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Neutron spectra have been obtained at various angles in '2C, '3C, and 2 Ne reactions leading
to the ' Yb compound nucleus between 4 and 11 MeV/nucleon above the Coulomb barrier.
The energy and angular distributions can be fitted by a moving hot source model. However,
this model does not consistently explain other systematic trends obtained by the analysis. The
Boltzmann master equation model also does not provide an adequate fit to the data.

'

NUCLEAR REACTIONS '2C, '3C, ~ Ne, 4—11 MeV/nucleon, nonequlllbrium '

neutron emission systematics.

In a previous paper' (henceforth referenced as
NEC), we reported on nonequilibrium neutron emis-
sion (NNE) in '2C and '3C reactions on '5sGd and"Gd targets, respectively. We obtained detailed en-

ergy spectra and angular distributions of NNE in
coincidence with evaporation residues. Recently, we
have obtained additional data at the Oak Ridge Iso-
chronous Cyclotron on neutron emission for '2C

+'"Gd at 192 MeV, and for ' Ne+" Nd at 176 and
239 MeV. These data are sufficient to provide
stringent tests of the validity of various models of
NNE; a comprehensive list of such models is present-
ed in NEC (Refs. 35—51). We present here a com-
parison with two models: (1) the Boltzmann master
equation model' (BME) and (2) a "hot spot" model
of the moving-hot-source type presented in NEC.
We will show that neither of these models is com-
pletely adequate for describing all aspects of the sys-
tematic trends observed in the data.

Figure 1 presents the nonequilibrium neutron mul-
tiplicity (obtained using the moving-hot-source model
to fit the data') for the various reactions as a func-
tion of the energy per nucleon above the Coulomb
barrier e = (E, Vc)/p. (E, is the c.m. —bom-
barding energy, Vc the Coulomb barrier, and p, the
reduced mass. ) We note the similarity between the
results of the three different reactions when the mul-
tiplicity is plotted as a function of e. The slightly
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FIG. 1. Nonequilibrium neutron multiplicity as function
of energy per nucleon above Coulomb barrier. Hollow cir-
cles: ' C data; full circles: ' C data; triangles: Ne data.
The lines marked A, 8, and Care obtained from the BME
model for '2C, '3C, and 2 Ne, respectively.
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higher values for NNE in the "C reaction (10—20%)
may be due to a small breakup contribution in which
the ' C fragment resulting from the breakup is ab-
sorbed by the target nucleus. ' C is especially suscep-
tible to such reactions because of the low (4.9 MeV)
binding energy of the last neutron. The lines present
multiplicities obtained using the BME model, ' if we
assume the number of excitons to be equal to the
number of particles in the projectile. This model
predicts the ' Ne reaction to have a much higher
NNE multiplicity compared to the ' C and "C reac-
tions, contrary to our observations. This conclusion
is independent of the parameters used in the BME
model calculations. We note that for experimental
values of multiplicities, only relative values should be
considered; the absolute values depend strongly on
the model used to extract them from the experimen-
tal data. '

Figure 2 presents values of TNE, the temperature
of the moving-hot source' obtained from a fit to the
data. The results of Awes et al. , obtained for proton
emission systematics, are also shown in Fig. 2. We
find that, in our case, TNF is relatively constant as
function of e, while in Ref. 4 the temperature was
found to increase gradually with the energy per nu-
cleon above the Coulomb barrier. There are several
possible reasons for this difference. (1) There is a
significant difference between the high energy tails of
proton and neutron spectra. ' (2) The data of Ref. 4
are inclusive; our data were obtained in coincidence
with evaporation residues. (3) The proton data ex-
tend to much higher particle energies than our neu-
tron data; the temperature in Ref. 4 is determined

mainly by particle energies above 30 MeV. The full
lines in Fig. 2 present temperatures obtained from
the nonequilibrium neutron spectra of the BME
model. When comparing these temperatures to TNE,
we note that they are not identically defined: TNE is
defined in the frame of a hot source moving with a
velocity ONE in the lab system (also obtained from the
fit') whereas the BME temperature is determined in
the center-of-mass frame. In order to make a valid
comparison, we have transformed our spectra to the
c.m. system and integrated over all angles. The slope
of the resulting spectrum yields an effective tempera-
ture approximately 25% larger than TNE, but still sig-
nificantly lower than the BME temperature.

The success of the moving-hot-source model in fit-
ting energy spectra and angular distributions raises
questions of consistency, and we examine these
below with reference to the velocities of the hot
source extracted from our data.

We consider the collision in the frame of reference
of the target (which, just prior to contact, is moving
with a velocity ur in the lab system). We denote
v', b

= ~2m, the relative velocity at the Coulomb bar-
rier. In Fig. 3, we plot vNs = ONE

—ur (the hot-source
velocity in the target frame of reference), as a func-
tion of v', b for the various systems we have studied.
We find that the data are compatible with a linear
correlation of the form ONE= A.v',b, A. =0.24. This is
reminiscent of collisions in which there is a constant
ratio between the projectile mass and the final prod-
uct (i.e., hot spot) mass: Denoting MHs the mass of
the hot spot and Mp the projectile mass, momentum
conservation (considered in the target frame) leads to
the expression

MHS fMpVob /&NE
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FIG. 2. NNE temperature as function of energy per nu-
cleon above Coulomb barrier. The individual points have
the same meaning as in Fig. 1. The dashed line was taken
from Ref. 4. The full lines are results of BME calculations.
The dot-dashed line was calculated using Eq. (3).
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FIG. 3. vNF as function of v', b . Individual points have
same meaning as in Fig. 1. The line drawn is vNE =0.24v~b .
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where f is the fraction of nucleons in the projectile
contributing to the hot spot. Inserting the observed
correlation between v', b and vNF, we find that the
hot spot is approximately four times larger than the
number of nucleons in the projectile producing it.

We calculate the temperature of the hot spot by as-
suming that the kinetic energy lost during the col-
lision forming it is converted into its excitation ener-

gy E.
E„=

2 fMp(uob ')
2 MHS(&NE)

= —'MHs ( &NE) '( I /& —I )

THS = ( kE„/MHs) '

=[(k/2)(I/A. —I) j' 'vNrs,

which does not seem to be the case for our results of
TNE. The dot-dashed line in Fig. 2 is obtained from
(3) using k =14.6, h. =0.24. It underestimates TNF

at the lowest energies and does not seem to be con-
sistent with the flat trend of T~ in this energy range.

Summarizing, we find that the BME model does
not predict correctly the observed projectile and bom-
barding energy dependence of the NNE multiplicities
and temperatures. A simple hot-spot model fits the
energy and angular dependence of NNE, and pro-
vides a reasonable estimate of the temperature; how-
ever, the model does not accurately predict the tem-
perature dependence on the bombarding energy. It is
yet to be determined, in future more detailed theo-
retical studies, whether the moving source model is
just a convenient parametrization or whether it has a
more profound physical justification.

where k is usually taken as 7—9, but should probably
be taken as 14.6 for bulk phenomena. Consequent-
ly, we expect THs to increase proportionally to vNE,
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