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Energy spectra of neutrons emitted in the damped reaction "La+ Ar at E~,b =400 MeV were

measured at eight angles in coincidence with projectile-like reaction fragments, using a time-of-

Aight technique. Apart from a small high-energy component, the angular and energy distributions
of neutrons were found to be well described by assuming two sources moving at the velocities of the

light and heavy reaction fragments emitting isotropically in their rest frames. The logarithmic
slopes of the neutron energy spectra and the corresponding multiplicities of neutrons from the two

sources suggest that the projectile-like fragment receives more than its equilibrium share of excita-
tion energy for all values of total kinetic energy loss. Detailed statistical calculations indicate that
the amount of excitation energy generated in each fragment is well described by the one-body nu-

cleon exchange model. The high-energy component in the neutron energy spectra has properties
that are consistent with preequilibrium neutron emission. Averaged over all energy losses greater
than 20 MeV, this "preequilibrium" neutron multiplicity is approximately equal to 0.1. However,
the intensity of this component increases as the impact parameter decreases.

I. INTRODUCTION

Light-particle emission from highly excited primary re-
action products provides an effective tool for investigat-
ing the properties of heavy-ion reaction mechanisms.
Such studies' have demonstrated the relatively gentle na-
ture of heavy-ion collisions at bombarding energies of a
few MeV per nucleon above the Coulomb barrier. Re-
sults of earlier measurements of neutron evaporation
spectra from damped reactions were interpreted in terms
of an intermediate dinuclear system that achieves thermal
equilibrium during a collision. In these experiments, the
measured spectrum of neutrons emitted by the
projectile-like reaction fragment had essentially the same
slope as the energy spectrum of neutrons from the
target-like fragment. Assuming that the observed loga-
rithmic slopes of the neutron energy spectra directly
reAects the temperature of the emitting primary nucleus,
these works concluded that even in fast, partially damped
collisions, the dinuclear system achieved thermal equilib-
rium. It has subsequently been demonstrated, however,
that the relationship between the slopes of the emitted
particle energy spectra and the temperatures of the pri-
mary emitting nuclei can be established only via complex
simulation calculations. A reinterpretation ' of the neu-
tron energy spectra and neutron multiplicity data from
the ' Ho+ Fe damped reaction showed that the excita-
tion energy ratio (EPL„/ET„„)of the primary projectile-
like fragments (PLF) and target-like fragments (TLF) was
larger than predicted' for thermal equilibrium, although
the magnitude of the disparity decreased with increasing
energy loss. Hence the lifetimes of the intermediate dinu-
clear complex in damped nuclear reactions of asymmetric

systems are, in general, too short to attain thermal equi-
librium between projectile-like and target-like fragments.

Over the last five years, considerable independent evi-
dence' ' has been reported to support the conclusion
that the dinuclear complex does not attain thermal equi-
librium in damped nuclear collisions. One novel study
measured the peak-to-valley ratio of the bimodal mass
distributions from sequential fission of the uranium-like
fragment in partially damped U+ Fe collisions. At
low kinetic energy losses, it was found that the heavy,
uranium-like fragment received less excitation energy
than predicted for a thermally equilibrated dinuclear sys-
tem, implying that the light, iron-like fragment receives
energy in excess of the equilibrium amount. In contrast
to the above results, radiochemical' ' studies of the par-
tition of excitation energy, assuming instantaneous 2 /Z
equilibration, conclude that for reactions with long in-
teraction times and significant net mass transfer to the
light fragment, cold heavy fragments are produced. In-
dependent measurements " of quasielastic reactions
also indicate that the dissipated energy deposited in a re-
action fragment is correlated with the net mass transfer.

Measurements of sequential particle evaporation, how-
ever, provide the most general method of determining the
excitation energy partition in damped reactions. After
separation of the dinuclear system, the bulk of the excita-
tion energy is carried away by neutrons evaporated from
the two fully accelerated primary fragments. Particle
evaporation measurements are usually not limited by in-
trinsic constraints that allow only a small range in energy
loss, unlike some of the methods discussed above, and the
calculations required to interpret the data are straightfor-
ward and well understood. ' In particular, exclusive neu-
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tron emission experiments for heavy systems provide a
relatively simple means of tracking energy relaxation
from partially damped collisions to the most strongly
damped collisions. However, detailed studies of this kind
are extremely rare. Additional exclusive neutron experi-
ments combined with realistic simulation calculations,
then, are of high current interest for the further develop-
ment of a quantitative theory of damped reactions.

One theory that has met with considerable success at
describing data acquired for heavy-ion collisions induced
at bombarding energies of a few MeV per nucleon above
the Coulomb energy at the interaction radius is the one-
body nucleon exchange transport model (NEM). In this
approach, ' ' all dinuclear relaxation mechanisms are
mediated by the exchange of independent nucleons be-
tween the reaction partners. In the model, the excitation
energy generated in the recipient nucleus by a transferred
nucleon is mainly determined by the velocity mismatch
between the interacting nuclei. Hence, on the average,
each nucleus receives a comparable amount of excitation
energy. The temperature gradient generated by this pro-
cess in an asymmetric reaction tends to drive the system
from equipartition to an equilibrium sharing of the total
available excitation energy between the reaction partners.
This equilibrium limit can only be reached for
significantly long interaction times. Several of the experi-
mental observations ' ' discussed above are, in gen-
eral, consistent with the predictions of the NEM ap-
proach while others "' ' appear to be at variance
with this model.

The present work represents the first in a series of ex-
periments with the heavy system Ar+ ' La. The
choice of this system represents a compromise between a
large initial mass asymmetry, which should enhance
nonequilibrium excitation energy sharing, and a
minimum chance of projectile breakup or sequential
Assion of the target-like fragment. The bombarding ener-
gy of 10 MeV per nucleon, corresponding to 6.2 MeV per
nucleon above the Coulomb barrier, was chosen in an at-
tempt to observe the onset' of preequilibrium neutron
emission in this reaction. Table I lists relevant parame-
ters for the ' La+ Ar reaction at E&,b =10 MeV per
nucleon.

A discussion of the exprimental procedure will be
given in Sec. II, followed by a description of the data
analysis in Sec. III. Results of the measurement and their
interpretation will be presented in Sec. IV, followed by a
summary of the conclusions of this work in Sec. V.

TABLE I. Characteristic reaction parameters for the system
La+ Ar at E~,b =10.0 MeV per nucleon.

Composite system: ' Re
Reduced mass p=31.1 u
Strong-absorption radius RsA=12.5 fm
Coulomb barrier V, (RsA )= 118.5 MeV
Energy above Coulomb barrier

{E, —V, )/p=6. 2 MeV per nucleon
Laboratory grazing angle 0&&4=21.3
Grazing angular momentum l,„=210k
Total reaction cross section o& =3.0 b
Maximum angular momentum for fusion l,„;,=109k
Fusion cross section o.f„,=0.8 b
Liquid drop limit of stability l«DM=82A

Neutron
Detectors

Targe
Cham

Proton
Paddies

ground neutrons produced by the beam in the Faraday
cup. One solid-state detector (SSD) telescope was placed
at a laboratory angle OH, = —20 in the plane of the neu-
tron detectors surrounding the chamber, while another
was placed at a position defined by an in-plane angle of
35' and an out-of-plane angle of 40'. Both detectors were
approximately 7 cm away from the target. These detec-
tor telescopes were comprised of 50-pm-thick transmis-
sion detectors and 100-pm-thick stop detectors, and were
used to detect projectile-like fragments from the damped
reaction. Eight neutron detectors were placed approxi-
mately 1 m away from the target and at various angles 0„
about the target chamber. The neutron detectors consist-
ed of 12.7-cm diam by either 3.8- or 5.1-cm-thick NE213
liquid scintillators backed by Amperex XP2041 pho-
tomultipliers. As illustrated in Fig. 1, four thin plastic
scintillator detectors ("proton paddies") were placed at
forward angles in order to detect high-energy protons
that were capable of escaping the target chamber. Any
neutron detector signal in coincidence with a signal from
the proton paddies was assumed to be caused by a proton

II. EXPERIMENTAI. PROCEDURE

The aim of the present experiment was to measure neu-
tron energy spectra in coincidence with projectile-like re-
action fragments. A schematic diagram of the experi-
mental setup is given in Fig. 1. A 500-pg/cm -thick

La target was located in a 25.4-cm-diam aluminum
scattering chamber with a 5-mm-thick wall. The target
was bombarded with 400-MeV Ar projectiles accelerat-
ed by Lawrence Berkeley Laboratory's 88-inch cyclotron.
The beam dump was heavily shielded with concrete,
paragon, and organic liquid, in order to reduce the back-

BEAM

Target Chamber
Geometry

Target

BEAM

SSD

FIG. 1. Schematic diagram of the experimental setup.
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FIG. 2. Time-of-flight spectrum for all events identified as
neutrons at a detection angle of 0„=5 .

and was vetoed in the final analysis.
The heavy-ion telescopes provided start signals, while

the neutron detectors provided the stop signals for the
neutron time-of-flight (TOF) measurement. The time be-
tween these two signals, differing from the true neutron
TOF by the TOF of the heavy-ion, was measured using a
time-to-digital converter (TDC). Pulse-shape discrimina-
tors developed at the Hahn-Meitner-Institut in Berlin
provided e%cient neutron-y selection, and the time reso-
lution was 0.75 ns for y rays in coincidence with quasi-
elastic events. The scintillator light output was also mea-
sured with the neutron detectors, and a discriminator lev-
el of approximately 0.5 MeV was set on this light output
spectrum. An event was recorded if one of the heavy-ion
telescopes and at least one of the eight neutron detectors
had fired. In addition, for every 1000 events that were
detected by each heavy-ion telescope, one event was col-
lected regardless of whether or not the neutron detectors
had fired, in order to accumulate a singles heavy-ion
spectrum for normalization purposes.

Figure 2 shows a typical TOF spectrum for events
identified as neutrons by a pulse-shape discriminator.
The narrow spike to the left of the broad neutron peak is
caused by the few y rays (1:1500)allowed to be accepted
by the pulse-shape discriminator. Favorable background
conditions are illustrated in Fig. 2 by the low number of
counts at low and high time channel numbers.

Figure 3 shows a scatter plot of neutron TOF versus
. light output of the scintillator induced by a neutron. The

intensity distribution outlines the correlation between
neutron Aight times and proton recoil energies. This
correlation is important for the data analysis, as it allows
further discrimination between neutrons and y rays. For
example, all events outside the region of high intensity in
Fig. 3 were rejected in the final analysis. A calibration
measurement was made using a Cf source placed in the
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FIG. 3. Scatter plot of light output versus time of flight for
events in Fig. 2. Events not colrectly correlated were later elim-
inated.

target position, where the neutrons from spontaneous
fission were detected in coincidence with fission frag-
ments using the same experimental setup.

III. DATA ANALYSIS AND RESULTS

The data analysis and calculations presented in this pa-
per were performed on the VAX clusters of the Universi-
ty of Rochester Nuclear Structure Research Laboratory
and Medical Center Computing facility, as well as on the
Cornell Theory Center IBM 3090. The energies deposit-
ed by the reaction fragments in the solid-state transmis-
sion and stop detectors were converted on an event-by-
event basis to PLF atomic number (Z) and laboratory ki-
netic energy. The results of this conversion are shown in
the two-dimensional scatter plot in Fig. 4 where the
atomic number Z is plotted versus the laboratory energy
of the PLF. The elastic peak at a Z of 18 and an energy
of 375 MeV is evident, as is the good Z resolution of the
solid-state detector telescope. The figure indicates a
strong drift of the PLF atomic number distribution to-
wards lower Z values, as the PLF energy decreases (ener-
gy loss increases). This drift represents a superposition of
the effects of nucleon exchange and sequential charged-
particle evaporation, so caution must be exercised when
interpreting this figure.

The energy loss or reaction Q value was calculated
iteratively from the detection angle of OH, = —20', the
charge, and the energy of the secondary PLF, assuming
two-body kinematics. Using a mass-to-charge ratio of
2.22 (2/Z for Ar), an approximate PLF velocity was
calculated. In the first step of the iteration, particle eva-
poration was neglected, and approximate values of the
velocity and mass of the TLF and the kinetic energy loss
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from spontaneous fission of Cf which gave results that
are in excellent agreement with the accepted values of
Bowman et al. '

For each neutron event in a neutron detector at 0„, the
Jacobian factors f (E~,b, O„,E„,O„A ) applying to the
transformation from the laboratory to the emitter rest
frame were calculated for both fragments. The quantities
E~,b, 0„, E, 0, and 3 denote the measured neutron
laboratory energy, the neutron detection angle, the emit-
ting fragment laboratory energy, the neutron emission
angle relative to the emitting fragment, and the emitting
fragment mass, respectively (v=PLF for projectile-like
fragment, v= TLF for target-like fragment). With these
transformation factors, the double-differential multiplici-
ty of neutrons m from emitter v can be expressed as

0 I I i I I I I I I I I I I I I I

0 100 200 300

Kinetic Energy (MeV)
400

dQ dE ' (dQ dE)„b,C

FIG. 4. Scatter plot of the post-evaporation atomic number
(Z) vs kinetic energy for the PLF.

where C (E„b,E, A ) is the fraction of the total neutron
multiplicity m that comes from the respective fragment.
Assuming isotropic emission in the corresponding emitter
rest frames, the double-differential multiplicity of neu-
trons in this frame can be written as

E&„, were obtained from momentum and mass conserva-
tion. Accounting for E~„, and Q values for the reaction
provided the first-order estimate for the total excitation
energy, which was divided between the reaction frag-
ments in proportion to their calculated masses. The
number of neutrons evaporated from the PLF was then
calculated to obtain an improved value for the PLF mass.
With this new value for PLF mass, the calculation was
repeated until the mass converged. In the final analysis,
the experimentally determined excitation energy division
was used to calculate the true energy loss.

The calculated velocity of the PLF was used to correct
the measured neutron time of arrival for the time of Aight
of the PLF from the target to the solid-state detector.
The resulting neutron TOF was converted on an event-
by-event basis to energy scale, and the energy spectrum
was then corrected for the efIiciency of the neutron detec-
tor, which depends on neutron energy, scintillator
geometry, and detector threshold. ' ' This transforma-
tion was checked using both artificially generated neu-
tron spectra and the data measured for neutrons emitted

d m

dQ dE
—T, '" + "E"exp( E /T, ),— (2)

where T is an effective nuclear temperature. If only one
particle is evaporated, the shape of the spectrum is
Maxwellian (n = l), whereas for an evaporation cascade
consisting of many neutrons it can be shown that
n =0.45 and T = » T, where T is the nuclear temper-
ature of the reaction fragment after the emission of its
first neutron. It has been recently demonstrated that
this relationship between the quantity T and the nuclear
temperature cannot accurately be applied to reactions of
this kind because the number of neutrons emitted by the
individual fragments is not large enough. The measured
quantity T, therefore, has no simple connection to the
temperature of the primary reaction fragment, and will
henceforth be referred'to as the logarithmic slope param-
eter of the neutron energy spectrum.

Converting the center-of-mass spectrum [Eq. (2)] to the
laboratory frame, the energy distribution of neutrons em-
itted from a moving fragment is approximately given by

d m

(dQ dE)„b 2
(~T) E,',b exp [ [E„b—2(e+„„)' cos(0 )+e,]/T, I, (3)

where E],b is the neutron laboratory energy, 0 denotes
the laboratory neutron emission angle measured from the
direction of Right of the emitter, and e is the kinetic en-
ergy per nucleon of the emitting fragment. The contribu-
tions of the PLF and TLF to the total experimental neu-
tron multiplicity were deduced in an event-by-event,
iterative procedure, for each considered bin of energy
loss. To obtain initial values of m and T, two functions
of the form given by Eq. (3) were fit to the experimental

neutron distributions, using fixed, average values for the
quantities e and 0 . The neutron intensity represented
by each event was then divided between the PLF and
TLF according to the fractions CpLF and CTL„, calculat-
ed with these quantities of m and T and the experimen-
tal values of e and 0 for that event. The fractional in-
tensities were then transformed into the rest frames of the
respective emitters. Fits to the accumulated rest frame
spectra performed with Eq. (2) provided improved values
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for I and T . The procedure was repeated until these
values had converged.

The above decomposition procedure accounts for the
fluctuations in both emitter velocities and scattering an-
gles. The results of this process are illustrated in Fig. 5,
where the differential multiplicity of neutrons from the
PLF (circles) and TLF (squares) is plotted versus energy
in the respective emitter rest frames. The TLF spectra
have been multiplied by a factor of 0, 1 for better presen-
tation. Circles are absent in four of the spectra, integrat-
ed over fragment Z values and energy losses greater than
20 MeV, due to the strong kinematical focusing of the
PLF in the laboratory (see Fig. 8). The solid curves
shown in Fig. 5 correspond to fits of Eqs. (2) with n =0.45
to the experimental spectra. It is evident from the figure
that there is a high-energy spectral component in the en-
ergy distribution associated with the PLF in excess of the
evaporation spectrum. This component is not the result
of y rays contaminating the neutron TOF spectrum, as
the high-energy events have a correct correlation between
light output and TOF (see Fig. 3). High-energy spectral
components have been recognized as a signature" of
preequilibrium neutron emission in other reactions of
heavy-ions in this bombarding energy regime. Therefore,
in order to identify this component in the spectra, the
laboratory fits were redone, including a hypothetical

third source [Eq. (3)] moving in the direction of the beam,
whose velocity, multiplicity, and slope parameter were
taken to be free fit parameters, increasing the total num-
ber of fit parameters to seven.

The laboratory energy distributions and the best
three-source fits are shown in Fig. 6. The dashed curve in
Fig. 6 represents the component of the fit coming from
the PLF, the dotted curve represents the TLF contribu-
tion to the fit, and the dot-dashed curve represents the
third component, whose velocity and spectral slope pa-
rameter (discussed later) are consistent with preequilibri-
um neutron emission. The solid curve is the sum of all
three components. One can see that this fit describes the
data very well at all angles. In recent literature, it has
been pointed out that the laboratory energy distributions
of preequilibrium neutrons are most likely much more
complicated than the simple parametrization presented in
the fit. It must be emphasized here that this hypothetical
third source is not necessarily a single physical emitter; it
merely provides a tentative separation of the preequilibri-
um component from the evaporation spectra.

Figure 7, then, shows the energy spectra of neutrons
from the projectile-like fragment (circles) and target-like
fragment (squares) in their respective emitter rest frames
deduced from an iterative transformation as discussed
above, but assuming three emission sources. The solid
curves shown in Fig. 7 correspond to fits of Eq. (2) with
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FIG. 5. Neutron energy distributions in the corresponding
emitter rest frames, assuming only two emission sources.
Squares are the data for neutrons from the target-like fragment
and circles are the data for neutrons from the projectile-like
fragment. The solid curves are fits of the data with Eq. (2).

FIG. 6. Laboratory energy distributions for all neutron
detectors. Circles are the data. The solid curve represents a
three-source fit taking into account emission from target-like
(dotted curve), projectile-like (dashed curve), and preequilibri-
um (dot-dashed curve) sources.
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calculated from fits to synthetic spectra folded with the
experimental resolution.

Integrating Eq. (3) over all energies, the approximate
laboratory neutron angular distribution becomes
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FIG. 7. Neutron energy distributions in the emitter rest
frame, assuming three emission sources. Squares are the data
for neutrons from the target-like fragment and circles represent
the corresponding data for the projectile-like fragment. The
solid curves are fits of the data with Eq. (2).

n =0.45 to the experimental spectra. Parameters deduced
from fits performed independently for each angle were
found to agree with each other within the experimental
error. The slope parameters and multiplicities were then
fixed to those found at forward angles for neutrons from
the PLF, and those found at backward angles for neu-
trons from the TLF. The theoretical fits to the experi-
mental neutron energy spectra illustrated in Figs. 5 and 6
correspond to a slope parameter of TpLF=(2. 24+0.20)
MeV and a multiplicity of mpL„=(2. 45+0.17) neutrons
from the projectile-like fragment, and TTLF
=(1.61+0.12) MeV and mTL„=(3.70+0.20) neutrons
from the target-like fragment. The slope parameter for
the third, preequilibrium component was found to be
TPRE =(5.87+ 1.23) MeV with an apparent source whose
Aight path was in the direction of the beam and whose
speed was (0.57+0.12) times the velocity
of the beam, and whose neutron multiplicity was
mpRE=(0. 11+0.03). The uncertainties in the measured
values were calculated from statistical and systematic er-
rors. The statistical error was determined by the quality
of the fit, while the systematic errors were mainly due to
the experimental time resolution, which corresponds to
an error of 4.7%%uo for 5 MeV neutrons and 16% for 50
MeV neutrons. The effect of the time resolution on the
fits to the experimental neutron energy distributions was

where c =(E, /T )'~ —a, a =(e/T )' cos(8 ), and E,
the neutron detector energy threshold. Summing two
components of the functional form given by Eq. (4), with
slope parameters and multiplicities determined by the fits
in Fig. 7, the data can be very well described as shown in
Fig. 8, where the solid curve represents a sum of two
components. In the laboratory frame neutrons emitted
from the PLF (dashed curve) are strongly focused in the
direction of Bight of the PLF, while neutrons from the
TLF (dotted curve) are emitted almost isotropically. The
agreement of the data with the assumed two-source
description suggests that the vast majority of neutrons
come from sequential decay of the two fully accelerated
reaction fragments.

Since the data at low and intermediate neutron ener-
gies are consistent with the picture of two sources emit-
ting isotropically in their rest frames, it is justified to in-
tegrate the spectra for each fragment over the neutron
angle, in order to gain the statistics needed to group data
according to total kinetic energy loss. Figure 9 shows the
integrated center-of-mass energy distributions of neu-
trons from the PLF and TLF and the fits to the data, for
various values of total kinetic energy loss indicated in
each panel. The circles represent distributions of neu-
trons from the projectile-like fragments, while the
squares are the corresponding data for the target-like
fragments. The neutron data in coincidence with the
out-of-plane SSD were included in these angle-integrated
spectra. The statistical quality of the data obtained with
this telescope did not justify a separate, detailed analysis.
Close examination of this figure shows that both the mul-
tiplicities and the slope parameters increase with increas-
ing energy loss. One also observes that the slope parame-
ters of the energy spectra of neutrons from the PLF and
TLF are different from one another, for all values of ener-

gy loss. As has been pointed out previously, this is not
necessarily an indication that the dinuclear system has
not achieved thermal equilibrium, because for these reac-
tions, there is no trivial relationship between the slope of
the neutron energy spectrum and the temperature of the
emitting nucleus.

IV. DISCUSSION

A. Energy relaxation

Since previous experiments' have demonstrated consid-
erable success for the nucleon exchange model (NEM) in
describing the first and second moments of the charge
and mass distributions in damped heavy-ion collisions, it
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FIG. 10. Predictions by the nucleon exchange model of the
time evolution of the area of the neck opening, mp (a); the vari-
ance of the neutron number distribution, o.„(b); the ratio of the
PLF velocity, UPL„, over the velocity of the beam, Ub„(c); and
the temperatures of the two fragments (d). The arrow
represents the classical turning point in the PLF trajectory.
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the PLF loses charge on the average, and the width or
variance O.z of its element distribution increases. The
solid curves represent the predictions of the NEM, which
are corrected for evaporation in a detailed application of
the statistical model code PAcE (Ref. 26) described below.
Although the NEM underestimates the magnitude of the
drift of the element distribution at large energy losses, the
overall trends of the data are reproduced quite well.
Hence, it is interesting to compare the theoretically pre-
dicted evolution of the thermal disparity with energy loss
to the experimental data.

The ratio TTLF /TpL„of the slope parameters charac-
terizing the experimental energy spectra for the neutrons
from the TLF to that for neutrons from the PLF is plot-
ted in Fig. 12(a) versus total kinetic energy loss Ei„,.
Qne can see from this plot that the experimental slope
parameters for the correlated fragments become nearly
equal to each other, within statistical error, only for the
highest total kinetic-energy loss bin. Since the correspon-
dence between energy loss and interaction time is well do-
cumented in the literature, it follows that for short in-
teraction times (Ei„,-60 MeV) the disparity between the
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FIG. 12. The ratio of the slope parameters (a) and the ratio
of the multiplicities (b) characterizing the energy spectra of neu-
trons from the target-like and projectile-like fragments. The
circles are the data, and the three curves are based on different
excitation energy divisions as described in the text.
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slope parameters is quite significant, but decreases for in-
creasing interaction time.

The curves in Fig. 12(a) correspond to results of de-
tailed statistical calculations employing the computer
code PACE. The calculations were performed in the fol-
lowing manner. For each energy loss bin, primary
projectile-like and target-like fragment distributions were
calculated using the one-body nucleon exchange model
(NEM). Then, sequential decay of these excited primary
fragments was simulated in a PACE calculation performed
for each fragment in this distribution with a relative
probability of greater than 1 percent. Two sets of as-
sumptions must be made at this point in the calculation.
First, the values for the parameters governing the statisti-
cal decay of the nuclei are adopted. Except for the level
density parameter a (discussed below), all values for these
statistical parameters are taken from systematics. The
second assumption refers to the partition of available ex-
citation energy between the reaction fragments. Three
different choices, covering the range of possibilities, were
made for this assumption: thermal equilibrium (dashed
curve), equal energy division (dotted curve), and the
division given by the NEM (solid curve). Additionally, in
damped nuclear reactions, for a fixed energy loss, the dis-
tribution of excitation energies generated in each frag-
rnent has a finite width. In these calculations, the excita-
tion energy distribution for each fragment was assumed
to be Gaussian, with a width given by equilibrium condi-
tions. For each fragment and energy loss bin, five PACE
calculations were performed using different points along
the assumed excitation energy distribution (one at the
maximum, two at half maximum, and two at 15% of the
maximum). The PACE calculations were performed
neglecting the relatively small effect of fragment spin
and with a level density parameter of apLF = APLF/8. 0
MeV ' for the PLF and arL„= ATLF/12. 0 MeV ' for
the TLF. The motivation for using these values of a will
be discussed below. The resulting neutron energy distri-
butions and multiplicities were then integrated according
to the theoretical abundance of the primary reaction frag-
ment and the relative probability on the excitation energy
distribution, and the final neutron energy spectra were
fitted with Eq. (2) (n=0.45). The result of such a long
and complicated calculation is a detailed statistical pre-
diction of the neutron energy distributions and multiplici-
ties for a damped heavy-ion reaction, for each assumed
excitation energy division.

It can be seen from the figure that the data are con-
sistent with the projectile-like fragment receiving close to
50% of the total excitation energy at 60 MeV of energy
loss, with a gradual approach to equilibrium as energy
loss increases. The NEM prediction (solid curve), agrees
quite well with the data, suggesting that the microscopic
physical processes included in the model are largely re-
sponsible for the macroscopic energy relaxation mecha-
nism observed in the experiment.

Figure 12(b) is a plot of the ratio of the multiplicity of
neutrons from the TI.F over the multiplicity of neutrons
from the PLF. The curves represent the calculations dis-
cussed above. It turns out that the calculated multiplici-
ty ratios are relatively insensitive to the assumed statis-

tical parameters such as the level density parameter a be-
cause the changes in the energy of the emitted neutrons
induced by varying these parameters are small compared
to the neutron binding energy. The ratio of the slope pa-
rameters, however, depends on a as the level density pa-
rameter strongly inAuences the nuclear temperature.
Thus, a number of the above calculations were per-
formed, varying the level density parameter a. In each
case, the ratios of the multiplicities are well described by
the NEM, but only in the case where apL„= ApL„/8. 0
MeV ' and aT„„=ArLF/12. 0 MeV ' did the NEM pre-
diction fit both the multiplicity and slope parameter ra-
tios. Since these two sets of data must be in agreement,
the values for the level density parameters used above are
considered reasonable assumptions. Previous fusion ex-
periments ' indicate that near the %=82 neutron shell,
a = 2/12.0 is the most reasonable choice for the level
density parameter, in agreement with the present calcula-
tions. The multiplicity data are in good agreement with
the slope parameter data, suggesting that at very low en-
ergy losses the projectile-like fragment gets nearly 50%
of the total excitation energy. For larger energy losses,
the system approaches thermal equilibrium, in agreement
with the predictions of the NEM. The NEM predictions
not only agree with the multiplicity and slope parameter
ratios but also agree with the absolute values for the mul-
tiplicity and slope parameter for neutrons from each re-
action fragment.

B. Preequilibrium neutron emission

The source fits to the laboratory energy distributions il-
lustrated in Fig. 5 contain a small but statistically
significant contribution from a high-energy "preequilibri-
urn" component. Summed over all values of Ej„„the
multiplicity of neutrons from this component is
(0.11+0.03); however, as shown in Fig. 13, these data de-
pend on E&„,. Here, the multiplicity of this "preequili-
brium" component is plotted as a function of energy loss.
Although the error bars, which include both systematic
and statistical uncertainties, overlap somewhat, the trend
is quite clear: a higher preequilibrium neutron multiplici-
ty for higher energy loss. This dependence has been seen
in other data, and it can be understood in the frame-
work of the Fermi-jet model. '

In this model, when a nucleon is transferred from one
nucleus to another, the coupling of its Fermi velocity and
the relative velocity of the two nuclei can boost the nu-
cleon sufficiently to allow it to escape the dinucleus. This
effect is more important for low values of impact parame-
ter (high energy loss), as the velocities of the nucleons be-
ing transferred are more aligned with the relative velocity
in central collisions. In addition, more neutrons are
transferred as the impact parameter decreases, so the
number of escapes should increase accordingly. This
energy-loss dependence of the preequilibrium neutron
multiplicity is illustrated by the calculations presented in
Fig. 13 which are results obtained with a Fermi-jet
code. The solid curve is the prediction of this code for
the total number of preequilibrium neutrons as a function
of energy loss. As one can see, this calculation over-
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FIG. 13. The multiplicity of the preequilibrium neutrons as a
function of energy loss. The diamonds are the data, while the
solid curve is the prediction of the Fermi-jet model including
neutrons from both fragments. The dashed curve includes neu-
trons from the PLF only.

predicts the data. However, it has been pointed out
that the calculation predicts two components of pre-
equilibrium neutrons: one forward focused component
corresponding to Fermi jets that originate in the PLF,
and one backward focused component corresponding to
Fermi jets that originate in the TLF. The preequilibrium
multiplicity was extracted from the data in this experi-
ment assuming only a forward-peaked component. The
Fermi jets from the TLF are predicted to have low labo-
ratory kinetic energies and could possibly be masked by
the evaporated neutrons. Therefore, perhaps it is more
correct to compare the data to the dashed curve, which is
the prediction for Fermi jets originating only in the PLF.
The magnitude of the data is now well reproduced at low
and intermediate energy losses; however, the dependence
of the calculated preequilibrium neutron multiplicity on
energy loss is much stronger than the data indicate for
high energy losses.

Although the predicted preequilibrium neutron multi-
plicity is in good agreement with the data at the lower en-
ergy losses, care must be taken in drawing concrete con-
clusions from Fig. 13. The poor statistical quality of the
preequilibrium neutron data, coupled with the low pre-
equilibrium neutron multiplicity, allows only qualitative
comparisons of the neutron energy spectra with the
Fermi-jet calculation. The predicted Fermi-jet energy
spectra have a larger fraction of low-energy neutrons
than the parametrization employed to extract the pre-

equilibrium component, and the predicted Fermi-jet an-
gular distribution is also significantly diAerent from the
parametrization employed. An experiment conducted at
a higher bombarding energy would be very useful for a
rigorous comparison to the Fermi-jet model, as the
higher bombarding energy would enhance' the preequili-
brium neutron multiplicity.

V. CONCLUSIONS

The presently reported exclusive data on energy and
angular distributions of neutrons emitted in damped

La+ Ar collisions at E»b =400 MeV have shown that
the dominant sources of neutrons are the fully accelerat-
ed light and heavy reaction fragments. Two quasi-
independent aspects of the data, the spectral shapes and
the associated neutron multiplicities, have been analyzed,
and they both were found to consistently reveal clear sig-
natures of a thermal disparity between the two reaction
partners. The thermal disparity is especially large at the
initial stage of the collision, identified experimentally
with low-E&„, events. As the system progresses towards
large kinetic energy damping, i.e., long-interaction times,
the thermal disparity decreases, and the system ap-
proaches equilibrium. It has been shown in this work
that the above trends can be described quantitatively by
the one-body nucleon exchange transport model. In ad-
dition, detailed analysis of the neutron energy distribu-
tions has revealed the presence of a small component
originating from a source difFerent from either of the two
fully accelerated reaction fragments. This component ex-
hibits a large spectral slope parameter and correlations
that can be simulated by a hypothetical source moving
with half the beam velocity, and has therefore been attri-
buted to preequilibrium neutron emission. Although its
energy loss-averaged multiplicity is rather low
(mpRE =0.11 +0.03), this component shows a clear and
definite dependence on kinetic-energy loss and thus the
impact parameter. There are very few preequilibrium
neutrons emitted in small-E&„, events associated with
large impact parameters; however, with increasing energy
loss (decreasing impact parameters) the probability for
preequilibrium emission increases substantially. The rate
of this increase, however, could not be reproduced quan-
titatively in theoretical calculations based on the Fermi-
jet model. Observations of such new trends in preequili-
brium neutron emission in damped nuclear reactions war-
rants performing specially optimized experiments on the
same system at elevated bombarding energies.
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