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Energy spectra and angular distributions of neutrons emitted in coincidence with projectilelike
fragments produced in inelastic collisions of ?C with '**Gd at 192 MeV and *Ne with *°Nd at 176
and 239 MeV have been measured. No evidence for nonequilibrium neutron emission is found for
the Ne-+Nd reaction at either energy. For the C+Gd reaction a small fraction (~9%) of the neu-
trons emitted is due to nonequilibrium emission. The multiplicity of neutrons emitted from the tar-
getlike fragment is, in all cases, approximately six times that of neutrons emitted from the projectile-

like fragment.

I. INTRODUCTION

Many studies of neutron emission from products of
heavy ion reactions have been made over the last few
years.!~?! The purpose of these studies has been to detect
the presence of nonequilibrium effects in the particle spec-
tra and to compare such effects with one or more models
of nonequilibrium emission. We have previously reported
results on nonequilibrium neutron emission in coincidence
with evaporation residues (ER) in reactions of *C on
158Gd at bombarding energies between 110 and 192 MeV
(Ref. 9) and in reactions of °Ne on *°Nd at energies be-
tween 176 and 239 MeV.!® Neutrons in coincidence with
projectilelike fragments (PLF) in inelastic reactions of >C
on !*Gd have also been reported for energies up to 150
MeV. We found evidence for nonequilibrium emission
associated with both ER and PLF in all cases. The energy
spectra of neutrons in coincidence with ER can be decom-
posed into two distinct components: a low temperature
component moving with the compound nucleus velocity,
and a higher temperature component which has an angu-
lar distribution consistent with evaporation from a source
moving in the beam direction at a velocity intermediate
between the beam and center-of-mass velocities. Moving
source fits to the data show similar trends in neutron mul-
tiplicity for the Ne + Nd and C + Gd reactions with the
multiplicity increasing linearly as a function of energy per
nucleon above the Coulomb barrier. For a given incident
bombarding energy per nucleon these effects are much
more marked for the C+ Gd reaction than for the
Ne + Nd reaction. The threshold for nonequilibrium
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emission in coincidence with ER appears to be very low
for both systems, perhaps no more than 2-—3
MeV/nucleon above the barrier.2%2!

In contrast to the results for neutrons in coincidence
with ER, no clear-cut distinction between equilibrium and
nonequilibrium components could be made for neutrons
in coincidence with PLF in the C + Gd reaction. Howev-
er, the presence of neutron emission prior to full accelera-
tion of the fragments was inferred from the laboratory
neutron energy and angular distributions.’

Neutron energy spectra and angular distributions in
coincidence with PLF have also recently been reported for
several other systems.!~!? The results for bombarding en-
ergies slightly above the Coulomb barrier can be explained
by assuming that neutron emission takes place entirely by
evaporation from the targetlike fragments (TLF) and PLF
after the fragments have been fully accelerated by
Coulomb repulsion following their collision.!~* Some of
the results for bombarding energies well above the barrier
have shown evidence for nonequilibrium emission. In ad-
dition to the results for >C+1°8Gd discussed above, Tser-
ruya et al.®!1° have reported a small component of non-
equilibrium neutrons for the reaction 3Kr+ '%°Er at 11.9
MeV /nucleon; Gavron et al.” have reported a component
of nonequilibrium neutrons for the reaction %0+ %Nb at
13 MeV/nucleon; Hilscher et al. found evidence for non-
equilibrium emission in the reaction 2°Ne+ !%*Ho at ener-
gies between 11 and 20 MeV/nucleon and in the reaction
12C 4+ 1$5Ho at 25 MeV/nucleon;!! and Caskey et al. have
reported nonequilibrium emission for the reaction
4N +16Ho at 35 MeV/nucleon.!? As in the case of non-
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TABLE 1. Neutron detector polar angles. (Positive angles are on the same side of the beam as the

heavy ion telescope.)

Detector number 1 2 3
Angle (degrees) —140 —65 —50

4 5 6 7 8 9
—-35 —15 14 30 45 140

equilibrium emission from ER, the nonequilibrium neu-
tron spectra are forward peaked and some of them can be
parametrized in terms of emission from a moving source.
However, no consistent picture of the mechanism or of
the threshold for this emission has emerged.

We report here our measurements of neutron emission
in coincidence with PLF in the inelastic reaction
2C4+18Gd at 192 MeV bombarding energy and the
20Ne+ *Nd reactions at 176 and 239 MeV. Our aim in
this work was to obtain further information on nonequi-
librium emission from products of inelastic reactions for
the C + Gd system and to compare these results with
nonequilibrium emission for the Ne + Nd system at simi-
lar bombarding energies per nucleon.

II. EXPERIMENTAL METHOD

The experiments were performed using the Oak Ridge
isochronous cyclotron. Typical beam currents were 1—2 e
nA. Targets of '*8Gd (0.85 mg/cm?) and '°Nd (0.9
mg/cm?) were used. Both targets were enriched to an iso-
topic purity greater than 96%. They were both in the
form of metal foils and were stored in an inert atmosphere
until ready for use. To prevent carbon or oxygen contam-
ination of the targets during the experiment a cryopump
was placed adjacent to and upstream from the target
chamber. No carbon or oxygen contamination was visible
on the targets when they were removed from the chamber
after the experiment.

Neutron spectra were measured by the time-of-flight
method with nine detectors placed at distances between 56
and 80 cm from the target. A spherical aluminum target
chamber 25 cm in diameter with a wall thickness of 3 mm
was used. The detectors were coplanar with the beam and
with the detected PLF. Each detector consisted of an
11.25 cm diameter X5 cm thick cell filled with NE213
liquid scintillator directly coupled to an RCA 4522 pho-
tomultiplier tube. Pulse shape discrimination was used to
eliminate delayed gamma ray pulses in the neutron spec-
tra. The temporal width of the beam bursts (which deter-
mines the resolution of the time-of-flight measurements)
varied between 2.5 and 3.0 ns, depending on the beam and
its energy. The effect of the time resolution on the shape
of the neutron spectra was taken into account in the sub-
sequent analysis. Heavy ion singles spectra were taken for
each reaction to obtain an overall normalization with an
uncertainty of approximately 30%.

The neutrons were detected in coincidence with PLF
detected in a silicon AE-E telescope. This telescope con-
sisted of a 300 mm?X 50 um-thick transmission detector
backed by a 27 mm wide X8 mm high position sensitive
silicon surface barrier detector having a thickness of 501
pum. The latter covered an angular range of 17 degrees

with the inner edge placed approximately at the grazing
angle for each reaction, thus covering the laboratory an-
gular range 13—30 degrees for the C 4 Gd reaction and
19—36 degrees for the Ne + Nd reaction. This arrange-
ment enabled us to measure the single-fragment angular
distribution of the PLF over the angular range of the tele-
scope. (Knowledge of the distribution is important be-
cause it affects the forward angle distribution of neutrons
emitted sequentially from the PLF.) In all cases the tele-
scope subtended a laboratory solid angle of 27 msr.

The detector geometry and the numbering scheme used
in the remainder of this paper for the neutron detectors
are given in Fig. 1 and Table I. To identify high energy
protons which penetrated the chamber wall, a 1 mm thick
NE102A plastic scintillator detector was placed in front
of each neutron detector.

Neutron detector efficiencies were determined using the
data of Drosg?® in combination with calibration measure-
ments with a 22Cf source placed at the target position.
Details of the calibration procedure and the neutron-
gamma discrimination scheme are given in Ref. 9. A neu-
tron kinetic energy threshold of 2 MeV was set off line in
all data analysis.
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FIG. 1. Detector layout. The heavy ion detector telescope
zones are shown for the position used in the Ne + Nd measure-
ments.
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FIG. 2. Laboratory energy distributions of PLF detected in
the inner angular range of the position sensitive detector for dif-
ferent elements in the reaction 2°Ne+!*Nd at 239 MeV. Sin-
gles counts for Z =7—9 are contaminated by elastic counts for
which no AE signal was produced. These counts are indicated
by the dashed lines.

spectrum of carbon PLF produced in the carbon-induced
reaction has a significant deeply inelastic component at
laboratory PLF energies below about 125 MeV. We found
it convenient for the analysis to express the angular distri-
butions measured using the position sensitive telescope in
terms of coefficients a(Z) such that
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TABLE II. PLF angular distribution scale factors a(Z) expressed in units of (degrees)~!.

z 3 4 5 7 8 9 10
C+Gd 0.10 0.15 0.18 0.35%
Ne + Nd 0.05 0.10 0.18 0.18 0.18 0.30 0.35

2Below 125 MeV the correct coefficient is 0.1.

where N, is the number of PLF singles having charge Z
detected at the angle 6, which is at the middle of the an-
gular range of the telescope, and N is the number detected
at the angle 6. The coefficients a(Z) for each Z are
shown in Table II. These coefficients were found to be in-
dependent of PLF energy except for the case of carbon
PLF in the C+ Gd reaction. In this case, the angular
variation of the quasielastic component was much greater
than that of the deeply inelastic component. Therefore,
for this case, at energies below 125 MeV the scale factor
was found to change from a(Z)=0.35 to 0.1.

The data analysis discussed in Sec. IV, below, relies
heavily on the neutron spectra in detector number 6 in
coincidence with PLF detected in the inner zone of the
position sensitive telescope. No significant differences
were found between neutron spectra in coincidence with
PLF detected in the inner and outer angular ranges of the
telescope except for a decrease in coincidences with in-
creasing angle resulting from the forward peaking of the
PLF angular distribution. Therefore, for simplicity and
clarity of presentation, the results discussed in the
remainder of this paper are for neutrons detected in coin-
cidence with PLF detected over the angular range
represented by Figs. 2 and 3; that is, between 19 and 24.6

V, {cm/ns)

Vi em/ns)
FIG. 4. Contour plot of the Galilean invariant cross section
d?c/dV? for neutrons in coincidence with PLF having Z =10
in the reaction Ne + Nd at 239 MeV. One axis is parallel and

the other perpendicular to the beam axis. Each contour
represents a doubling of the cross section. The arrows at the
center represent the beam velocity and most probable PLF ve-
locity. The numbers by each contour are in units of 10—*
neutrons/[fragment (cm/ns)*].

degrees for the Ne + Nd reaction and between 13 and 18.6
degrees for the C + Gd reaction.

B. Neutron energy and angular distributions

The neutron emission in the laboratory frame of refer-
ence can be described with the Galilean invariant cross
section d30/dV?, where o is the cross section for neutron
emission and V is the laboratory neutron velocity. Plots
are shown in Figs. 4 and 5 of neutron spectra in coin-
cidence with PLF which have the same charge as the pro-
jectile for the Ne + Nd reaction at 239 MeV and for the
C + Gd reaction, respectively. Contour lines are drawn
through the data, each of which represents a doubling of
the cross section. A peak in the laboratory neutron spec-
trum is centered at the angle of detection of the PLF and
at the most probable PLF velocity. These figures show
that most of the neutrons emitted within the energy and
angular range of our detectors were emitted from the fully
accelerated PLF. Although this behavior is most ap-
parent for PLF having the projectile charge, similar
behavior is seen for neutrons in coincidence with all PLF
charge states.

While the cross sections shown in Figs. 4 and 5 show
that most of the observed neutrons are associated with the
PLF, it remains to be determined whether all of the ob-
served neutrons can be accounted for by assuming that
they are emitted from the fully accelerated PLF and TLF
or whether it is necessary to assume that some of the neu-
trons are emitted from some nonequilibrium source.

V| (cm/ns)

Vy {em/ns)

FIG. 5. Same as Fig. 4 but for neutrons in coincidence with
PLF having Z =6 in the C + Gd reaction.
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FIG. 6. (a) Neutron counts in detector 6 in coincidence with
PLF having the same atomic number as the projectile sorted ac-
cording to the laboratory energy of the coincident PLF and the
laboratory neutron energy. The locus of points for neutrons
emitted with zero velocity in the rest frame of the PLF is indi-
cated by the solid line. The dashed line lies on the locus of
points for which a neutron is captured and reemitted by the pro-
jectile with no excitation of the target or projectile. These data
are for the C + Gd reaction. (b) Same as (a) but for neutron
counts in detector 5. (c) Same as (b) but for neutrons projected
into detector 5.

Further understanding of the emission process may be
obtained by displaying a two-dimensional array of PLF
energy versus neutron energy (both in the laboratory
frame of reference) for each detected element. These are
shown in Figs. 6(a) and 7(a) for the C + Gd reaction and
the Ne + Nd reaction at 239 MeV. The arrays show neu-
trons detected by detector number 6, which is at an angle
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FIG. 7. Same as Fig. 6 but for the Ne + Nd reaction at 239
MeV.

very close to that of the heavy ion telescope in coincidence
with PLF having the same atomic number as the projec-
tile. Neutrons emitted from the fully accelerated PLF
should be kinematically “focused” into neutron detector 6.
Moreover, neutrons emitted toward detector 6 from the
fully accelerated PLF with zero velocity relative to the
emitting fragment will have laboratory energies equal to
the PLF energy per nucleon. The straight lines drawn as-
cending from left to right across the figures show the
locus of points on the Ep;g-E, plane for such events, as-
suming the PLF mass to be twice the PLF charge. The
dashed lines in the figures show the locus of points for the
reactions

1204 18Gd— 2C 4+ 57Gd +n (2)

and
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20Ne+ "ONd—2°Ne+ “*Nd +n ©(3)

with three-body Q values of —7.9 and —7.3 MeV, respec-
tively. A large number of counts are clustered at these
curves, indicating that for both reactions a significant
number of events consist of pickup of a neutron from the
target with little or no excitation of the target followed by
sequential emission of a neutron. The C + Gd data also
show evidence of some chance counts at low neutron ener-
gy in coincidence with high energy quasielastic PLF, for
which the count rate of Z =6 fragmerits was very high.

IV. ANALYSIS

A. Tests for nonequilibrium emission

To test the assumption that all of the observed neutrons
are emitted from the fully accelerated fragments in experi-
ments similar to this one, two techniques have commonly
been employed. The first approach is to choose as “refer-
ence” detectors one back angle detector which observes
only neutrons from the TLF and a second one which ob-
serves mostly neutrons from the PLF. Spectra for all of
the other detectors are then generated by “projecting” the
observed neutron counts in these reference detectors into
all the other detectors. The projected spectra can then be
compared with the observed spectra.”? The second ap-
proach is to simulate the experimental data with a com-
puter program based on Monte Carlo techniques. Heavy
ion and neutron primary angular and energy distributions
are assumed and are used for input. The laboratory neu-
tron spectra produced by the simulation may be compared
with the data.”%!” If the energy and angular distributions
of the neutron spectra produced by these methods agree
with the observed spectra, this can be taken as evidence
that the assumption of isotropic emission from fully ac-
celerated fragments is compatible with the experimental
data. On the other hand, if there is disagreement, this
may provide a basis for estimating the energy and angular
distribution of neutrons from some nonequilibrium source
or process. The second approach has the advantage that
various models for nonequilibrium emission can be in-
cluded. We have used both techniques to analyze our data
and estimate the amount of nonequilibrium neutron emis-
sion.

We first used a projection method to test for the pres-
ence of nonequilibrium emission. This procedure is dis-
cussed in the following paragraphs and the results com-
pared with the neutron spectra recorded in the forward-
angle detectors. We then supplemented this with Monte
Carlo simulations, to test the sensitivity of the results to
various neutron c.m. energy spectra. For the case of the
C + Gd reaction we also used Monte Carlo simulations to
estimate the nonequilibrium neutron multiplicity.

1. Projections

The projection technique must be applied with great
care to experiments with light projectiles, such as the
present ones, because of the large recoil effects which dis-
tort the angular distribution of neutrons emitted from the
PLF. These effects are more severe with alpha emission

measurements?> but are present in neutron measurements
as well.>” The problem arises from the fact that the an-
gular distribution of the PLF varies rapidly at the angle of
the heavy ion detector and is forward peaked. This means
that there is a greater probability that a PLF, after emit-
ting a neutron, will recoil into the heavy ion detector from

" an angle forward of this detector than from an angle

behind it. This tends to shift the laboratory neutron an-
gular distributions to more forward angles. In the present
case this would result in enhanced coincidence rates in
neutron detectors 4 and 5 and reduced rates in detectors 6
and 7 compared to the rates that would be expected in the
absence of these recoil effects.

The first step in our projection method uses neutron
detector number 1 as reference detector for neutrons emit-
ted by the TLF. These counts are projected event by
event into all other detectors. That is, for each neutron
detected by the reference detector, the neutron energy in
the rest frame of the emitting TLF is calculated and then
this energy is transformed to the laboratory energies cor-
responding to emission by the TLF into each of the other
detectors. A weighted neutron event is then recorded for
each detector at this energy; the assigned weight is pro-
portional to the ratio of the center-of-mass solid angle
subtended by the detector into which the count is project-
ed and the angle subtended by the reference detector.!
The resulting projected spectrum in each of the other
detectors can then be subtracted from the observed spec-
trum and the difference is then assumed to result from
neutrons emitted by the fully accelerated PLF and by oth-
er possible sources.

Detector number 6 was chosen as the second reference
detector because it is at an angle close to that of the PLF
detector. Because of kinematic focusing detector 6 will
record almost the entire spectrum of neutrons from the
PLF. After subtraction of the projected neutron counts
from the first reference detector, the spectrum in this

" detector is itself projected event by event into the other

detectors. Provided that this second projection does not
put any counts in the first reference detector (detector No.
1), no further iterations are needed and the sum of the two
projections can be compared with the data.

The procedure for assigning weights to the projected
counts from detector 6 is slightly different from that used
for projections of the TLF neutrons because of the need to
take into account the recoil effects discussed above. In or-
der to simulate these recoil effects, each neutron is given
an additional weight according to whether the emitting
PLF recoils from an angle forward of or behind the heavy
ion detector. The procedure for doing this was similar to
that described in Ref. 24.

We show in Figs. 8—11 the observed neutron energy
spectra in the laboratory frame. The projection and simu-
lation procedures indicate that a negligible number of neu-
trons from the PLF were detected by the back angle
detectors. Therefore we present the results for the for-
ward angle detectors only. The results are summed over
coincidences for all PLF Z values. The data (triangles)
are shown superimposed on the corresponding projected
spectra (dots), together with the results of the Monte Car-
lo simulations (solid and dashed curves) which are. dis-
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FIG. 8. Observed neutron laboratory energy distributions
(triangles), the results of the projection analysis (dots), and
Monte Carlo simulations (solid curves) for neutron detectors 2
(bottom) through 5 (top) from the Ne + Nd reaction at 239
MeV. Error bars show only the statistical uncertainty in each

point.

cussed in Sec. IVA 2. The spectra for the Ne 4+ Nd reac-
tion in Figs. 8 and 9 show that, within the statistical un-
certainty of the experiment, the calculated and observed
spectra agree very well. In order to emphasize the agree-
ment between data and projections we show in Fig. 7(b)
the data recorded in detector 5 and in Fig. 7(c), for com-
parison, the projection into the same detector for neutrons
in coincidence with PLF having Z =10. The projections
are seen to match the data over the entire Eppg-E, plane.
This is true for all detectors and for neutrons in coin-
cidence with all PLF. Thus, based on these projections,
we find no evidence for nonequilibrium neutron emission
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FIG. 9. Same as Fig. 8 but for detectors 6 (top) through 9
(bottom).

in the Ne + Nd reaction at energies up to 239 MeV.
Within the sensitivity of our measurements all of the
emission can be explained on the basis of isotropic emis-
sion from fully accelerated PLF and TLF. These results
also indicate that the target remained free from signifi-
cant contamination by oxygen or carbon during the exper-
iment.

The neutron energy spectra produced in the C 4+ Gd re-
action show at high energy a large discrepancy between
projections and data in detectors 3, 4, and 5 (Fig. 10)
which are the forward angle detectors on the opposite side
of the beam from the forward reference detector; above 20
MeV, the measured spectra exceed the projected spectra.
For the detectors on the same side of the beam as the for-
ward reference detector (Fig. 11), the data and projections
agree very well. Thus, for this reaction, high energy neu-
trons peaked at forward angles on the opposite side of the
beam from the PLF are produced by some mechanism
other than by isotropic emission from the PLF. [Similar
effects have been observed in the case of the O + Nb reac-
tion at 208 MeV (Ref. 7).] Of course the spectra observed
by the reference detector may also include neutrons emit-
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FIG. 10. Neutron laboratory energy distributions (triangles)
and projected distributions (dots) for neutron detectors 2 (bot-
tom) through 5 (top) from the C + Gd reaction. Error bars
show only the statistical uncertainty in each point. The solid
and dashed curves are the results of Monte Carlo simulations
described in the text.

ted from a source other than the fully accelerated PLF in
such a way that our projection procedure produces a good
match between observed and projected spectra on the
same side of the beam as the reference detector but not on
the opposite side of the beam.

However, contributions to the neutron energy spectra in
the forward reference detector from a source different
from the fully accelerated PLF cannot completely explain
the discrepancy between the measured spectra and the
projected spectra on the side of the beam opposite from
the reference detector. This is because the angular distri-
bution of high energy neutrons is asymmetric about the
beam direction and peaks on the opposite side of the beam
from the forward reference neutron detector. This effect
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FIG. 11. Same as Fig. 10 but for detectors 6 (top) through 9
(bottom).

is most pronounced for high energy neutrons in coin-
cidence with low energy PLF. It can be seen in Fig. 6 by
comparing the number of high energy neutrons in coin-
cidence with low energy PLF on either side of the beam.
It is also illustrated in Fig. 12. The two lower curves in
this figure show the total number of neutrons with labora-
tory energies greater than 20 MeV for events in which the
three-body Q value is more negative than —70 MeV
(dashed line). One of these curves represents the observed
counts and the second, representing the projected counts,
is superimposed upon it. The angular distribution of the
observed counts is centered at between 10 and 20 degrees
from the beam direction on the opposite side of the beam
from the heavy ion telescope denoted by the arrow in Fig.
12. The projected counts show an asymmetry about the
angle of the telescope due to recoil weighting factors used
in the projection but do not show nearly as large an asym-
metry as the data. The upper two curves in the figure also
show data with projections superimposed but for all Q
values and neutron energies. These two curves also show
a discrepancy between data and projections on the oppo-
site side of the beam from the telescope. Although the
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FIG. 12. Total number of neutrons versus laboratory angle.
- The beam direction is at zero degrees and reference detector 6 is
at 15 degrees as indicated by the short vertical arrow. Open tri-
angles denote the distribution for all neutrons with laboratory
energies between 2 and 40 MeV. Open circles denote the distri-
bution for all projected neutrons. Closed triangles denote the
distribution for neutrons with energies greater than 20 MeV pro-
duced in events with two-body Q value more negative than —70
MeV. Closed circles denote the corresponding projections.
Curves are drawn through the points to aid the eye.

difference in counts is greater the percentage difference is
smaller than for the lower pair of curves.

2. Monte Carlo simulations

To supplement the projection analysis described above
and to test the sensitivity of our results to various as-
sumed neutron c.m. energy spectra we also compared the
data with the results of a Monte Carlo simulation. Input
to this simulation included the measured PLF energy

spectra and angular distributions for all the elements that
we have analyzed.

All particle emission was assumed to take place isotrop-
ically in the rest frame of the fully accelerated PLF and
TLF. The rate of increase of neutron multiplicity with in-
creasing total kinetic energy (TKE) loss was taken from
the results of the neutron projection analysis. However,
the overall multiplicities of neutrons emitted from both
TLF and PLF were treated as independent parameters
and were adjusted to give the best agreement with the
data. We defer a discussion of these multiplicities to Sec.
IVB.

Both the TLF and PLF were assumed to evaporate neu-
trons with a Boltzmann distribution of the form

N(E)=VE exp(—E/T) . (4)

The temperature for the TLF and PLF neutron spectra
were adjusted independently to give the best fit to the
data. In the case of the C + Gd reaction the parameters
were adjusted to give the best fit to the spectrum in detec-
tors 6—9 and detectors 1 and 2 where the discrepancies
between the observed spectra and the results of the projec-
tion analysis are small. The temperature obtained from
these fits are shown in Table III.

We show the results of the simulation superimposed on
the data points and the projections shown in Figs. 8—11.
The results for the Ne + Nd reaction at 239 MeV are
shown in Figs. 8 and 9 and we see that the results of the
Monte Carlo simulations (smooth curves) do, indeed,
agree with the results of the projection analysis and the
measured spectra very well. In the case of the C + Gd re-
action we expect the simulation to agree with the projec-
tion analysis so that the simulated multiplicities will fall
well below the measured values in detectors 3—5. The
simulated and projected spectra do match very well for all
detectors. This is shown by the dashed curves superim-
posed on the data and projections in Figs. 10 and 11. For
detectors 3—5 the simulated multiplicities fall well below
the data for large laboratory neutron energies reinforcing
the conclusion that nonequilibrium effects are present in
this reaction. The solid curves shown in Figs. 10 and 11
are the results of further simulations of the nonequilibri-
um emission in this reaction. These results are discussed
below.

B. Neutron multiplicities

In order to obtain multiplicity estimates for neutron
emission from both PLF and TLF we have first obtained

- TABLE III. Temperatures of TLF and PLF and multiplicities of neutrons from PLF and TLF.

T(PLF) T(TLF) Multiplicities
Reaction (MeV) PLF TLF Total
Ne + Nd
- 176 MeV 1.5(0.5) 1.5(0.5) 0.14(0.04) 0.8(0.3) 1.0(0.3)
239 MeV 1.5(0.5) 2.0(0.5) 0.30(0.09) 1.9(0.6) 2.2(0.6)
C+ Gd 1.5(0.5) 2.0(0.5) 0.4(0.1) 2.2(0.6) 2.6(0.7)
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the multiplicity for the PLF as a function of two-body Q
value from the projection analysis. These results are
shown in Fig. 13. The solid lines represent least squares
straight line fits to the data.

For the Monte Carlo simulations, the overall multiplici-
ties of neutrons from both PLF and TLF were treated as
adjustable parameters but the variation with two-body Q
value was taken to be the same for emission from both
fragments and was taken from the fits to the data shown
in Fig. 13. The multiplicities for PLF determined by the
simulations agreed with the values determined from the
projection method to within about 10 percent. The largest
uncertainty in determining the overall normalization of
the neutron multiplicities resulted from the fact that they
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FIG. 13. Multiplicities of observed neutrons as a function of
two-body Q value for neutrons emitted from the PLF. The
solid lines are the result of least squares fits to the data.

were determined from the relatively small number of coin-
cidences obtained during the singles measurements.

The multiplicities deduced from the projection analysis
and Monte Carlo simulations and the fragment tempera-
tures deduced from the simulations are shown in Table
III. For both systems and at both energies for the
Ne + Nd reaction the multiplicities of neutrons from the
TLF are found to be approximately six times those of
neutrons from the PLF. Moreover, since the temperatures
are found to be essentially the same for both fragments in
all cases, then the results of the Monte Carlo simulations
indicate that the relative amounts of excitation energy re-
moved from the two heavy ion fragments by neutron
emission are approximately in the same ratio.

C. Nonequilibrium emission

Moving source parametrizations for nonequilibrium
emission have been used successfully in describing the
nonequilibrium emission in coincidence with evaporation
residue (ER) in several cases’~!1"18:20.2L25 jncluding our
own measurements for the C + Gd and O + Nb systems,
although the physical significance of these parametriza-
tions is unclear.”>2%2% In order to estimate the multiplici-
ty of nonequilibrium neutrons in the C 4+ Gd reaction we
have incorporated in our Monte Carlo simulation pro-
gram a simple ad hoc model in which the nonequilibrium
neutrons are assumed to be emitted from a moving source.

Because of the asymmetry about the beam axis of our
measured nonequilibrium neutron angular distribution,
the direction of the moving source was chosen to be
within a range of angles centered between the,angles of
neutron detectors 4 and 5. The distribution of angles for
the moving source was a Gaussian. The best results were
obtained using a full width at half maximum of 7.5 de-
grees centered at 22 degrees. The direction was chosen to
match the simulated angular distribution to the observed
one. The nonequilibrium neutrons were then assumed to
be emitted isotropically in the center of mass of this mov-
ing source. Within these arbitrary constraints on the
direction of travel of the moving source several combina-
tions of source velocity and neutron energy spectra were
considered. A combination of source velocity and neutron
energy distribution which gives a simulated spectrum
matching the data well consists of a source velocity of 0.9
to 1.0 times the beam velocity and a Boltzmann emission
spectrum of the form

N(E)=E exp(—E/T) .

A good match was obtained using a temperature T =2
MeV and a velocity of 0.9 times the beam velocity. The
results are fairly insensitive to this temperature, however,
and good results can also be obtained by lowering the tem-
perature and increasing the spread in angle of the PLF or
by increasing the temperature and decreasing the source
velocity.

The results of this simulation are shown as the solid
curves in Figs. 10 and 11. By varying these parameters
over the ranges that reproduce the data well we obtain
nonequilibrium neutron multiplicities bétween 0.1 and 0.3,
constituting approximately 5 to 14 percent of the total
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number of neutrons. This also represents an average ener-
gy removal of approximately 3 MeV per event.

Some neutrons from the simulation are observed in
detector 6 as shown in Fig. 11. They represent approxi-
mately 5% of the total number of neutrons recorded by
this detector.

Although the physical significance of this moving
source parametrization is unclear it is worthwhile to dis-
cuss which models of nonequilibrium emission are con-
sistent with it. First of all, we note that this parametriza-
tion is very similar to the ones used by Tserruya et al. to
describe the nonequilibrium emission in the Kr + Er reac-
tion®!0 and by Caskey et al. for the N + Ho reaction.!?
The parametrization also appears to be consistent with the
picture of evaporation with a Maxwellian distribution
from a hot moving source.®2%2 '

The energy distribution of the neutrons is also con-
sistent with a picture of excitation of short-lived states in
the composite system that is formed as targetlike and pro-
jectilelike fragments orbit about their center of mass. If
this is the case then the large source velocity required to
reproduce the nonequilibrium neutron energy spectra sug-
gests that the emission takes place from the projectile in
the early stages of the reaction before formation of the
composite system. (We emphasize that the large source
velocity is required to limit the observed nonequilibrium
spectra to the narrow range of angles over which they are
observed. The observed laboratory energy distribution can
be reproduced by lowering the source velocity and increas-
ing the average center-of-mass energy and energy distribu-
tion width. However, if this is done, then detectors 6 and
3 show large numbers of nonequilibrium neutrons in the
simulation, contrary to the data.)

The spectrum may be consistent with the Fermi-jet or
promptly emitted particle (PEP) jet picture of nonequili-
brium emission.26—2 Such a mechanism is expected to
produce particles with very large laboratory energies. The
calculations published so far using this' model have been
for neutron emission in coincidence with ER and the an-
gular distributions have consequently all been symmetric
about the beam direction. However, it has been noted that
diffraction effects are expected to produce angular distri-
butions in coincidence with PLF in inelastic reactions that
are asymmetric with respect to the beam direction and
peaked on the opposite side of the beam from the detected
PLF.” Further calculations are needed before we can
make any definite conclusions about the applicability of
this model to our results.
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Our previous conclusion that nonequilibrium emission
was present in the C + Gd reaction at lower energies was
based on the fact that we were unable, using a Monte Car-
lo simulation, to reproduce simultaneously both energy
spectra and angular distributions of the neutrons for the
neutron detectors near in angle to the PLF telescope when
we assume that the neutrons were isotropically evaporated
from the fully accelerated fragments.” By using the pro-
jection method of analysis in conjunction with Monte
Carlo simulations we have been able in the present case to
separate the equilibrium and nonequilibrium components
of the neutron spectra and estimate the relative multiplici-
ties of these components. It would, of course, be
worthwhile to carry out the same projection scheme on
our previous data. This would require, however, an ap-
propriate reference neutron detector directly behind the
PLF telescope which we did not have.

In the case of our previous results on nonequilibrium
emission associated with evaporation residues the amount
of nonequilibrium emission has been found to increase
with increasing bombarding energy. Nevertheless no
clear-cut threshold has been established for nonequilibri-
um emission from evaporation residues for either system.
We have found that the amount of nonequilibrium emis-
sion from the C + Gd system is much larger than from
Na + Nd.?° The results of the present experiment indi-
cate that the same situation holds for emission from prod-
ucts of inelastic reactions from these two systems.

V. CONCLUSIONS

In the present paper we report on neutron emission in
coincidence with products of inelastic scattering reactions
in the systems C 4+ Gd at 192 MeV and Ne + Nd at 176
and 239 MeV bombarding energies. We have found evi-
dence for a small amount (approximately 9% of the total
number of neutrons emitted) of nonequilibrium neutron
emission in the C + Gd reaction; we find no evidence for
nonequilibrium emission in the Ne + Nd reaction at either
energy. Instead, all neutron emission in this system can
be accounted for on the basis of sequential emission from
the fully accelerated PLF and TLF.

This work was supported by the Office of High Energy
and Nuclear Physics of the United States Department of
Energy.
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