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Evidence for Radial-Energy Scaling of Nonequilibrium Neutron Yield
in Damped ' La+ 4oAr Reactions
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Emission patterns of neutrons from damped ' La+ Ar reactions at El,b =400 and 600 MeV, mostly
consistent with sequential evaporation from accelerated fragments, reveal the existence of a high-energy
component at all kinetic energy losses. The average multiplicity associated with this nonequilibrium
component is found to scale with the radial kinetic energy at contact, with a threshold of E„d=2
MeV/nucleon. Boltzmann-master-equation and Fermi-jet models disagree with the data, the latter mod-
el requiring enhanced high-momentum components.

PACS numbers: 25.70.Lm

Since the early days of heavy-ion nuclear physics, ob-
servation of emission patterns of light particles has con-
stituted one of the basic and widely acknowledged tools
of probing a large variety of aspects of heavy-
ion-induced reactions. At low bombarding energies, a
few MeV per nucleon above the Coulomb barrier, such
patterns were found to reflect the relatively gentle char-
acter of the collisions, with most of the light-particle
yield explainable in terms of a "late" emission from
thermally equilibrated reaction products. At these low

energies, therefore, the observed light-particle yield can
be cast into the form of an incoherent sum of contribu-
tions associated with respective moving sources, the
heavy reaction products. In particular, a single moving
source —the compound nucleus —was found adequate in

the case of fusion reactions leading to evaporation resi-
dues, while two sources —two thermally equilibrated re-
action fragments —proved necessary in the case of either
damped or fusion-fission-like reactions. At higher bom-
barding energies, the complexity of light-particle emis-
sion patterns increases, reflecting shorter emission times
and the onset of more violent, dynamical emission mech-
anisms. At these higher energies, inspection of Galilei-
invariant two-dimensional velocity-vector distributions of
light particles, v& vs v~~, reveals the presence of com-
ponents whose centers of gravity coincide with neither of
the above-mentioned equilibrated emission sources.
These components are associated with fast, nonequilibri-
um emission mechanisms.

In order to shed more light on the onset of these non-
equilibrium emission mechanisms in damped collisions,
the ' La+ Ar reaction was studied at two laboratory
energies of 400 and 600 MeV. ' Damped reactions are
especially well suited to study nonequilibrium emission
phenomena. Through the total kinetic energy loss, they
provide a simple experimental measure of the impact pa-
rameter, a quantity that influences strongly the probabil-
ity of nonequilibrium particle emission.

The experiments, carried out at the 88-in. cyclotron
facility of the Lawrence Berkeley Laboratory, consisted
of measurements of neutron energy spectra at diff'erent

laboratory angles in coincidence with heavy reaction
fragments. In these experiments, a Ar beam bombard-
ed a 500-pg/cm self-supporting ' La target placed in

the center of a thin-walled scattering chamber. Neutron
energy spectra were measured simultaneously at seven
angles using a time-of-Aight (TOF) technique. The start
signal for the TOF measurements was provided by a
heavy-fragment telescope placed near the grazing angle,
detecting predominantly projectilelike fragments (PLF)
from damped collisions. This PLF telescope provided, at
the same time, an identification of the reaction channel
according to total kinetic energy loss E1„, and the
(secondary) fragment atomic number Z. The respective
stop signals for the TOF were provided by seven NE213
scintillator detectors placed at difterent angles and at
distances approximately 1 m from the target. Pulse-
shape discrimination was employed to suppress the y-ray
background. Details of the experimental setup and of
the analysis scheme are described elsewhere. '

Inspection of the exclusive neutron yields in the
Galilei-invariant representation of v& vs v~~ revealed the
presence of a component, distinct from the two dominant
ones associated with the fully accelerated and equilibrat-
ed projectilelike and targetlike fragments. The average
velocity vector of this additional component is aligned
with the beam axis and has a magnitude of approximate-
ly one-half of the beam velocity, independent of both
E~„, and Z of the PLF Such characteristics are com-
monly interpreted as signatures Of emission during the
early stages of the collision, a phenomenon often termed
"preequilibrium" emission. Numerically, the total ex-
perimental neutron yield was decomposed into three
components using a seven-parameter fitting procedure.
The individual contributions were assumed to show a
Maxwellian energy dependence and an isotropic angular
distribution in their respective reference frames. The va-
lidity of such simple assumptions was ultimately checked
by the quality of the final fits to the data. The seven ad-
justable parameters included spectral slopes and multi-
plicities of the neutrons of the three sources, and the
(effective) velocity of the nonequilibrium emitter.
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In Fig. 1, systematics of the average multiplicity
(m~„) of the nonequilibrium component are shown as a
function of total kinetic energy loss, Ei„,. Data obtained
at Ei„,b=400 MeV are indicated by triangles, whereas
the circles represent data at 600 MeV. Error bars reAect
statistical errors, errors of background subtraction, and
uncertainties of the yield decomposition procedure. At
both bombarding energies, a distinct linear correlation is

observed between (m~„) and EI„,. However, these
correlations show diferent strengths at the two bom-
barding energies, demonstrated by the diAerent slopes
for the two lines fitted to the respective sets of data
points. Hence, the energy loss does not constitute a
universal scaling parameter for (m~„,) at different bom-
barding energies, suggesting that the correlations seen in

Fig. 1 result from a more fundamental dependence of
both EI„,and (m~„) on common dynamical collision pa-
rameters.

The search for a possible dynamical scaling law for
nonequilibrium emission led to Fig. 2. In this figure, the
nonequilibrium neutron multiplicity is plotted versus ra-
dial energy per nucleon at contact, E„d(RsA)/p. The
contact distance is assumed, for sake of simplicity, to be
equal to the strong absorption radius RsA. Conversion
from the representation of Fig. 1 to that of Fig. 2 re-
quires knowledge of the correlation between the radial
energy at contact and Ei„,. According to the stochastic
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nucleon-exchange model, this correlation depends on
the bombarding energy. Quantitatively, the classical tra-
jectory code cLAT (Ref. 8) based on the one-body trans-
port model was employed to predict the correlation be-
tween E~„, and the relative angular momentum and,
hence, between Ei„, and the radial energy at contact.
Since the code CLAT is unable to handle cases of extreme
kinetic energy losses, approaching the limit of full energy
relaxation, associated with large fragment deformations,
Fig. 2 contains fewer data points on the ' La+ Ar re-
action than does Fig. l. As seen in Fig. 2, the experi-
mental points for both bombarding energies define one
common curve. This observation suggests that the radial
energy at contact is a proper scaling parameter for the
nonequilibrium emission process, at least for a fixed
projectile-target system. At the same time, such a scal-
ing is compatible with the view that nonequilibrium
emission occurs during the early collision stages. Addi-
tionally, the dependence seen in Fig. 2 suggests that the
nonequilibrium emission mechanism has a threshold.
The mechanism sets in rapidly at E„d(RsA)/p = 2
MeV/nucleon. It is tempting to speculate that, in the
particular representation of Fig. 2, the position of the
threshold might be independent of the projectile-target
combination involved. On the other hand, the rate at
which the probability of nonequilibrium emission grows
with increasing E„,d(RsA)/p could well scale additional-
ly with, e.g. , the sizes of the nuclei involved, or with the
total number of neutrons in the system. Validity of the
above speculations based on the ' La+ Ar reactions at
two energies is supported by the set of data points shown
in Fig. 2 as squares. These additional data points are
based on recently published data on preequilibrium neu-
tron emission from the damped ' Ho+ Ni reaction at
930 MeV. The latter points indicate that, indeed, within
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FIG. 1. Correlations between the multiplicity of nonequili-
brium neutrons and the total kinetic energy loss at El,. b=400
(triangles) and 600 MeV (circles). The lines are linear fits to
the respective set of data points. Error bars reAect statistical
errors, errors of background subtraction, and uncertainties of
the yield decomposition procedure.

FIG. 2. Average multiplicity of nonequilibrium neutrons
from the reaction ' La+ Ar at El,. b =400 (triangles) and
600 MeV (circles) and from the reaction ' Ho+ Ni at 930
MeV (Ref. 9) (squares), as a function of the radial kinetic en-

ergy at contact.
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TABLE I. Angular momentum dependence of Ei„, predict-
ed by the stochastic nucleon-exchange model code cLAT, and
used in the evaluation of E,,d(RsA).

Reaction

La+ Ar

+ lab

(Mev)

400

E loss

(MeV)

60
110

178
162

the uncertainties of the experimental and analysis pro-
cedures, the threshold for preequilibrium emission of
neutrons for this heavier system is the same as it is for
the lighter ' La+ Ar system studied in this paper.
The relevant data on the conversion from Ei„, to
E„.d(RsA) for the three sets of data points shown in Fig.
2 is summarized in Table I.

The experimental data were compared with two types
of theoretical models. In the first set of model calcula-
tions, the Fermi-jet code of Randrup and Vandenbosch'
was employed. The existence of the Fermi-jet mecha-
nism, originally proposed by Bondorf, '' is a natural and
important implication of the one-body transport mecha-
nism. In recent years, a model based on this latter
mechanism has enjoyed considerable success in describ-
ing quantitatively various aspects of damped reactions. '

It has also provided an intuitive and qualitative frame-
work for understanding many other aspects of heavy-ion
reactions. Results of the Fermi-jet-model calculations
for the ' La+ Ar reaction at 600 MeV are shown in

Fig. 3 by dotted and thin solid lines. The dotted lines
represent the Fermi-jet spectra obtained with the origi-
nal model. The dashed lines are the summed spectra in-
cluding Fermi-jet and evaporation contributions associat-
ed with PLF and TLF. These dashed lines clearly fail to
account for the experimental multiplicities of high-
energy neutrons. In order to improve the fit to the exper-
imental data, it is necessary to enhance the high-
momentum components of the Fermi distribution as
compared with the Fermi-gas-model prediction. In the
Fermi-jet calculations illustrated in Fig. 3 by thin solid
curves, such an enhancement was simulated by increas-
ing the Fermi-gas temperature by a factor of 2. The re-
sulting summed spectra are shown in Fig. 3 as thick solid
lines. The enhancement of the high-momentum com-
ponent of the Fermi distribution, required to obtain the
fit, is somewhat incompatible with the one-body trans-
port model and with the Fermi-jet model. It does not
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come, however, as a complete surprise. Similar enhance-
ment of the high-momentum components of the Fermi
distribution was earlier reported necessary to explain,
e.g. , features observed in the energy spectra of neutrons
accompanying fusion reactions' and muon capture in
complex nuclei. ' ' Theoretically, such enhancements
are thought to arise from nucleon-nucleon correlations,
i.e., two-body eAects beyond the scope of the one-body
transport model.

As an alternative, a model based on the Boltzmann
master equation was used in the form developed by
Blann. ' As can be seen in Fig. 4, this approach experi-
ences difticulties in explaining the observed neutron spec-
tra. No satisfactory fit to the experimental data could be
obtained, even with a large variation in the value of the
crucial model parameter no, that represents the initial
number of excitons present in the system.

In summary, a nonequilibrium component has been
identified in the emission patterns of neutrons accom-
panying the damped reactions ' La+ Ar at E] b =400
and 600 MeV. The average multiplicity of neutrons as-
sociated with this component shows a distinct linear
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FIG. 3. Results of the Fermi-jet-model calculations at
El.,b =600 MeV obtained with default values for the basic mod-
el parameters (dotted line) and enhanced high-momentum
components (thin solid line). The summed spectra, including
Fermi-jet and the evaporation contributions associated with
PLF and TLF, are shown as dashed and thick solid lines, re-
spectively. Experimental spectra are represented by dots with
error bars.
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E„„=90 MeV

n, = 40
n = 30

n, = 20

model with enhanced high-momentum components of the
Fermi distribution.
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correlation with E~„„dependent on bombarding energy,
implying a scaling with the radial kinetic energy at con-
tact. In such a scaling, the nonequilibrium emission
mechanism has a threshold at E,,d(RsA)/p = 2 MeV/
nucleon. No satisfactory description of the experimental
high-energy neutron spectra was obtained within the
framework of either the Fermi-jet or the Boltzmann-
master-equation models. A fit to the experimental neu-

tron spectra was, however, obtained, using the Fermi-jet
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FIG. 4. Comparison of the experimental integrated non-

equilibrium neutron spectra for different energy-loss bins with

results of the Boltzmann-master-equation model. Three
different values of the initial number of excitons in the system,
np =20 (dotted line), np =30 (dashed line), and np =40 (solid
line) are probed.
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