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Neutron spectra in coincidence with evaporation residues and with projectilelike frag-
ments emitted in inelastic scattering reactions have been measured at several bombarding
energies for 2C- and *C-induced reactions leading to the same compound nucleus '°Yb.
In the fusion reactions, a nonequilibrium component was observed in the neutron spectra
at all beam energies. This component is forward peaked and is associated with a high
temperature. The spectra can be parametrized by assuming the nonequilibrium part to
result from a hot region (T'~4 MeV) emitting neutrons isotropically and moving with a
velocity of approximately 1 cm/ns. This apparent velocity decreases with decreasing
beam velocity. Comparisons are made with predictions based on the generalized critical
angular momentum model of incomplete fusion of Siwek-Wilczynska et al. No significant
difference has been observed between nonequilibrium neutron emission from '2C- and
3C-induced reactions. Neutron emission associated with inelastic scattering reactions
cannot be described by simple statistical evaporation from two fragments of equal tem-
perature. Effects which may give rise to the observed energy and angular distributions of
neutrons in coincidence with inelastic products are discussed.

NUCLEAR REACTIONS '8Gd+')C—4 +n, "'Gd+3C—4 +n,

103 < E,,, < 160 MeV; A = evaporation residue or projectilelike frag-

ments. A —n coin., 13 <6, <141°, 6,=18°, 24°. Neutron multiplicities
and energy spectra.

I. INTRODUCTION

Nonequilibrium emission of light particles result-
ing from reactions induced with light ions has been
studied extensively for a number of years.! The
first study of nonequilibrium particle emission as-
sociated with heavy-ion reactions is that of Britt
and Quinton,?> who measured singles spectra of
charged particles and concluded that the fast parti-
cles they observed were due to projectile breakup.
Recently there has been a great surge of interest in
particle emission accompanying heavy-ion-induced
reactions, which has resulted in a proliferation of
both theoretical and experimental investigations.
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In most experimental studies the light particles
that occur in coincidence either with evaporation
residues (ER) (Refs. 3—15) (resulting from fusion
or incomplete-fusion reactions) or with inelastic
products'®~3# are investigated. While most experi-
ments involve measurements of charged particles,
the number of neutron emission studies is also con-
siderable (Refs. 7,15,20,23,24,26,28 —30). The
main purpose of many investigations has been to
establish the existence of nonequilibrium emission
in a particular case and to understand its origin by
comparing the data with predictions based on one
or more theoretical models. In a large number of
cases, no conclusive evidence for nonequilibrium
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emission was found (Refs. 3,4,20,23,24,27 —29,
32,33), while in other cases results that were first
interpreted in terms of nonequilibrium emission'?
were later shown to be consistent with evaporation
from primary reaction products.*? (For similar
changes in interpretation see also Refs. 17 and 34.)

Many theoretical models have been proposed to
account for the nonequilibrium emission of fast
particles. In addition to the extension of the
precompound decay model' to heavy-ion-induced
reactions,’>>® theoretical approaches include “hot-
spot” models,’’ ~*! the “piston” model,* the
promptly emitted particle (PEP) model,*>** the
Fermi jet model,*~*® and a number of
incomplete-fusion models (Refs. 5,6,8,49 —51) (also
referred to as massive transfer®®*° and breakup
fusion®! models). In spite of this large number of
available models for nonequilibrium emission,
direct detailed comparisons between experiment
and theory have been sparse. One reason for this
gap is the lack of systematic data suitable for com-
parisons; models have often been applied only to
limited data from a single experiment. Thus, no
coherent patterns of nonequilibrium particle emis-
sion can, as yet, be discerned, and detailed data on
nonequilibrium excitation functions, spectra, and
angular distributions and on projectile-target and
outgoing-channel dépendences are needed.

In this work we consider the following two key
effects: the energy dependence and onset of none-
quilibrium neutron emission (NNE) and the effect -
of the structure of the projectile. Our study is
complementary to a number of earlier related in-
vestigations (Refs. 7,10,15,52,53). The energy
dependence of NNE associated with evaporation
residues has been inferred, for '2C +'%8Gd by
Sarantites et al.’? and for '°0O +'5*Sm by Beene
et al.,”® from y-multiplicity data and from the rela-
tionship between y multiplicity and neutron emis-
sion, which they measured at one energy. They
concluded that partial waves involved in the non-
statistical behavior were predominantly peripheral
and that an extended version'>>® of the generalized
critical angular momentum model of incomplete
fusion®> can adequately account for the effects
they observed. Another important result of earlier
investigations concerned the effect of the structure
of the projectile. It was found that while NNE
was observed for >C +!Gd at 152-MeV bom-
barding energy, it was not observed for 2°Ne
+150Nd at 175 MeV, which leads to the same
compound nucleus at the same excitation energy.’
This result is inconsistent with the “sum-rule

model” of incomplete fusion of Wilczynski et al.,
but can be understood in the context of that model
if the Qg, systematics of Ref. 50 are replaced by a
Q value for the binary projectile fragmentation pro-
cess.”

We present here energy spectra and angular dis-
tributions obtained from measurements of neutron
emission associated with ER from the '2C +!*8Gd
and ’C +157Gd reactions, both of which lead to
the '"°Yb compound nucleus. Bombarding energies
range from 103 to 160 MeV. As mentioned above,
these systems were chosen to complement earlier
studies. In particular, any effects of structure of
the projectile are expected to be especially prom-
inent in comparisons of '2C- and '3C-induced reac-
tions due to the large difference in the neutron
separation energies in the projectiles (18.7 MeV in
12C and 4.9 MeV in '*C). Differences in NNE
from the two systems were expected, on empirical
grounds, due to the observed differences in NNE
from '>C- and *°Ne-induced reactions mentioned
above’ and, on theoretical grounds, due to predic-
tions of Boneh et al.*”* in the framework of a
modified Fermi-jet model and to predictions based
on the extended incomplete-fusion model.>

In addition to results on neutron emission associ-
ated with ER, we have also obtained results on
neutron emission associated with quasielastic (QE)
and with deeply inelastic (DI) reactions. In order
to avoid the pitfalls of ambiguous interpretation re-
ferred to earlier, we define NNE empirically as
neutron emission that cannot be accounted for by
statistical evaporation from the fused system (in
the case of neutron emission associated with ER)
or from fully accelerated projectilelike fragments
(PLF) or targetlike fragments (TLF) (in the case of
QE and DI reactions). In fusion reactions, NNE
spectra are characterized by a high-energy tail
and/or by forward peaking in the c.m. system.

Following a description of the experimental
method in Sec. II, we present separately, in Secs.
III and IV, results and discussion for fusion and
fusionlike reactions and, in Secs. V and VI, results
and discussion for inelastic reactions. Comparisons
with some aspects of the incomplete-fusion
model®>%>* are made in Sec. IV.

II. EXPERIMENTAL METHOD
The experiments were performed at the Oak

Ridge Isochronous Cyclotron with >C and 13C
beams in 4+ and 5+ charge states. Typical
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FIG. 1. Scatter plot of evaporation residues as a
function of their kinetic energy and time of flight. (a)
Singles distribution and (b) events in coincidence with
neutrons having energies above 5 MeV.

currents were 1 —2 enA. The following beam-
energy-target combinations were studied:

150-MeV 2C on '*8Gd (1.1 mg/cm?), 103- and
124-MeV 2C on *8Gd (0.6 mg/cm?), 140- and
160-MeV *C on ¥’Gd (1.1 mg/cm?), and 110-
MeV 3C on '¥’Gd (0.6 mg/cm?). The targets were
self-supporting, and there was no visible evidence
of oxidization or carbon buildup at the end of the
experiments,

Neutrons were detected in coincidence with ER
and with PLF produced in inelastic reactions.
Evaporation residues were detected by two ~24-
pm-thick silicon surface barrier detectors posi-

tioned at about 7° on each side of the beam axis.
Each detector subtended a solid angle of 1.2 msr,
and its distance from the target was 18 cm. The
ER were identified by their characteristic energy
and time of flight with respect to a cyclotron beam
pulse. A sample of the data from which this iden-
tification was made is presented in Fig. 1(a). A
similar plot is presented in Fig. 1(b) for all events
in coincidence with neutrons having energies above
5 MeV. The coincidence requirement eliminates a
large fraction of random events and other events
due to extraneous processes. The higher energy
neutrons do not appear to be in coincidence with
any particular subset of ER; they result from
events with the same distribution of momentum
transfers as those of singles events. Typical ener-
gies of ER range from 3 to 15 MeV with corre-
sponding flight times of 100—40 ns. Count rates
in the Si detectors were approximately 25 kHz,
mainly due to elastic scattering. Such events
deposit only a small amount of energy in the thin
silicon detector and are well separated from ER in
time of flight. Dead-time losses were minimized
by gating electronically to accept only those events
having a flight time to the ER detectors greater
than that of elastic scattering events. PLF were
detected in a AE-E silicon surface barrier telescope
with a 33-um-thick AE detector and a 700-um-
thick E detector. Details of its position are given
in Table L

Neutrons were detected in eight NE213 liquid scin-
tillator detectors. Their positions are also present-
ed in Table I. The liquid was encapsulated in
aluminum containers (11.8-cm diam) coupled
directly to RCA 4522 photomultiplier tubes. The
average scintillator thickness was 5.6 cm.

The scattering chamber was spherical with a di-
ameter of 26 cm and was constructed of 3-mm-
thick aluminum. At the higher bombarding ener-
gies, carbon beams produce high-energy protons
that can penetrate the walls of the scattering
chamber and produce scintillator pulses similar to
those produced by neutrons. Thus, paddles of 1-
mm-thick NE102 scintillators, coupled to RCA
8575 photomultiplier tubes, were placed in front of
the neutron detectors and used as veto detectors.
Protons and other light charged particles were re-
jected on the basis of their characteristic AE and E
pulses in the paddle and in the liquid scintillator,
respectively.

Neutron time of flight was measured relative to
the cyclotron beam pulse with both constant frac-
tion and zero-crossing discriminators. The differ-
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TABLE 1. Detector positions. Combined results for neutrons in coincidence with evapo-
ration residues are presented in this work for detector combinations 4 +H, B+ G, C+F, and

2051

D+E.
Experimental Neutron detectors
configuration?
A B C D E F G H
6 (deg) 1) 126 50 31 13 —18 —34 —63 —101
129 61 47 26 —24 —47 —67 —141
Y° (deg) o 36 0 0 0 0 0 0 35
(2) 24 0 0 0 0 0 0 0
Distance® (1) 56 61 63 66 65 64 56 56
(cm)
(2) 51 66 65 63 63 63 61 50

2Angle of neutron detector with respect to the beam axis.
YAngle of neutron detector above the reaction plane.

‘Distance of neutron detector from the target.

dRuns with the first experimental configuration, group (1) (140-, 160-MeV *C and 150-MeV
12C) are indicated by (1). Runs with the second configuration, group (2) (103-, 124-MeV '%C
and 110-MeV BC) are indicated by (2). Positions of the AE-E telescope were 18° for group

(1) runs and 24° for group (2) runs.

ence between these two times provided a measure
of the rise time of the scintillator pulses and en-
abled us to use pulse-shape discrimination to reject
gamma rays. Scintillator pulses from subsequent
beam bursts (approximately 100 ns later) were also
recorded for the purpose of subtracting random
coincidences between neutrons and ER or inelasti-
cally scattered fragments. The scintillator pulse
heights were recorded together with the time infor-
mation and were subsequently used to determine a
constant pulse-height threshold for each neutron
detector. This threshold was then used, with the
data of Drosg> and Anghinofli,> in a calculation
of the neutron detection efficiency. The neutron
detection efficiency was also checked in a 27
geometry with a 2>2Cf spontaneous-fission neutron
source. This method is sensitive to the effects on
the efficiency of the presence of the heavy-ion
detectors and of the scattering chamber. Adjust-
ments to the calculated efficiencies made on the
basis of the 2°>Cf measurements were less than
15%.

Neutrons with energies below 2 MeV were not
included in our analysis for two reasons: (1) small
fluctuations in the photomultiplier gain (due to
temperature and rate variations) cause large varia-
tions in the neutron detection efficiency below 2
MeV; and (2) the neutrons detected at these ener-

gies contain a significant contribution from higher
energy neutrons that have undergone scattering.
(This can be discerned by observing the pulse
height as a function of the neutron energy.) These
effects do not influence the higher energy portions
of the neutron spectra, which are the subject of this
investigation. The temporal width of the beam
bursts (which determines 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
subsequent analysis.

III. RESULTS — FUSION

Neutron spectra obtained in the eight neutron
detectors (in coincidence with evaporation residues)
were corrected for detection efficiency and
transformed to the c.m. system. Detecting an
evaporation residue at a given angle biases the
measured spectra and angular distribution; the neu-
tron detection rate on the side of the beam axis op-
posite to that of the evaporation residue detector is
enhanced. This bias was evaluated with a Monte
Carlo code which simulates the kinematics of
sequential nucleon emission. We found that most
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of the bias can be removed by averaging, for each
neutron detector, multiplicities obtained for neu-
trons in coincidence with each of the two evapora-
tion residue detectors. A residual effect of this
biasing, which causes the neutron multiplicity in
our most backward detectors to be enhanced by ap-
proximately 10% and to be depleted by a similar
amount in our most forward detectors, was taken
into account in our analysis. In addition, neutron
spectra obtained in neutron detectors at similar an-
gles on opposite sides of the beam axis were aver-
aged to improve the statistics. This averaging was
also taken into account in the Monte Carlo calcula-
tions used in the data analysis procedure.
Experimental neutron spectra expressed as
4w d>N /dE dQ, in units of neutrons/MeV, are
presented in Figs. 2—4 for the six beam-energy-
projectile combinations. Neutron spectra from '>C-
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FIG. 2. Spectra of neutrons in coincidence with
evaporation residues. Open circles: '>C +'53Gd (150
MeV); closed circles: *C+'5’Gd (160 MeV); angular
combinations (from top to bottom): D +E, C+F,

B +G, A+ H (see Table I). The solid line is obtained
after fitting the '>C data using Eq. (1) (see text, Sec. III
A). The dashed line is obtained after fitting the '*C data
using the two-source model (see text, Sec. III B).
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FIG. 3. Similar to Fig. 2, but for '2C at 124 MeV
(open circles) and 3C at 140 MeV (closed circles). Note
(see Table I) that the experimental configuration is
slightly different in the two cases.

and "*C-induced reactions are superimposed for
similar values of beam energy per nucleon. The
spectra are presented for four average angles of the
neutron detectors and averaged over the two evapo-
ration residue detectors for reasons given above. In
general, the neutron spectra exhibit the features
described by Westerberg et al.,’ including an excess
of high-energy neutrons. This high-energy tail is
more pronounced in the forward direction than in
the backward direction. There is no obvious differ-
ence between neutron spectra obtained from '*C-
induced reactions and those obtained from '*C-
induced reactions at similar bombarding energies
per nucleon. (The minor differences evident in Fig.
3 can be attributed to the slightly different experi-
mental configurations in the two reactions; see
Table 1.)

Determination of the nonequilibrium part of the
neutron spectrum involves subtraction of the
equilibrium part of the spectrum. Since there is no
uniquely defined procedure for doing this, we have
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FIG. 4. Similar to Fig. 2, but for '2C at 103 MeV

(open circles) and *C at 110 MeV (closed circles).

chosen to proceed by means of two different
methods, which should provide upper and lower

estimates of the amount of NNE.

A. Lower limit estimate of NNE

In this method we fit each neutron spectrum up

to a c.m. neutron energy of 9 MeV by assuming

the neutrons were produced entirely by evapora-
tion. However, the nonequilibrium tail, which is
prominent above 9 MeV, also extends down to
energies below this value. Therefore, this fit max-
imized the contribution of evaporated neutrons to
the total multiplicity, thus providing a lower limit
for the NNE multiplicity. The shape of the
evaporated neutron spectrum ¢(€) was chosen to
be

#(€)=€"%exp[ —€/T], (1)

. where € is the neutron c.m. energy and T is the nu-

clear temperature. This spectrum conforms to
results of evaporation calculations for the !"°Yb
compound nucleus in this energy and angular
momentum range.>® Effects of the finite time-of-
flight resolution and of spectrum biasing due to the
detection of an evaporation residue have been taken
into account. Both the temperature and normali-
zation were varied, and the least-squares method
was used to obtain a best fit of the calculated spec-
tra to the experimental results at the four angles.
The NNE multiplicity at each angle was then tak-
en to be the difference between the integrated ex-
perimental neutron spectrum and the multiplicity
obtained by integrating Eq. (1) for € > 8 MeV.
Temperatures and multiplicities obtained by this
fitting procedure are presented in Table II. The cal-
culated spectra are shown for the '2C case in Figs.
2—4 (full lines). The temperatures obtained here
are similar to those presented in Ref. 7 for
20Ne+ !"Nd reactions leading to the same com-
pound nucleus at similar angular momentum and
excitation energy. In that reaction, no evidence
was found for NNE, which made it possible to
determine a unique value of the temperature.
Angle-integrated values for the lower limit on

TABLE II. Lower limit estimates of NNE multiplicities (see text, Sec. III A).

Reaction Tee® MeV) Mp® MypS(A +H)  MygS(B+G)*  MyeS(C+F)  MygS(D +E)° Mys®
160-MeV 3C 2.4 70 —005 + 002 039 + 003 047 + 003 0.85 + 0.03 021 + 0.02
140-MeV 3C 22 6.3 0.02 + 001 028 + 002 029 + 003 048 + 001 0.14 + 001
110-MeV BC 2.0 5.9 0.00 + 001 005 + 0.0 006 + 001 022 + 001 0.05 + 0.01
150-MeV 12C 2.3 7.1 0.08 + 0.03 031 + 003 027 + 004 0.62 + 005 0.16 + 0.01
124-MeV 12C 2.1 6.5 0.06 + 001 007 + 001 0.12 + 001 032 + 005 0.08 + 0.01
103-MeV 12C 2.0 5.8 0.05 + 0.01 0.08 + 001 001 + 001 0.16 + 001 0.06 + 0.01

T, is obtained by fitting the data from 4 to 9 MeV using Eq.

(1).

°ME, is obtained from the normalization of @g(€), given in Eq. (1), to the experimental data.

‘Mne(6)=

e=sNewpl€)—

: ¢eq(€)de (neutrons/41r sr).

4The letters in the parentheses next to multiplicity symbols indicate detector combinations (see Table I).
°M\E is obtained by integrating Myg(0).
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NNE range from 0.21+0.02 neutrons for 160-MeV
13C t0 0.05+0.01 neutrons for 110-MeV '3C.

B. Upper limit estimate of NNE

An alternative method for fitting the data is to
assume arbitrarily that, in addition to the evapora-
tion spectrum [Eq. (1)], there exists another source
of neutrons which moves with a velocity larger
than that of the c.m. (to account for the forward
peaking) and which may have a different tempera-
ture. We assumed this source to have a spectrum
onel€) given by

ongl€)=€ exp[ —€/Tng] - (2)

A least-squares fit of the calulated neutron spec-
tra to the experimental data at the four average an-
gles (Table I) has been obtained for each beam-
energy-projectile combination by varying the fol-
lowing parameters: (i) the relative multiplicities of

the evaporation and nonequilibrium sources, (ii) the

temperatures Tgq and T'xg of the two sources, and
(iii) the velocity ¥yg of the nonequilibrium source.
Effects of the finite resolution in the neutron time
of flight and of multiplicity biasing due to evapora-
tion residue detection were also taken into account
in these calculations. The parameters which
minimize the sum of the square of differences be-
tween the calculated spectra and the experimental

results are presented in Table III. The dashed lines
in Figs. 2—4 indicate spectra calculated with the
parameters obtained from fits to the '3C data. We
note that these calculated spectra provide a good
description of the experimental results. We can
compare the total neutron multiplicities obtained
here to those obtained from individual xn, xna,
and xnp cross section measurements. With 124-
MeV '2C we obtained a total of 7.2 neutrons, and
averaging the individual cross sections of Ref. 52
for this case, we also obtain 7.2 neutrons. At 150
MeV we obtain 8.2 neutrons compared to 8.5 cal-
culated from data of Ref. 52. Thus despite the fact
that our overall normalization is highly model
dependent (30—50% of the evaporated neutrons
are below our threshold energy), this procedure
provides total neutron multiplicity in close agree-
ment with values found by different methods in
Ref. 52. This agreement supports the point of view
that the multiplicity values of Table III are more
nearly correct that those of Table II and that,
therefore, the lower limit method used to obtain
the nonequilibrium neutron multiplicity values of
Table II results in underestimates of NNE. In the
context of this two-source analysis the nonequilib-
rium source is responsible for 18% of the total
neutron multiplicity at the highest excitation ener-
gies and for 6% at the lowest. Temperatures ob-
tained for the equilibrium components are approxi-

TABLE III. Upper limit estimate of NNE (see text, Sec. III B).

Reaction Tg" Tne® Vem® Ve Vne® Mg Mgt
(MeV) (MeV) (cm/ns) (cm/ns) (cm/ns)

160-MeV ’C 1.60 4.2 0.40 3.98 1.2 7.0 1.5
140-MeV 3C 1.54 3.8 0.35 3.58 1.0 6.3 1.1
110-MeV 3C 1.60 3.7 0.31 2.89 0.8 5.9 0.4
150-MeV 2C 1.63 4.2 0.35 3.94 0.9 7.1 1.1
124-MeV '2C 1.57 4.0 0.32 3.36 0.8 6.5 0.7
103-MeV '2C 1.59 4.1 0.29 2.84 0.7 5.8 0.4
Error® in
parameter 0.03 0.1 0.1 0.2 0.1

“Temperature parameter in Eq. (1).
®Temperature parameter in Eq. (2).
‘c.m. velocity (provided for reference).

Velocity of projectile corresponding to its energy in excess of the Coulomb barrier (provided

for reference).
*Velocity of moving NNE source.

’Equilibrium neutron emission multiplicity.

ENNE multiplicity.

"The assigned errors are the variation in the parameters that cause an increase of approxi-

mately 10% in chi square.
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mately 1.6 MeV in all cases. This is significantly
lower than the values of 1.9—2.2 MeV quoted in
Ref. 7 for 2®Ne+ "°Nd, but similar to values ob-
tained by a two-component method for °0
+13%Sm. "> Statistical model calculations*® (at exci-
tation energies remaining after NNE) predict tem-
peratures of the order of 2.3—2.6 MeV, and it is
therefore possible that the nonequilibrium spectrum
defined in Eq. (2) leads to an overestimate at low
neutron energies. However, the sum of the two
neutron sources [Egs. (1) and (2)] provides a
reasonable description of all the measured spectra
and angular distributions, even though the decom-
position into the two components may not be reli-
able in the intermediate energy range. Further-
more, the velocities and temperatures of the second
component are determined mainly by the high-
energy tails and are not substantially affected by
possible systematic errors in the lower energy part
of dng(€).

C. Onset of NNE

We present in Fig. 5 the nonequilibrium neutron
multiplicities obtained by two methods of analysis
described above. There is a large difference be-
tween the lower and upper limits. It is therefore
essential that various theories be tested directly
against the experimental spectra at each angle,
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FIG. 5. Upper and lower limits of NNE multiplicity
as function of excitation energy (see text). '*C-induced
reactions are indicated by closed symbols and '*C-
induced reactions by open symbols. The circles
represent the upper limit values discussed in Sec. III B,
and the triangles represent lower limit values of Sec. III
A. The left-hand scale applies to the circles and the
right-hand scale to the triangles.

with evaporation neutrons included in the calculat-
ed spectra. However, both methods enable us to
make an extrapolation of the amount of NNE vs
excitation energy, and both methods lead to the
conclusion that the onset of nonequilibrium emis-
sion is in the vicinity of 80-MeV excitation energy
(~90-MeV beam energy) for both *C and '*C pro-
jectiles.

An additional parameter R, which can be used
as a measure of the amount of NNE and which is
model independent, is defined as

© 7
R=[ N(ede/ [ Nielde, 3)

where N(€) is the (experimental) c.m. neutron spec-
trum. The integration limits were chosen for the
following reasons: above 14 MeV the spectrum
results mainly from high-energy NNE; between 4
and 7 MeV the spectrum is dominated by the
evaporation component. Energies below 4 MeV
are excluded because of the sensitivity of the spec-
tra in this range to pulse-height threshold shifts.
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FIG. 6. Ratio of fast to slow neutrons [Eq. (3)] as a
function of excitation energy. Closed symbols represent
13C reactions and open symbols '2C reactions. Circles
depict the first experimental configuration [group (1) of
Table I] and triangles the second configuration [group
(2) of Table I]. Detector combinations involved, from
top to bottom, are D+ E, C+F, B+G, and A+ H (see
Table I).
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Values of R for different projectile energies and
neutron detection angles are presented in Fig. 6.
The general features of NNE are again evident: an
increase with increasing beam energy and with de-
creasing detection angle.

1V. DISCUSSION — NNE ASSOCIATED
WITH ER

A. Critical angular momentum and incomplete fusion

The generalized critical angular momentum
model of incomplete fusion,® and extensions of the
model,'>%%33 will be used in this section in com-
parisons between experiment and theory. The
model and its implications have been discussed in
detail elsewhere (Refs. 8,10,13,15,50,53), and only a
summary is presented here. In its present stage of
development, the extended model has successfully
explained available information on multiplicity
saturation for (HI,xn) reactions and on NNE asso-
ciated with various xn channels.'®

The basic assumption of the model® is that
fusion takes place for entrance-channel orbital an-
gular momenta from zero to a critical value. The
model gives a specific prescription for estimating
this critical value. For partial waves beyond the
critical value, fusion may occur if a portion of the
projectile escapes, carrying with it a fraction of the
initial angular momentum. The rest of the projec-
tile is then assumed to fuse with the target nucleus,
provided that the remaining angular momentum is
less than the critical angular momentum for the in-
complete system. It is further assumed that the
fraction of angular momentum carried away is
given by the ratio of the mass of the emitted frag-
ment to the mass of the projectile and that fusion
with the largest possible fragment is favored.
These assumptions result in a hierarchy of partial
fusion reactions (and accompanying fast particle
emission), each localized in a particular region of
angular momentum space. Similar ingredients and
assumptions are contained in quantum-mechanical
approaches.*>!  Alternative names for incomplete
fusion, such as “massive transfer”®® and “breakup
fusion,”>! have also been used.

To allow for the competition between various
possible incomplete-fusion channels, Wilczynski
et al® have applied a “sum-rule” formalism to
fusion and incomplete-fusion reactions. It is as-
sumed in this approach that the individual reaction
probabilities are scaled by the available phase space
and that they are additionally constrained by the

entrance-channel angular momentum limitations
discussed above.

For the purpose of subsequent discussion we give
below the expression for P (i), which defines the
phase space factors used to give weight to the vari-
ous possible final channels:

P(i)=exp[ Qg (1) —Q.()1/T, 4

where Q,, is the ground-state Q value for the pro-
cess i, Q. =q.eX(Z\Z, —Z,Z,), T and g, are
adjustable constants, and Z’ and Z refer to nuclear
charges in the entrance and exit channels, respec-
tively. The quantity P (i) thus accounts for the
competition between various channels i, except for
an angular momentum term (spin cutoff factor)
which is included in the theory separately. In Ref.
50, T was taken to be 3 MeV.

B. Effects of projectile structure

One of the main motivations in undertaking the
present study was to investigate effects of projectile
structure on NNE. As was pointed out in the In-
troduction, differences in NNE from '?C and *C
reactions were expected on both experimental and
theoretical grounds.- The observation that NNE
accompanies fusion reactions between *C and
138Gd but not between °Ne and '°Nd suggests
that structure effects may be important, since both
reactions lead to the same compound nucleus '"°Yb
at the same excitation energy. In addition, NNE is
observed from fusion reactions between '°O and
154Sm (again leading to '°Yb) but to a smaller ex-
tent than in the '2C 4 !*8Gd case.!>>? Theoretical
support for the idea that projectile structure may
play a role in NNE is provided by the modified
Fermi-jet model of Boneh et al.,*”*® which specifi-
cally predicts a large difference in NNE between
12C- and '3C-induced reactions. From the results
presented in the previous section it is clear that,
whatever structure effects may play a role in NNE,
the large difference in the binding energy of the
last neutron between '2C and '*C does not result in
an observable effect, and that the model of Boneh
et al. is not valid. )

It should be pointed out that the observed differ-
ences in NNE between '?C- and *°Ne-induced reac-
tions may be attributed simply to the difference in
the energy per nucleon (above the Coulomb barrier)
between the two cases. In Ref. 7 this energy was
considerably higher in the '>C +!%8Gd case than in
the *°Ne+ "°Nd case. The energy per nucleon in
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the case of 175-MeV *Ne+ !*°Nd is similar to
those of the lowest bombarding energies involved
in this work. From Table III it can be seen that in
the cases of 110-MeV C+'’Gd and 103-MeV
12C +18Gd the average NNE multiplicity, Myg, is
only 0.4. Such a low value of Myg probably
would have remained undetected in the less sensi-
tive measurements of Ref. 7. Preliminary results
from a recent experiment,®' in which the present
study was extended to the case of 176-MeV

2ONe+ *°Nd, indicate that the value of Mg, based
on a two-source analysis, is, in fact, 0.4.

Recently, results from investigations of NNE as-
sociated with fusion and fusionlike products for the
160+ '%¥Sm reaction'*33 were interpreted on the
basis of the generalized critical angular momentum-
model of incomplete fusion outlined above.®*°
Agreement between experiment and theory was
very good in many aspects, but not in those involv-
ing the structure of the projectile.’® In order to
remedy the perceived deficiencies of the Wilcynski
sum-rule model,® Beene et al.’® have replaced the
Qg values of Eq. (4) with Q values appropriate for
projectile fragmentation processes, i.e., with the
separation energies for specific channels involved.
This modification of the incomplete-fusion model
resulted in a reasonable description of the differ-
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FIG. 7. Calculated ratio of NNE associated with ER
for 1*C-induced reactions to NNE for 2C-induced reac-
tions. The solid curve is from the model of Wilczynski
et al. (Ref. 50). The dashed curves are from a modified
version of the model. (Ref. 53). The long-dash curve is
for K =4, and the short-dash curve is for K =8 (see text,
Sec. IV B).

ences in NNE observed in >C-, °0-, and *°Ne-
induced reactions.

In Fig. 7 the solid curve indicates the predicted
ratio of NNE from the '*C+'¥’Gd reaction to the
NNE from the '*C+'*8Gd reaction. The predic-
tion was made with the unaltered sum-rule model
of Ref. 50 and the parameters suggested in that
work. Since the predicted ratio is close to unity
and since we observe no significant difference be-
tween '2C- and *C-induced reactions (see Figs.

2 —6), we conclude that the agreement between ex-
periment and theory is, in this respect, excellent.

Predictions based on the modifications of the
Wilczynski model discussed in Ref. 53 are also
shown in Fig. 7 for two values of a parameter K
defined by T?=Ke, where T is the parameter of
Eq. (4) and € is the relative energy per nucleon
above the Coulomb barrier. As mentioned above,
the ground-state Q value for our case, Qg of Eq.
(4), was replaced by the neutron separation energy
of the projectile. One of the two values of K used
in Fig. 7, K =8, corresponds to the extreme case of
the conversion of all of the kinetic energy into pro-
jectile excitation. From Fig. 7 it can be seen that
this modification of the partial fusion model results
in a disagreement between experiment and theory
in our case. The reason Qg, values appear to be
appropriate for our case and for the case of Ref.
50, while projectile fragmentation Q values seem to
be appropriate for the studies of Refs. 7, 15, and
53, is not understood.

C. NNE multiplicities

In view of the fact that a unique prescription for
the decomposition of our results into NNE and
evaporation does not exist, we must be content
with upper and lower limits for NNE multiplici-
ties. It is instructive, however, to compare these
limits with theoretical predictions. In Fig. 8 a
comparison of measured multiplicities with the
Wilczynski sum-rule model® is shown as a func-
tion of bombarding energy. Our upper and lower
limits bracket the theoretical prediction, although
the predicted flattening of the NNE multiplicity
curve with increasing bombarding energy is not ob-
served. ‘

D. Velocities and temperatures
of the NNE sources

In the previous section it was shown that our
results can be adequately parametrized by consider-,
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ing emission from two sources: the equilibrated
compound nucleus and an NNE source with prop-
erties given in Table III. While we must caution
against inferring that such parametrizations neces-
sarily describe actual mechanisms, it is nevertheless
interesting to speculate about the meaning of the
parameters involved, such as the velocities and
temperatures of the NNE sources.

It can be noted from Table III that the velocity
of the NNE source, Vg, is intermediate between
the velocity of the center of mass V., and the
velocity of the projectile just prior to interaction
V3, i.e., the velocity corresponding to the beam en-
ergy in excess of the Coulomb barrier. The range
of the ratio Vyg/V3 in Table III varies from 0.23
to 0.3. The ratios obtained in Ref. 53 by a similar
treatment for '°0+'%*Sm were in the vicinity of
0.4. This relatively low value of Vg /Vy was ex-
plained on the basis of a classical orbiting model.**
We have applied a similar approach to our results.

We estimated the tangential velocity of the pro-
jectile, V7, from a classical Rutherford orbit. The
orbital angular momentum considered to be ap-
propriate for our purpose is the average orbital an-

gular momentum (at a given bombarding energy)
corresponding to all NNE processes, as given by
the sum-rule model of Ref. 50. The separation dis-
tance was taken to be 1.2(4,'*+A47'73) fm, where
A, and A are the mass numbers of the projectile
and the target, respectively. The velocities ¥ and
Vr are shown in Fig. 9 as a function of the c.m.
bombarding energy. Also shown in Fig. 9 are the
projection of the tangential velocity on the beam
axis | ViKp | and the experimental results. It is
clear that the NNE source velocity obtained from
our data is approximately a factor of 2 lower than
the projection of V7 on the beam direction. On
the other hand, the observed gradual increase of
Vg With increasing bombarding energy is similar
to the increase in the tangential velocity. If we had
allowed for the transfer of a certain amount of or-
bital angular momentum into internal angular
momentum (i.e., for ‘ ‘tangential friction”), the pro-
jection | Vo K g | could have been brought into
agreement with the observed source velocity. For
the limiting case of the sticking condition,

| VK | is, in fact, estimated to be lower than
the observed source velocity. While tangential fric-
tion may indeed play a role, it contradicts a basic
assumption of the model of Refs. 8 and 50, which
implicitly assumes that the only way relative angu-
lar momentum is dissipated, at least in the early
stages of the reaction, is by the emission of parti-
cles or of fragments of the projectile.

S T T T T T
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bt 1
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FIG. 9. Velocity as a function of c.m. bombarding
energy. Vp (dashed curve) is the velocity of the projec-
tile corresponding to its energy above the Coulomb bar-
rier. Vr is the tangential velocity of the projectile at the
time of interaction (see text), and |VT-I€ g | is the pro-
jection of Vr on the beam direction. The data points
are the velocities of the nonequilibrium source from
Table III. Triangles refer to '*C reactions and circles to
12C reactions.
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In Table III it is shown that the temperature of
the NNE source, T'yg, remains constant at a value
near 4 MeV. In contrast to the situation regarding
the velocity of the NNE source, we find that a
value of about 4 MeV for Tyg is reasonable in the
context of our picture, but that the failure of T'\g
to increase with increasing bombarding energy is
difficult to understand. Using the Rutherford orbit
description given above, we can deduce an upper
limit of T'yg values if we assume that, at the
separation distance given above, the radial kinetic
energy is instantly converted to excitation energy
E* of the projectilelike fragment. This excited
fragment would then constitute the NNE source.
If we relate E* to Tg by E*=aT? and use
a=A/8 and A =12, we obtain the solid curve of
Fig. 10. Also shown in the figure are T'ng values
deduced from our experimental results, as well as a
temperature estimate of Bertsch as reported by
Awes et al’7 Tt can be seen that, while our Ty
values are of similar magnitude to those of the cal-
culated curves, we do not observe the predicted in-
crease in T'yg with bombarding energy.

E. Comparison with the precompound decay model

The precompound model has been very success-
ful in interpreting nonequilibrium emission result-
ing from reactions with light ions.! The extension
of this model to heavy-ion-induced reactions is be-
ing developed by Blann.>*3¢ Application to

O—T—T1T 7T T 1T T
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FIG. 10. Temperature of the NNE source as a func-
tion of the c.m. bombarding energy. The data points are
from Table III, with triangles referring to *C-induced
reactions and circles referring to '2C-induced reactions.
The dashed curve was obtained from Ref. 57. The solid
curve is from a classical orbit picture combined with the
Wilczynski et al. sum-rule model (Ref. 50) (see text).
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heavy-ion reactions is complicated by several ef-
fects.*® For example, since the coalescence period
of the target and projectile nuclei is comparable to
nucleon-nucleon collision periods, particle emission
probably takes place during the coalescence pro-
cess. In addition, the assumption that intrinsic ex-
citations are the only degrees of freedom that need
to be considered may not be valid due to the possi-
bility of exciting collective degrees of freedom. In
order to deal with some of these complications,
Blann®® has adapted an approach referred to as the
modified Boltzmann master equation (BME)
model. In this model a term has been added to al-
low for the time-dependent addition of nucleons
from the projectile to the coalescing system. The
key parameters in the model are the initial exciton
number and transition probabilities (taken from
free nucleon-nucleon scattering cross sections) for
nucleons to scatter from an initial to a final state.

Blann has provided us with calculated spectra
for our cases, which we used to make direct com-
parisons between the BME model and experimental
results.”® Our two-source parametrization dis-
cussed in Sec. III is characterized by an NNE
source temperature of about 5 MeV for all systems,
provided only neutron c.m. energies greater than
10 MeV are considered. In contrast, the BME
model, assuming an initial exciton number equal to
the number of particles in the projectile, predicts
temperatures of 9 MeV for 150-MeV 2C+1%Gd
and 7 MeV for 120-MeV *C+'*Gd.

We further compared the empirical ratios R, de-
fined in Eq. (3), with the same ratios deduced from
a combination of the BME model*® and a com-
pound nucleus deexcitation calculation®® (from
which we obtained the low-energy portion of the
spectrum). The calculated values of R are 0.074
for the 160-MeV *C case, 0.062 for 140-MeV °C,
0.062 for the 150-MeV '*C case, and 0.053 for the
120-MeV 2C case. The corresponding values ob-
tained from our data are 0.154, 0.104, 0.110, and
0.068. (This last value of R is for 124-MeV ?C
rather than 120 MeV.) Thus the high-energy com-
ponent of the experimental neutron spectra in-
creases much more rapidly (relative to the low-
energy component) than is predicted by the BME
model.

The above discrepancies between the BME
model and the experimental results must be viewed
with caution, since they may only indicate that
better choices of initial parameters and/or model
assumptions need to be made. For example, the
initial exciton number, which influences the
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predicted NNE temperature, should be regarded as
a lower limit since it does not take into account ei-
ther collective excitations or the exchange of nu-
cleons between target and projectile. An increase
in the intitial exciton number would lead to lower
temperatures and thus to better agreement between
experiment and theory. Furthermore, the transi-
tion probabilities are very sensitive to the assumed
nuclear density in the overlap (neck) region of the
coalescing nuclei. A value equal to the average
density of nuclear matter was used in the calcula-
tions, but the density may, in fact, be as low as
half this value. A lower assumed density would
result in calculated values of R in better agreement
with experiment. Finally, the BME model has
thus far been developed only for zero angular
momentum, while evidence from y-multiplicity
measurements and the success of the partial-fusion
model in explaining our results both indicate that
NNE is associated with high partial waves. >
More systematic comparisons between experiment
and the BME model are needed before a verdict
can be reached on the usefulness of the model.

F. Comparisons with other models

In the absence of other model calculations made
specifically for the systems under investigation, it
is hazardous to draw conclusions with regard to
the validity of any particular model. On the basis
of the successful parametrization of our results in
terms of two emission sources, as presented in Sec.
II1, we might conclude that the general category of
“hot-spot” models*’~*! should be applicable to our
cases. The hot-spot model of Garpman et al.** has
had some success in explaining the data from the
160+ 154Sm reaction.'> Our results are in many
ways similar to those of Ref. 15, and we can expect
that this version of the hot-spot model would also
be successful if it were applied to our cases. One
interesting aspect of this approach is that signifi-
cant differences are expected between neutron and
proton emission. For the %0+ °*Nb reaction,
charged-particle emission data,*® together with ear-
lier neutron emission data,’® may provide a more
stringent test of this theory.

With regard to the PEP model of Bondorf
et al.,*>* limited comparisons have been made in
the 0+ '**Sm case with inconclusive results.'
One feature of this model which is in apparent
disagreement with our results and those of Ref. 15
is the prediction that nonequilibrium neutrons with

energies above 14 MeV are expected to be emitted
only in the forward direction. We find, in fact, a
significant number of them at backward directions,
as can be seen in Figs. 2—4.

V. RESULTS — INELASTIC COLLISIONS

Measurements of neutron spectra in coincidence
with the PLF in inelastic reactions can be divided
into two groups based on the two experimental
configurations we have used (see Table I): (1) the
higher energy group, consisting of 140- and 160-
MeV BC- and 150-MeV '?C-induced reactions, and
(2) the lower energy group, consisting of 103- and
124-MeV '2C- and 110-MeV "*C-induced reactions.
In group (1), the PLF kinetic energy spectrum ex-
hibits a QE peak and, in addition, a more strongly
damped DI component. An example of such a
spectrum is shown in Fig. 11. The PLF kinetic en-
ergy spectrum is presented for Z =6 in the 150-
MeV !2C reaction (closed points). In group (2),
only a quasielastic peak is evident; a typical spec-
trum for Z =6 fragments is shown in Fig. 12
(closed points). The spectrum of fragments in
coincidence with all neutrons having laboratory en-
ergies above 2 MeV (detected in any of the eight
detectors) is indicated by open points in the two
figures. For energy losses greater than 20 MeV,
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the ratio of neutron coincidence events to PLF sin-
gles is approximately constant, indicating a flatten-
ing of the total neutron multiplicity.
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Because of the poor statistics, we are unable to
provide detailed information on the neutron multi-
plicity in individual detectors as a function of the
energy loss. In addition, results obtained in group
(1) cannot be normalized because of insufficient
coincidence statistics in our normalization run.
(Most of the coincidence events were obtained
while the singles events were being scaled down.)

Neutron spectra for group (1) are presented in
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Figs. 13—18. The data are presented separately
for QE and DI events. The two categories were
defined as follows. For 160-MeV '*C the DI re-
gion covers a fragment kinetic energy range of
50— 120 MeV and the QE region is 120—150
MeV. For 140-MeV "3C the DI region ranges
from 40 to 95 MeV and the QE region ranges from
95 to 130 MeV. For 150-MeV !2C, DI events cov-
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er 50—110 MeV and QE events cover 110— 140
MeV. We draw special attention to two features:
(1) Detector D, situated between the PLF detector
and the beam axis, has the largest number of
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events, and the spectrum has a broad peak around
10 MeV, falling off at higher energies. (2) The
spectra in detectors B, C, D, and E are more close-
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coincidence. Note the peaks in the neutron spectra asso-
ciated with PLF’s having Z =5 and Z =6.

ly bunched in the QE data than in the DI data;
this is especially noticeable for the *C-induced
reactions. We will discuss these points later.

Neutron spectra in coincidence with the PLF are
presented for group (2) in Figs. 19—21. The most
prominent feature of these results is a bump in the
neutron spectra in detector D at an energy of 6—8
MeV. The average velocity of the neutrons that
constitute this bump (3.4—3.9 cm/ns) is nearly the
same as the average velocity of the PLF with
which they are in coincidence (3.3 —4.2 cm/ns).
Figures 22 —24 show neutron spectra in detector D
for Li, Be, B, and C fragments. For '>C the bump
appears only in the boron and carbon channels,
whereas for 13C, the bump is discernible also in the
Li and Be channels.

VI. DISCUSSION — NNE ASSOCIATED
WITH INELASTIC REACTIONS

In most studies of neutron emission associated
with inelastic heavy-ion reactions (Refs.
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20,23,24,28,29), the neutron spectra observed can be
readily accounted for by assuming that the neu-
trons are evaporated from two fully accelerated
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sources, the TLF and the PLF. Only recently has
evidence been presented in two cases that NNE
may be associated with some DI reactions.?**° In
the present case, neutrons evaporated from the
slowly moving TLF are expected to be approxi-
mately isotropic in the laboratory, as the spectrum
in that frame is transformed only slightly from that
in the rest frame of the TLF. Neutrons emitted by
fully accelerated PLF, on the other hand, are ex-
pected to have laboratory angular distributions
strongly peaked at or near the direction of the
PLF, especially in the case of QE events. Using
known velocity distributions of the fragments and
assuming two-body kinematics, we can calculate
the expected neutron spectra with a Monte Carlo
simulation procedure.

However, the representation of the spectrum of
neutrons emitted by the PLF in our case poses
problems not encountered in analysis of experi-
ments involving heavier systems (Refs.
20,23,24,28,29). In these cases, excitation energy
can be considered to be shared between the PLF
and TLF in the ratio of their respective masses, on
the assumption of equal temperatures for both frag-
ments. It is then possible to describe the neutron
emission spectra of the two fragments by the same
Maxwell-Boltzmann distribution. In the present
case, if we assume approximate equilibrium be-
tween the TLF and the PLF, the PLF is likely to
have a low excitation energy ( <10 MeV) and a
correspondingly low (often of the order of 1
MeV ™)) level density of the residual nucleus. For
these reasons it is difficult to relate excitation ener-
gies to temperatures in the case of our projectilelike
fragments. Consequently, it is possible that these
fragments will not emit neutrons with a Maxwellian
spectrum and that, in order to describe their
neutron emission adequately, it will be necessary to
take into account the distribution of states in the
individual nuclei, as well as the widths of the levels
and their variation with angular momentum.

Despite these difficulties, which may lead to prob-
lems when the details of the spectrum shapes are
simulated, there exist definite correlations between
the energies of neutrons emitted by the PLF and
their angular distribution: High-energy neutrons
emitted from the PLF should be detected in a wide
angular range around its direction, whereas neu-
trons having a low energy in the PLF frame of
reference will be detected only in a narrow cone
around the PLF direction. For simplicity, we have
performed a qualitative evaluation of the correla-
tion between the c.m. neutron energy and the neu-
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tron angular distribution using Maxwellian-shaped
neutron spectra for a number of different tempera-
tures. Results of these calculations for 160-MeV
BC+157Gd are presented in Fig. 25. We note that
for T'=0.5 the shape of the high-energy tails for
these spectra in detectors C and D are reasonably
well reproduced (see Fig. 13). However, the calcu-
lations do not show a significant number of fast
neutrons for detector E, which is contrary to exper-
imental results. Calculations for T'> 1.5 MeV do
predict a relatively large yield of fast neutrons in
detector E, but in this case the high-energy tail of
the neutron spectrum for detector D extends to
much higher energies than observed. Furthermore,
none of the cases shown in Fig. 25 reproduce the
relatively high neutron yield observed in detector
B. Thus, the calculations, using a Maxwellian
spectrum for the neutrons emitted by the PLF and
containing the assumption that the emission takes
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and '’Gd. T is the temperature parameter [Eq. (2), see
text].

place from fully accelerated PLF, cannot reproduce
simultaneously the energy and angular variations of
the spectra observed.

By contrasting the neutron spectra observed for
QE with those for DI events from the same reac-
tion, we obtain further indication that not all neu-
trons emitted by the PLF are emitted after it is ful-
ly accelerated. The DI fragment velocities are
lower than those of QE products, and the available
excitation energies for the deeply inelastic PLF are,
therefore, probably higher than for QE events.
Both these facts should cause the angular distribu-
tion of neutrons to be more nearly isotropic for DI
than for QE events. Comparing Fig. 13 to 14, 15
to 16, and 17 to 18, we see that, generally, the op-
posite is true. The fragment angular distribution

~ for QE events tends to peak at the grazing angle,

which is near the PLF telescope angle for the cases
of group (1) and somewhat inside it for the cases of
group (2). (This situation can be contrasted with
the forward-peaked distribution of DI products.)
This could cause some of the observed bunching of
neutron spectra for QE events, but not over the en-
tire angular range observed for the neutrons.

We now consider a possible explanation of the
peak in the neutron spectra located in the vicinity
of 8—10 MeV. This peak is observed only in the
data from detector D for group (2) experiments. In
these group (2) experiments, detector D was located
very nearly behind the PLF telescope (see Table I).
A very strong correlation between the neutron and
PLF emission directions clearly exists for this peak
since it does not appear in adjacent neutron detec-
tors, which are located at 23° (C) and at 48° (E) re-
lative to the PLF direction. [The broad bump in
detector D in group (1) experiments could be due
to this same phenomenon. We suggest that it is
significantly suppressed due to the 5° difference be-
tween the angle of detector D and the direction of
the PLF.] In addition, the neutron velocity at the
peak is approximately equal to that of the PLF.
Evidently, in some events a neutron accompanies
the PLF at a similar velocity. The multiplicity of
these events is estimated to be very small. If we
assume that all of the neutrons in this type of event
are emitted into the solid angle of detector D (~25
msr), we obtain an overall multiplicity of six
“neutron-accompanied” PLF’s per 1000 events.
We also recall (see Figs. 22 —24) that these
neutron-accompanied PLF’s are isotopes with
Z =5 or 6, but not with Z =3 or 4, for 2C-
induced reactions.

A possible explanation of the origin of the peaks



2066 A. GAVRON et al. 24

TABLE IV. Neutron-unbound states in PLF nuclei.

Parent nucleus S,? (MeV) E** (MeV) I'® (keV) [
Li 7.251 7.467 89 + 7 9.6°
i 2.033 2.261 36.5 9.8°
$Be 18.900 18.91 48 + 20 2.0°
Li 4.053 4.31 250 + 30° 10.3°
9Bef 1.6651 1.680 210 + 25 2.5°
10Be 6.8120 7.371 15.7 14.6°
log 8.435 8.889 84 13.3°
g 11.456 11.61 150 + 508 7.9°
12g 3.369 3.3884 <14 2.8°
2¢ 18.722 18.80 80 + 30' 5.6°
3g 4.880 5.023 ? 7.5°
3g 4.880 5.109 60 + 8 9.6°
B¢ 4.9464 9.498 5 6.6°
4c 8.1770 8.3183 34 + 06 7.5°

®Neutron separation energy.
"Excitation energy of state.
‘Width of state.

4Maximum opening angle of the emission cone (in the laboratory) of the neutron emitted by

a PLF with 9 MeV/nucleon kinetic energy.
€
rtmal'

Note that this state would decay to unobserved *Be—a +a.

e, + Ty
b, =3.1eV.
Ty+T,+T,.

IThis state decays to the 4.439-MeV, 2+ level in 2C. The other states listed decay to the

ground state of the daughter nucleus.

is that they are due to the decay of specific states
in the PLF whose excitation energies are less than
a few hundred keV above the neutron separation
energy for the PLF nucleus involved. The decay of
such states would result in neutron emission local-
ized within a narrow cone about the direction of
the PLF. Owing to the low kinetic energy released
in the decay, the neutrons would have a narrow
distribution of velocities centered about the PLF
velocity. From considerations based on rotation
frequencies and on the time required for Ruther-
ford trajectories, we estimate the typical interaction
time in our cases to be of the order of 5 107! s.
If we initially require that the probability of decay
of the excited state during this time be less than
10%, then the maximum permissible level width is
about 15 keV.

In order to investigate further the possible ex-
planation discussed above, we have examined
known states®® having finite neutron widths and in-
volving low kinetic energy release for all nuclei
with Z =3—6 and A =6—15. The levels with en-
ergies and widths that are closest to satisfying the

above requirements are shown in Table IV. It can
be seen that only levels in 2, 13C, and '“C actual-
ly satisfy the requirements. '’B has a state at
3.3884 MeV (c.f. S, =3.369 MeV) with "' < 1.4
keV; 13C has a state at 9.498 MeV (c.f. S, =4.9464
MeV) with I'=5 keV that decays to '*C at 4.439
MeV, and 'C has a state at 8.3183 MeV (c.f.

S, =8.1770 MeV) with T',, =3.4+0.6 keV. The
fact that suitable states exist only in boron and car-
bon may explain why the bumps observed are
predominantly associated with PLF having Z =5
and 6 for the '>C-induced reactions.

If the above stringent requirements are relaxed
slightly, it is seen that the states listed in Table IV
for "Li, ®Li, and '°Be could also lead to peaks in
detector D for events with Z =3 or 4. These are,
in fact, observed for *C-induced reactions (see Fig.
24). The difference between the '2C and *C results
(spectra associated with products of Z =3 or 4 ex-
hibit structure only in the latter case) may find an
explanation in the differences between the primary
mass distributions of the PLF, since that for 13C is
probably more neutron rich. We note that the ab-
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solute yield of neutrons is larger in the case of the
BC-induced reactions, which is expected on the
basis of the above considerations.

SUMMARY AND CONCLUSION

Nonequilibrium neutron emission associated
with evaporation residues and with inelastic reac-
tions has been studied in 2C+!**Gd and
BC+157Gd reactions from 103 to 160 MeV. NNE
was observed in all cases investigated. NNE asso-
ciated with ER was successfully parametrized in
terms of two moving sources. The velocity of the
NNE source was found to increase with increasing
bombarding energy, while the source temperature
remained constant at about 4 MeV. No significant
difference in NNE was observed between '2C- and
BC-induced reactions. The model of generalized
critical angular momentum for partial fusion of
Siwek-Wilczynska et al.® and the sum-rule general-
ization of this model by Wilczynski et al.*® ex-
plained many aspects of our observations, such as
the lack of a projectile structure effect, the ob-
served NNE multiplicities, and the properties of
the NNE source. Comparisons with the precom-
pound decay model of Blann were made. The
agreement between experiment and theory was
poor in this case, but our results may provide valu-

able input to the further development of this
model.

NNE associated with deeply inelastic and
quasielastic reactions was also observed. It was
not possible to obtain a parametrization of the
results in terms of simple statistical emission from
fully accelerated targetlike and projectilelike frag-
ments. “Bumps” were observed in neutron spectra
associated with certain projectilelike products, but
only when the neutron detection angle was similar
to the detection angle of the coincident PLF. An
explanation of these bumps in terms of the excita-
tion and decay of neutron-unbound levels with low
kinetic energy release may be appropriate.

While further work is needed to broaden the
data base with which model comparisons can be
made, our results make a significant contribution
to NNE systematics. It is our hope that the pro-
ponents of specific models of nonequilibrium emis-
sion will make use of the data presented here, as
well as elsewhere, and examine the validity of their
theories with reference to a broad range of systems.
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