of high-
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energy a particles focussed in forward directions. These 

TARGET 

BREAKUP 
PARTICLE 

PROJECTILE 

FIGURE 3, Projectile breakup 

processes, also termed "massive transfer" or "incomplete 
fusion", have attracted renewed attention as demonstrated 
by recent experimentsl6~19 and theoretical attempts^ to 
describe breakup of lighter heavy ions in a DWBA approach. 

Generally, the energy spectra of light breakup particles 
are bell-shaped (Fig. 4', Ref. 15) with mean energies <E£, ,ab 

600 

SO 40 
EcmlMeV) 

FIGURE 4, Breakup-a particle spectrum 



-7-

LIGHT-PARTICLE EMISSION.. 

decreasing with increasing emission angle from a maximum 
given by 

m 
P 

R 

1 + /
 A \Z 

\ ab 

m a z„(z +z -z ) — - z z 
av p x a V p T 

- S a 

where R is the breakup radius. The width reflects the mo
mentum distribution of the particle inside the nucleus. 
Particle angular distributions are observed to be strongly 
peaked at angles between the projectile-like fragment reac
tion angle and the beam direction, which may, however, depend 
on the particular reaction. Recent observations21 are con
sistent with local emission of breakup particles from the 
side of the projectile facing the target nucleus. 

Breakup processes are usually observed to reflect 
strongly the individuality of the projectile, in particular. 
its cluster structure. Hence, allowance has to be made for 
structure effects in drawing conclusions on the gross pro
perties of the reaction mechanism. 

C. Preequilibrium Emission from Hot Zones 

If the energy dissipation mechanisms were sufficiently 
fast, a transient storage of a high amount of excitation 
energy in a complicated nuclear state may occur that may 
classically be described in terms of a localized "hot spot"22, 
Such a state would then be expected to decay into many-
particle-many-hole configurations via normal pre-equilibrium 
cascades allowing emission of fast particles at any stage of 
equilibration. The classical heat transport equation 

(4) |^ T(r,t) = -^ $.(K$r(r,t)) 

for the temperature field T(r,t), where p is the nuclear 
density, cp the nuclear specific heat and < the thermal 
conductivity, has been considered by Weiner et al23 a^j 
applied to particle emission in damped reactions by 
Gottschalk et al2^. High-energy a particles emitted in the 
reaction ^BNi+T5b at 6 MeV/u2^ have been claimed as evidence 
for such an emission mechanism. 

Experimental information or theoretical predictions on 
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FIGURE 5, Decay of a "Hot Spot" 

particle branching ratios and dependence on the bombarding 
energy are not available for this mechanism. Particle 
spectra are expected to be characterized by high-energy 
tails for particles emitted early in the equilibration 
process. Angular distributions should be peaked forward 
and backward of the light-fragment reaction angle, with 
the forward peak corresponding to the highest lab energies. 

D. Particle Emission in Neck Rupture 

At the final stages of the reaction, particles may be 
emitted during the rupture of the neck that has presumably 
been formed in the reaction. Such a process is known from 
fission studies , where long-range a particles are observed 
to accompany fission with a relatively low (<10-2) probability. 

Emission probabilities are expected to depend on the 
fragments' kinetic energies at the instant of scission and 
their deformations. Particle branching ratios are not well 
known from fission studies, but a-particle emission is 
expected to be a relatively significant channel. Particles 
are presumably produced with relatively low initial kinetic 
energies by such a mechanism and are emitted in directions 
approximately perpendicular to the system's symmetry axis 
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(Fig. 6). The final kinetic energies of charged particles 
depend on the balance between the initial particle and 
fragment kinetic energies determining the effective Coulomb 
field and the duration of acceleration. 

FIGURE 6, Particle emission in scission 

Among the mechanisms of instantaneous particle emission 
discussed above, so far only breakup-induced processes 
appear to be experimentally well established^-lS^l and 
are treated20 in conventional quantal reaction theory. 
Other mechanisms still lack a profound theoretical basis 
or experimentally unambiguous verification. 

While instantaneous emission may contribute to the 
total light-particle cross section associated with damped 
reactions, a majority of light particles is expected to be 
emitted from the highly excited final fragments at times 
sufficiently long to ensure their complete separation, 
full acceleration by the Coulomb field and complete equili
bration of the excitation energy. Relevant time scales 
are plotted in Fig. 7 vs. the equilibrium nuclear tempera
ture. Damped-interaction times Tj N T as derived27 for the 
reaction 1°5Ho+56pe at ELat,=476 MeV using a classical model 
are seen to range between M.0"22 and several 10-2lsec for 
equilibrium temperatures up to 2.5 MeV attained in the 
reaction. They are compared to the much longer times 
Tp«5.10~23 exp(13 MeV/T)sec necessary2^, on the average, for 
particle evaporation from a compound nucleus. Of great im
portance for the evolution of a damped reaction and several 
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instantaneous emission processes is the thermal relaxation 
time TR, a time characteristic for the damping of a thermal 
distortion of nuclear matter at a specified temperature. 
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FIGURE 7, Characteristic time scales for the 
reaction 165Ho + 56Fe 

This time has been calculated29 in a single-particle model 
to be given by the product of the nucleon transit time R/vp, 
where R is the nuclear radius and vp the Fermi velocity,,, 
and the number R/X of nucleon-nucleon collisions: 

(5) TR(T) RV(vFX(T)) 
Here, the mean free path X is temperature-dependent, because 
the exciton transition rates^- are. 

Obviously, for equilibrium temperatures accessible to 
damped reactions, thermal relaxation times are extremely 
short such that immediate response of the nuclear system is 
expected for relatively weak thermal distortions as may be 
imposed, for example, by the exchange of a nucleon. Only 
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for temperatures beyond 7-8 MeV are these relaxation times 
TR comparable to compound-nucleus evaporation times T_, and 
a significant probability for light-particle emission 
(pre-equilibrium emission in the normal notion) is expected 
at the early stages of the intranuclear cascade leading 
eventually to full equilibration of the thermal excitation 
energy remaining in the nuclei. However, whether or not 
the relation TR « TJNT <<: Tp between the various time scales 
is established in a damped reaction as depicted in Fig. 7 
depends on crucial details of the energy dissipation 
mechanism, e.g. the presence or absence of localized zones 
of high temperature. 

Studies concerned with the nature of dissipation and 
deexcitation mechanisms should then include the establishment 
of conditions associated with instantaneous or preequilibrium 
emission of light particles as revealed by the identity of 
these particles, their energy and angular distributions and 
their relation to the kinematic properties of the nuclear 
system. In addition, information on the damped reaction may 
be obtained from studying particle evaporation from the 
final fragments as exemplified in the following. 

III. PARTICLE EVAPORATION FOLLOWING DAMPED NUCLEAR REACTIONS 

As discussed above, particle evaporation occurs, on the 
average, long after the damped nuclear interaction has ceased 
but reveals various conditions of the intermediate system at 
scission time, such as fragment excitation, deformation and 
spin alignment. The statistical decay of the fully equili
brated system provides a powerful investigative tool because 
the dependence of this process on the nuclear properties 
is well known30. 

Particle branching ratios are determined by available 
phase space or (spin-dependent) level densities p according 
to 

CO I+iy 
(6) r v(E*,I)~(2s v+l)^ ^ ( 2 J + 1 ) 

E*-EJ-BV 
j d£v P(E*-Ej-Bv-£v)Tv(ilv,£v) 

where the particle widths T depend on excitation energy 
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E and spin I of the initial nucleus, the properties of the 
light particle given by spin sv, angular momentum SL^, kinetic 
energy £v, binding energy Bv and transmission coefficient Tv. 
Properties of the final nucleus enter mainly via its yrast 
line Ej, the minimum excitation energy of levels at a given 
spin J. The energy spectrum dN/d£ of particles in an evapo
ration chain is approximately given by31 

(7) dN/d£«2<M>(TTT^3)'1/2 £ 5 / 1 1 exp(-£/TA) 

where <M> is the mean multiplicity and TA=(11/12)T an effec
tive mean temperature, only slightly smaller than the tem
perature T«(E*/a)^ of the initial nucleus. The level density 
parameter a is approximately proportional to the nuclear mass: 
aaA/8. 

The angular distributions of evaporation particles in 
the rest frame of a nucleus with spin I aligned perpendicular 
to its direction of motion (6Cm

=0) is predicted30 to be sym
metric around 9 =IT/2 : 

cm. 
, 2 2 2 

(8a) W(6 m )~1 +\mR2'* <Z >
 P-(cos6 ) for ̂  « T cm. 3 23 T 

2 
(8b) W(8 , )~l/sin9 for %^- » T c.m. cm. ZJ 

where m is the particle mass, R the radius of the nucleus, 
<I2> its mean-square spin and 5 its moment of inertia. In 
the limit of strong coupling between nuclear spin I and 
angular momentum I of the emitted particle, the classical 
relation Eq. 8b for isotropic emission results. If the 
direction of the nuclear spin produced in a reaction is 
restricted, for example, to be perpendicular to the reaction 
plane selected by an experiment, the angular distribution 
of the emitted particles will be isotropic within this plane 
but vary with the out-of-plane angle (j) approximately 
according to 

(9) W(<b ) ~ 1 + -i (^)2<I2><*2>cos2<j> 
cm. 2 ijl c.m. 

2 
The mean squared angu la r momentum <SL > c a r r i e d away by a 
p a r t i c l e of k i n e t i c energy £ 

(10) <Jt2>~m R2(e - Vc)/"h2 



-13-

LIGHT-PARTICLE EMISSION.. 

is largest for fast, heavy particles, the measurement of 
which is then most sensitive to the size and alignment of 
the nuclear spin. For this reason, angular distributions 
of evaporated neutrons are only weakly dependent on spin 
alignment. 

Laboratory intensity patterns of particles evaporated 
from fully accelerated fragments are quite conspicuous as 
demonstrated in Fig. 8 for neutron evaporation from final 
fragments from the reaction l65Ho+136Xe at ELab=H30 MeV. 

007-JI4J 

0nLab 

FIGURE 8, Cross section of neutrons from light 
(full curves) and heavy (dashed curves) 
fragments, plotted vs. lab angle and energy 

In the calculation of the double-differential cross section 
d2a/dEndQ plotted at the bottom of Fig. 8 vs. neutron lab 
energy EnLaj3 and emission angle 9^^, complete conversion 
of kinetic energy loss into intrinsic heat,, establishment 
of thermal equilibrium before scission, and isotropic emission 
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in the rest frames of the fully accelerated fragments were 
assumed. Neutrons from the light fragment (full curves) 
are higher in energy and confined to a narrower angular 
range around the light-fragment emission angle (solid arrow) 
than those from the slow-moving heavy fragment. Obviously, 
there are kinematical regions allowing an unambiguous identi
fication of the emitting fragment. 

Because of the good separation, several kinds of inform
ation may be gathered for both reaction fragments separately: 
Experimental particle-fragment angular correlations may be 
used to determine the fragment's spin alignment (Eqs. 8, 9). 
The final fragment temperatures can be inferred from the 
particle energy spectra according to Eq. 7. Furthermore, 
the particle multiplicity distributions give a measure of 
the excitation distribution of the fragments. 

If thermal equilibrium is reached during the reaction, 
the temperatures of light (L) and heavy (H) reaction partners 
are expected to be approximately equal: T^wT^. In contrast, 
if "hot spots" survive the reaction, TJ^TJJ may result. How
ever, dynamical deformations developing during the reaction 
may lead to T^Tg, even if the system was thermalized a£ all 
times. In general, the total excitation energy E =Ej+E„ 
will be smaller than the measured kinetic energy loss, 
because of the rotational energies acquired until scission 
occurs, that do not convert into intrinsic heat and are, 
subsequently, only partially removed by particle evaporation. 

How strongly the moments of the particle multiplicity 
distributions are correlated with those of the excitation 
function may be demonstrated using a simplified evaporation 
model32 neglecting spin effects. It is based on the assump
tions that the energy E*-Si available for evaporation, where 
Si is the cumulative separation energy of i particles, is 
distributed among the particles with probabilities according 
to the particle energy spectra as given by a Maxwellian 
characterized by a mean temperature T. The probability Wi 
for emitting at least i particles from a nucleus at excita
tion energy E* is easily calculated: 

!

9 j "j / E —S \nl E*—S 

for ij>2. Trivially, W Q(E*)=1, and W1(E*)=©(E*-Si) . If f(E*) 
is the excitation energy distribution, one obtains for the 
particle multiplicity distribution 
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(11) M(i) = / dE* f(E*)[W±(E*) - Wi+1(E*)] 
o 

Fig. 9a shows the calculated dependence of the mean neutron 
multiplicity <M> on the excitation energy E* of each of the 
nuclei ^-"Ho an(j 56pe4 Binding energies were taken from the 
liquid-drop model corrected for shell effects. <M> is ob
served to be almost independent of the width of f(E*). 

(9a) (9b) 
00T-43W I | I 1 3 j | i r 

11 1 1 1 o 1 1 1 ' > 1 
0 50 100 150 0 10 20 30 40 50 Et*(MeV) crE.(MeV) 

FIGURE 9, Correlation between mean values 
(a) standard deviations (b) of neutron multi
plicity and excitation energy distributions 

A similarly strong correspondence is observed between the 
standard deviations 0-^ and a„* of multiplicity and excitation 
distributions, respectively. This is illustrated in Fig. 9b 
for ^ S H O and 56pe nuclei at the indicated mean excitation 
energies. 

These correlations are strongly dependent on the identity 
(A,Z) of the emitting nucleus, a dependence that can be ampli
fied by considering relations between appropriate quantities 
corresponding to the two fragments of a damped reaction, 
where the total A and>„Z is fixed. For example, in Fig. 10 
the ratio of the mean neutron multiplicities of Ho and Fe 
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fragments is plotted vs. the energy loss for the reaction 
165Ho+56Fe. The curves are labelled according to the A/Z 
ratio of the Fe fragment and its share of the total energy 
loss. The initial sharp drop at small energy losses is due 
to a threshold effect and depends on the binding energies 
and the width of the excitation function. For larger energy 
losses, a relatively constant value of the multiplicity ratio 
results that approaches the value of the mass ratio at very 
high temperatures: <MH>/<MT> -*• A^/A^. In general, however, 
these two quantities are quite different. 

<MHo> 
<M F e > ' 

l\ 

" V 

1 1 — 

Ho+Fe 

AF. 
?7T 

. 2.15 

-^ 2.31 

2.31 

ELOSS 
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50 100 
EL 0 S S (MeV) 

150 

FIGURE 10, Ratio of mean neutron multiplicities from 
the reaction 165Ho+56pe for different A/Z 
ratios and fractions E*/EJ of the light 
fragment 

IV. NEUTRON EMISSION IN THE DAMPED REACTIONS 165Ho+56Fe,136Xe 

The methods described in the preceding section were 
applied in a study33 Qf neutron emission following the 
reaction °̂5jjo+̂ °Fe addressing the questions: 

(a) Is there direct or indirect evidence for instan
taneous particle emission? 

(b) Is thermal equilibrium achieved during the damped 
reaction? 
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(c) Is equilibration of the mass-to-charge asymmetry 
achieved? 

A schematics of the experimental setup used in the 
fragment-neutron coincidence measurements is shown in Fig. 11. 

I65.J~.L56 Ho + SbFe 
FIGURE 11, Schematic setup of fragment-neutron 

coincidence measurement 

Six neutron detectors surrounded a thin-walled scattering 
chamber containing target and a solid-state telescope used 
to measure light reaction fragments and to provide a start 
signal for the neutron time-of-flight measurement. One of the 
neutron detectors was placed out of plane (8n=0°, <p=85°) to 
give an estimate of the out-of-plane anisotropy. The flight 
distance was ̂  70 cm, and time resolutions of 1-1.5 nsec 
were achieved. Detection efficiencies were calculated3^, 
but verified by comparison with experiments3^. 

Fig. 12 shows the resulting coincident laboratory 
neutron angular and energy distributions, for a fragment 
detection angle of 8T=23°. The curves represent evaporation 
calculations with the code MBII3° based on the assumptions 
that the kinetic energy loss was completely converted into 
excitation energy, that the system reached thermal equili
brium, and that isotropic evaporation occurred only after 
full acceleration of the fragments. Obviously, the experi
mental data are consistent with these assumptions: neutrons 
from the light fragment are emitted in a narrow cone around 

http://i65.j~.l56
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its reaction angle and characterized by relatively high 
mean lab energies, while those associated with the heavy 
fragment are less focussed and less energetic. No posi
tive evidence for any significant number of high-energy, 
forward-peaked neutrons was found that could have been 
attributed to instantaneous particle emission. 

-180 

,65Ho*56Fe 
ELob = 476MeV 
SDC 

' / | \ \ LIGHT F 

HEAVY F. 
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0 
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FIGURE 12, Laboratory angular distribution of neutron 
cross section (top) and mean energy (bottom). 
Curves are results of evaporation caculations 
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These assumptions were then used in an iterative, 
event-by-event analysis of the data as a suitable starting 
point for the transformation into the rest frames of the 
light and heavy fragments. Measurements at angles close to 
the reaction angles of the light and heavy fragments lead 
to predictions of neutron energy spectra at other angles, 
using the above assumptions, that can be compared to the 
data. In Fig. 13, neutron energy spectra in the rest frames 
of the light and heavy fragment, respectively, are plotted 
for a light-fragment detection angle 9^20°, averaged over 
fragment-Z values between 20 and 30 and energy losses greater 
than 36 MeV. As can be seen, the curves representing evapo
ration spectra, based on the assumptions discussed, reproduce 
the data very well both, with respect to spectral shape and 
absolute magnitude. There is again no positive evidence for 
high-energy neutron emission in addition to the evaporation 
process. Upper limits for such neutrons have to be placed 
around 5%. 

l6SHo*56Fe 
EL0b '476MeV 

eT»20° 

5 10 15 
Ecm.(MeV) 

20 

FIGURE 13, Center-of-mass neutron energy spectra from 
light (circles) and heavy (squares) frag
ments. Curves represent evaporation cal-
culat ions 
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The assumption of isotropic neutron emission resulting 
in the calculations shown in Fig. 13 is consistent with 
measurements at all neutron angles within the reaction plane. 
However, results of the out-of-plane detector suggest a 
<t>c>m#=0o/90° anisotropy of 0.2±0.1. Although not very accu
rate, this measurement is consistent with fully aligned frag
ment spins (cf. Eq. 9) based on those transferred in a rolling 
or sticking situation, where anisotropics of 4% to 12% are 
expected. 

In Fig. 14, the dependence of nuclear temperatures of 
the light (circles) and heavy (squares) fragments on the total 
kinetic energy loss is shown as obtained from the neutron 
spectra. As can be seen from Fig. 14, temperatures of light 
and heavy fragments are equal for each energy loss, indicating 
thermal equilibration within the interaction time Tiw 
Despite relatively large error bars, equal division of the 
excitation energy between the fragments corresponding to tem
peratures given by the dashed (L) and dashed-dotted (H) curves, 

007-4326 

3 
,65Ho+56Fe 
EL0b=476MeV 

20*Zs30 

AST 

s 
/ 

/ - T = V8EL O SS/A£ 

. 100 
-LOSS (MeV) 

200 

FIGURE 14, Final temperatures of light (circles) and 
heavy (squares) fragments. Dashed curves 
correspond to equal shares of the total 
excitation energy 
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27 can be ruled out. Estimates for interaction times yield 
then upper limits for thermal relaxation times given in 
Table 1. Furthermore, from the agreement of data with the 
Fermi-gas equation of state (full curve in Fig. 14), it may 
be concluded that most of the kinetic energy dissipated in 
the reaction goes into intrinsic heat of the nuclei, with 
the exception of rotational energy estimated to be less than 
15-18 MeV at all energy losses. This finding corroborates 
the lack of significant intensities of high-energy, non-
evaporative neutrons. 

TABLE 1 Relaxation times T 

ELoss ( M e V ) TR(10-22sec) 

60 < 2 
100 <_ 5 
200 < 20 

Fig. 15 shows at the bottom the dependence of the mea
sured neutron multiplicity Mn on the experimental Z of the 
fragment. Triangles connected by a dashed curve represent 
evaporation calculations using the code MBII3 , assuming 
thermal equilibrium, the composite system's ratio A/Z=2.38 
for all fragments and angular-momentum dissipation according 
to the sticking limit. Good agreement between calculations 
and data is observed, except for Z values close to that of 
the projectile, where agreement is achieved upon relaxing 
the unrealistic sticking requirement. A discontinuity of 
the data at symmetry (Z«46) is understood in terms of 
charged-particle evaporation from the light fragments. 

Somewhat more instructive is the dependence of multi
plicities and their ratio on the kinetic energy loss depicted 
in Fig. 16. As expected from calculations shown in Fig. 10, 
experimental values of the ratio M^/M^ of the mean multipli
cities exhibit an initial sharp decrease with increasing 
energy loss before reaching a relatively flat region. The 
latter is well described by evaporation calculations using 
MBII with a fragment A/Z ratio of 2.38 and fragment spins 
characterized by a linear approach to the rolling condition 
up to an energy loss of ^ 130 MeV, whereafter rolling is 
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MH/ML 

Mn 

l 6 5 H o . 56p e 

ELab = 476MeV 
84s ELOSS'236MeV 

80 

FIGURE 15, Neutron multiplicity (bottom) and multi
plicity ratio vs. fragment Z. Triangles 
and dashed curve represent evaporation 
calculation. Crosses give predicted 
charged-particle multiplicity 

always assumed. The bump occurring in the experimental 
MH/ML ratio around ELoS£>180 MeV associated with a depression 
of the light fragment's multiplicity (circles in the bottom 
part of Fig. 16), may be due to dissipation of increasing 
fractions of the angular momentum. The sensitivity of the 
multiplicity ratio MJJ/ML to the A/Z ratio of the fragments 
is illustrated in the top part of Fig. 16 by open triangles 
corresponding to A/Z values given by the valley of B-
stability. Detailed calculations for an energy loss of 
100 MeV indicate a range 2.26<A/Z<2.38 compatible with data. 

The range of pre-evaporation A/Z values of the fragments 
yielding agreement between calculations and data is consistent 
with values where minima in the potential-energy surface 
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occur calculated from the droplet model including shell cor
rections. Fragment A/Z ratios are fairly well removed from 
those of projectile and target, and one 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 the fragment A/Z value 
is a dynamical quantity governed by the action of dynamically 
changing driving forces. Due to the lack of knowledge about 
these forces, an equilibrium A/Z value cannot be determined 
except via adoption of a model. 

MH/ML 

MlH 

V 

b) 
l65Ho*56Fe 
ELab=476MeV 

200 100 0 

ELoss<MeV) 

FIGURE 16, (a) Multiplicities of neutrons from light 
(circles) and heavy (squares) fragments 
vs. energy loss. (b) Multiplicity ratio. 
Open and full triangles represent evapora
tion calculations with different fragment 
A/Z ratios. 
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The most important findings of the study of neutron 
emission in the reaction ^^Ho+^Fe described above are, 
as far as a preliminary analysis indicates, corroborated by 
a similar experiment on the reaction ^^Eo+^-^Xe at 
ELaD=1130 MeV. They can be summarized as follows: 

(1) Kinetic energy dissipated in a damped reaction re
mains in the double-nucleus system and is converted mainly 
into intrinsic heat. 

(2) Thermal equilibrium is reached within the interaction 
time. Relaxation times may be as short as 2.10~22sec for 
relatively low energy losses but may be a factor of 10 longer 
than this for very large energy losses. 

(3) No positive evidence is found for non-statistical 
high-energy neutrons. However, because of the large number 
of neutrons in the evaporation cascade, only a relatively 
high upper limit can be placed for such events, although a 
significant competition of these processes with other dissi
pation and deexcitation mechanisms can be ruled out. 

(4) Based on a model-dependent definition, it is con
cluded that the mass-to-charge asymmetry also equilibrates 
during the interaction time. However, the corresponding 
relaxation times may, in reality, be much smaller than 
estimated values of (4-8)•10~22Sec, since it takes the ex
change of only a few nucleons to achieve A/Z equilibrium. 

V. ENERGY DISSIPATION AND NUCLEON EXCHANGE 

From the results presented in the preceding sections, 
one concludes that for nuclear reactions a few MeV/u above 
the barrier, the dissipation mechanism leads to a gradual 
heating of the nuclei involved to temperatures of the order 
2-3 MeV. These temperatures are small compared to the Fermi 
energy £p«37 MeV, such that nuclear systems are expected to 
be well describable in terms of single-particle models. The 
s.p. occupation numbers f(e) almost correspond to those of 
a degenerate Fermi gas of nucleons moving freely in the 
average potential. A relatively long nucleon mean free 
path X, of the order of the nuclear radius R, leads one to 
expect the nucleus to respond as a whole to small perturba
tions such as imposed by the exchange of a nucleon between 
the interacting nuclei: 

Experimental fragment mass distributions and their 
evolution with the energy loss suggest that many nucleons 
may be exchanged in a damped reaction on a similar time scale 
as applicable to energy dissipation. From light-ion reactions 
it is known that nucleon transfer induces kinetic energy loss 
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due to the difference in groundstate Q values and recoil 
effects. It is then natural to ask what fraction of the 
energy dissipated in damped reactions is due to the exchange 
process itself. 

A classical model developed earlier, was indeed able 
to explain most of the dissipated energy as being due to 
the recoil induced by nucleon exchange, at least for rela
tively high bombarding energies of > 34 MeV/u above the 
barrier. However, the observed systematic dependence of 
experimental correlations between energy loss and mass dis
persion on the bombarding energy was not predicted by the 
model and induced suggestions of additional dissipation 
mechanisms, resulting in a mere parameterization of the data. 

In this unsatisfactory situation, a relatively simple 
quantal transport model for energy dissipation and nucleon 
exchange introduced by Randrup"'^ offered the chance for a 
more meaningful test of the basic mechanism. This model 
treats the interacting system as two almost degenerate Fermi
Dirac gases in communicating spherical containers. The 
current of nucleons transferred from nucleus A to nucleus B 
is given by 

(12) N B A = /de N'(e) fA[l  f B
], 

an integral over the bulk current N'(e) of nucleons from 
singleparticle orbits at energy E, accounting for the 
occupancy of these orbits in accordance with the Pauli 
principle. The occupation probabilities 

(13) f
A
(e, p) = |l + exp [(eeFl/2(FBA  up))/x] j"*1 

-*■ 

depend on the direction of the nucleon momentum p with respect 
to the relative velocity u of the two nuclei. £p is the mean 
and FBA the difference of the two Fermi energies, T is the 
nuclear temperature, ooĝ  = Fg^: vf'p* =  0)̂ g is the energy 
lost or gained in a transfer, depending on its direction. 
Averaging over the possible directions of the nucleon momenta 
in the Fermi surface yields an energy dissipation rate 

P2 
(14) E«<NBAA + N ^ ^ N ^ ) ^ + f (2un + u2J} 
where un and ut are the velocity components normal and tan
gential, respectively, to the interface area of the two nuclei. 
Similarly, one obtains for the mass drift and diffusion coef
ficients 
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(15) VA = ̂ BA " V F * H'< V F: BA 
A BA AB F l F; 

respectively. Here T* = T<((jaAB/2x)coth(a)AB/2T)>F denotes 
the energy region around the Fermi surface contributing to 
the transfer. This "effective temperature" T* depends on 
both, the dissipated and the kinetic energy still available, 
as is demonstrated in Fig. 17 showing the results of a 
dynamical calculation37 for the reaction 109Bi+136Xe at two 
bombarding energies. For high energy losses, T* approaches 
the nuclear temperature T with a rate depending on the 
bombarding energy. 

007-4324 6 

> 4 -
c: 3 
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•. 
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\ T * 

' 1 . 

209 B J + l 3 6 X e 

— E ^ H30MeV 
••••ELab=900MeV 
T*,T AT DISTANCE OF 

w CLOSEST APPROACH 

N T * 

I 1 1 

0 50 100 150 200 
ELOSS(MeV) 

FIGURE 17, Effective temperature x* and nuclear 
temperature T vs. energy loss, calculated 
for distance of closest approach. 

Of interest to the classical model is the quantity 
a - - (y/m) d(£n E)/daA2, related to the slope of the 
experimental correlations ELoss(aA2) exhibiting the previously 
unexplained bombarding-energy dependence. For systems with 
F3A~°» i-e. a negligible driving force, and peripheral 
collisions, Eqs. 14 and 15 predict a dependence 
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(16) a « — 

2T* 

where TF is the Fermi kinetic energy. This relation pred
icts an approximate universal bombardingenergy dependence 
of a for systems with FgA«0. Values of a increasing strongly 
with decreasing bombarding energy are predicted, a behavior 
observed experimentally. Different systems at similar bom
barding energies per nucleon above the barrier exhibit dif
ferent values of a to the extent that the corresponding 
values of FgA differ. 

The bombardingenergy dependence of the relation between 
nucleon exchange and energy dissipation as reflected by Eq. 16 
is entirely due to the Fermion nature of the exchanged nucleon. 
The classical expressions derived recently are regained in the 
limit where the Pauli Principle is relaxed. Because the 
currents involved in the models are form factors, dynamical 
calculations were performed for a dinuclear system described 
by two spheres connected by a cylindrical neck. Conservative 
and dissipative forces as well as nucleon transport coef
ficients as given by this extension of the onebody transport 
model were used to describe an average dynamical path of the 

200 

1 1 

209Bl + !36xe 
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- <>■ EXPERIMENT 

— THEORY 

150 

"I 1 1 T 

_ 209B, + 56Fe 

ELab=465MeV 
<>■ EXPERIMENT 
— THEORY O 

|0 

FIGURE 18, Comparison of results of dynamical calcu
lations to experimental correlations 
E
Loss(

a
z )* A^ows denote initially 

available kinetic energy 
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system. Typical predictions of the model are compared in 
Figs. 18 and 19 to data on the reactions 209Bi+13&xe (940 MeV), 
209Bi+56Fe (405 MeV) and 165Ho+56Fe (462 MeV), respectively. 
Similar calculations have been done for a variety of systems 
and bombarding energies yielding a satisfactory description 
of the data emphasizing the potential of the model and the 
necessity to consider quantal effects in damped nuclear 
reactions. 
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FIGURE 19, Comparison of dynamical calculations to 
data on correlations between energy loss 
and variance 0^2 (top) and mean Z of light 
fragment (bottom) 

By realizing that the quantity T governing nucleon 
exchange is essentially a directional average of the current 
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of nucleons traversing the interface between the two inter
acting nuclei, it is, conceptually, relatively simple to 
extend the model to a consistent description of instanta
neous nucleon emission. However, in order to account for 
absorption and refraction of the primary particles and 
ejection of secondary particles, the nuclear model has to 
be extended beyond the simple one-body limit to include 
the next higher approximation: two-body collisions. 

VI. CONCLUSIONS. 

Studies of light-particle emission in damped nuclear 
reactions have proven to be a powerful tool in obtaining 
information about the reaction mechanism that is essential 
for its understanding and the development of reaction models. 
In particular, they offer the only experimental means known 
to date to investigate thermalization processes in nuclear 
matter and have provided the basis for the applicability of 
mean-field theories to damped reactions. Although the 
dissipation of relative kinetic energy occurs on a rela
tively fast time scale, nuclear modes have always suffix 
cient time to adjust to the changing macroscopic conditions. 
Despite large amounts of dissipated energy, resulting nuclear 
temperatures are still small enough to prevent significant 
departure of the nuclear system from the one-body limit. 
There are indications, however, some of which will be dis
cussed in other contributions to this symposium, for devia
tions of the nuclear interaction from this simplest model 
picture at bombarding energies higher than 6-10 MeV/u above 
the barrier. It can be expected that in this regime, mea
surements of the associated light particles will provide 
important evidence for a gradual breakdown of reaction 
mechanisms that successfully describe nuclear interactions 
at lower bombarding energies. 
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