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Neutron time-of-flight spectra and angular correlations were obtained in coincidence with y rays characteristic of
the xn (x = 8,9, 10) and axn (x = 7,8) fusion-like products in reactions of 151.9 MeV "0with ""Sm. The spectra at
all angles (20', 70', 100, 151') clearly indicate the presence of nonequilibrium neutron emission. The energy spectra
can be represented in terms of isotropic emission in the rest frames of two moving sources. The slower of these
moves with the speed of the center of mass; its emission corresponds to a temperature of —1.7 MeV. The faster
source, characterized by a temperature of 5 to 6 MeV, has a velocity of -0.4 of that corresponding to the projectile
energy above the Coulomb barrier. The yield of fast neutrons as a function of the exit channel is found to be in good
agreement with the predictions of an extended incomplete fusion model. Comparisons are made with other models
that lead to emission of fast neutrons.

NUCLEAR REACTIONS ~ 48m( 0, xn) "Yb x =8-10; Sm( 0, nxn)
"Er, x=7, 8; E =151.9 MeV; measured erg„, 8„); deduced temperatures,

source velocities and yields of equilibrium and pre-equilibrium neutrons, inter-
action times; compared with incomplete fusion, PEP, and hot-spot models.

I. INTRODUCTION

Nonequilibrium emission of particles is well
known in fusion reactions induced by light ions, '
but for heavy-ion reactions, investigations of this
effect are sparse. A characteristic feature of
nonequilibrium emission of particles is the pre-
sence of a high-energy, forward peaked com-
ponent in the energy spectra of the emitted par-
ticles. This was first observed by Britt and
Quinton' in singles spectra of charged particles
from reactions of "C, "N, and "0 on Au and Bi
targets at 10.5 MeV/nucleon of incident laboratory
energy and later by Galin et al. ' in reactions of
"N on '"Rh at 5. 8 and 8.6 MeV/nucleon. Since
in addition to fusion other processes such as
deeply inelastic and quasielastic reactions are
now known to occur under the above conditions,
detection techniques must be used which associate
the nonequilibrium emission with the appropriate
process. During the past few years, experiments
specifically designed to select particles associated
with the fusionlike exit channels have been carried
out, usually by selecting particles in coincidence
with y rays characteristic of the de-excitation of
individual residual nuclei. ' " Evidence from
y-ray side feeding patterns 6'8'x"'3 excitation
functions, ' and y-ray multiplicities' indicates
that the high-energy forward-peaked charged

particles originate from a narrow range of par-
tial waves at high l in the entrance channel.

Such reactions have been called incomplete
fusion, ""massive transfer, "' or breakup fu-
sion. " Several models have been proposed to
describe them: the classical generalized critical
angular momentum model" and two quantum-
mechanical models involving distorted-wave cal-
culations. '"" All assume that the fast particles
are essentially spectators and have left the scene
before fusion is complete. They predict that the
interaction is predominantly peripheral (large
impact parameters). Other models of nonequili-
brium emission have been proposed for heavy-ion
reactions in this energy range. In one class of
models (precompound emission, ' hot spots" ) the
fast particles are emitted from localized regions
of high excitation before energy equil. ibration is
complete. In another class [Fermi jets,"prompt
emission of particles (PEP)'""] the high particle-
emission energies arise from the coupling of the
internal Fermi motion with the relative motion
of the colliding nuclei. Both of these classes of
models may involve central collisions (small
impact parameters).

The angular distribution of the energetic charged
particles is affected by the Coulomb field which
may cause focusing" or shadowing" effects.
Therefore it seems worthwhile to investigate
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neutron emission in spite of the additional ex-
perimental complexity associated with neutron
measurements. Another reason for studying
neutrons is that the role of the Fermi motion
should be more clearly visible in the emission
of nucleons than of larger fragments.

Neutron spectra associated with various heavy-
ion fusion channels have been measured by means
of the y-ray coincidence technique. ' For "'Gd
bombarded with "C at 12.7 MeV/nucleon (com-
pound nucleus ',",Yb), Westerberg et af.' found
a substantial nonequilibrium component in the
neutron spectra associated with various isotopes
of 70Yb and „Er. In contrast, no nonequilibrium
neutrons appear for 8.7 MeV/nucleon "Ne on
'"Nd even though this system leads to the same
compound nucleus at the same excitation energy. '
In a recent experiment in which fusion events
were selected by detection of evaporation resi-
dues, Petitt et al." have found a nonequilibri-
urn component in the spectra of neutrons
from reactions of 208-MeV "Q and "Nb. The
same experiment also revealed that an excess of
high-energy neutrons is in coincidence with deep-
inelastic fragments. A similar result has been
reported" for "0+"'"Ni; earlier searches for
such effects in strongly damped collisions were
negative. "'" An attempt to systematize such
observations was made by Hilscher et al." They
tried to correlate the projectile energy per nu-
cleon above the Coulomb barrier with the pre-
sence or absence of nonequilibrium effects, but
the paucity of data did not permit firm conclu-
sions.

We have discussed in other papers""'" the
relationship between saturation of the y-ray
multiplicity (M„) as a function of bombardment
energy in particular (HI, zn) exit channels and the
occurence of nonstatistical neutron emission. It
is shown in Ref. 26 that the variation with pro-
jectile energy of (M„) in particular xn channels
can be accounted for quantitatively by assuming
a mechanism of incomplete fusion" that is lo-
calized in angular momentum near l„ the maxi-
mum angular momentum participating in corn-
plete fusion. The incomplete fusion picture of
Siwek-Wilczynska et al."does not make definite
predictions about the shape of the neutron spec-
trum, but the spectra would be expected to ex-
hibit the characteristics of emission from a
source (the projectile) moving rapidly in the
center of mass system. The model does lead to
definite predictions about the relative yield of
fast and equilibrium neutrons from individual
gn channels. " Comparisons of results from the
neutron spectra with these predictions will serve
to test the validity of this picture.

Predictions of neutron energy spectra, angular
distributions and cross sections for the non-
equilibrium neutron emission have been made by
the PEP model of Bondorf et al.""which is
based on the coupling of the internal Fermi mo-
tion with the relative velocity of the colliding
nuclei. Central collisions are believed" to play
a larger role in this model than that of Ref. 10.
This may lead to different shapes of the fast
neutron spectrum and/or of the angular distribu-
tions.

In view of the marked difference' between
"C+'"Gd and "Ne+'"Nd, it seemed desirable
to study neutron emission from the "'Yb com-
posite system with a projectile intermediate be-
tween "C and "Ne. The system chosen was "O
on" Sm at a bombarding energy of 151.9 MeV
since other experiments" ' had shown that se-
condary effects of nonequilibrium emission are
evident in this system, namely long-tailed ex-
citation functions and saturation of the average
y-ray multiplicity with increasing bombarding
energy.

The neutron spectra were obtained by the time-
of-flight method in four detectors at angles from
20 to 151 . The angular distributions are more
complete than in our earlier work' and provide
more information for the understanding of the
reaction mechanism.

II. EXPERIMENTAL METHODS

The apparatus and methods of analysis were
basically similar to those used in the study of
"C+"'Gd by Westerberg et al. ' except that the
reaction chamber was the larger one (49.5-cm
diam) described in Ref. 27. The experimental
arrangement included six light-particle tele-
scopes in the median plane (horizontal) and the
"Urchin" array of seven individually shielded
NaI detectors~ mounted below the chamber. Data
were obtained simultaneously from the telescopes
and the neutron detectors. Only the neutron spec-
tra and angular distributions will be presented
here; a brief account of the charged-particle
spectra and the associated y-ray multiplicity data
has been published. " The counting statistics for
the high-energy neutrons were not adequate for
determination of the associated y-ray multi-
plicity.

A. Beam and target

A 152.9-MeV ' 0"beam from the Oak Ridge
Isochronous Cyclotron bombarded a 1.3 mg/cm'
rolled target of samarium metal enriched to
98.69/ in '~8m. The target was tilted at 10 to
the beam direction and mounted on a frame bent
at 20' to avoid shadowing of any detector. The
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effective target thickness was 1.4 mg/cm'. The
mean energy of bombardment was 151.9 MeV,
corresponding to an excitation of 121.0 MeV in the
compound nucleus "'Yb.

As in all earlier experiments of this se-
ries,""""the beam was focused on the target
nondispersively by means of a crossover in the
switching magnet. " The only beam collimator
was at this crossover; none were used in the
vicinity of the reaction chamber. The target spot
was ~ 2 mm in diameter, much smaller than the
aperture in the target frame (17.5-mm diam), and
there was no indication of a halo. The beam
passed through the target and was collected in a
large Faraday cup (10-cm diam, 1.7-m long).

B. Detectors

The Ge(Li) detector was placed 7.6 cm from
the target at 45' on the side of the beam opposite
to the particle telescopes. The counting rate in
this detector was kept below 8000 counts/s by
limiting the beam intensity to 3 nA. The photo-
peak efficiency as a function of y-ray energy was
deduced from measurement with y-ray sources
of known strength placed at the target position.

The neutrons were detected in four large plastic
scintillators (NE-102), 7.6-cm-thick cylinders
of diameter 30.5 cm with their axes intersecting
the beam spot on the target. Each one was viewed
through air at a distance of 30 cm by a 13-cm
diam 2.0 ns-risetime phototube (RCA-4522). A

conical housing coated on the inside with TiO,
reflective material supported each scintillator-
phototube combination. Two of these detectors
had been used in the '~C +" Gd measurements.
The detector axes were in the median plane at
polar angles 8 =20', VO, 100', and 151 on the
same side of the beam as the Ge(Li} detector.
The entrance faces were at distances of 110,
100, 90, and 80 cm, respectively, from the tar-
get. Their efficiencies for neutron detection as
a function of pulse-height threshold were taken
from Monte Carlo calculations for various neutron
energies described in Sec. II 8 of Ref. V. Setting
of the thresholds and a check of the efficiency
are described in the next section.

Events with time of flight longer than that cor-
responding to 2-MeV neutrons were discarded
because of (a) possible contamination with scat-
tered neutrons (the test described in Ref. 7
showed such contamination should be negligible
above 2 MeV), and (b) uncertain neutron efficiency
at such energies (the minimum threshold used
corresponds to the maximum light output obtained
from 1.5 MeV neutrons}.

Neutron interactions with the material near
the target can introduce systematic errors in the

absolute cross sections and spectrum shapes.
The ports of the reaction chaxnber were covered
with 0.6 cm Al plates and the wall between the
ports reached a maximum thickness of 1.2 cm Al.
The outscattering of neutrons initially headed
for the detectors is estimated to be only a few
percent and no correction was applied to the
absolute cross sections. Scattering of neutrons
in the chamber walls should not affect the spec-
trum shape significantly since the total cross
section in the energy range of interest varies
little with neutron energy and is dominated by
elastic scattering. Inscattering from the mas-
sive Pb shield of the Urchin, as mentioned above,
was shown to be negligible above 2 MeV by the
shadow-shield test of Ref. V; the shadow shield
was carefully shaped and positioned to minimize
attenuation of the background radiation produced
by the Urchin.

Energetic neutrons may be simulated by delayed
y rays from isomers produced in the target and
from (n, s'y) events in the Urchin shield or the
chamber walls, but the following arguments indi-
cate that these effects were not significant. First,
most of the reactions lead to nuclei that are good
rotors and we therefore do not expect significant
yields of isomeric states with few-ns lifetimes.
Second, both types of background should be corre-
lated only weakly with detector angle, but as will
be seen later the energetic component of the neu-
tron spectrum changes significantly with both
angle and channel. Finally, we reiterate that in
the "Ne+'"Nd reaction, which was studied with
very similar apparatus, events corresponding to
high energy neutrons are practically absent. '

C. Data acquisition and analysis

A coincidence between the Ge(Li} detector and
any of the scintillator triggered circuits that
digitized the linear signals and then transmitted
the results to the on-line computer (SEL-84QA).
The data for each such event included the Ge(Li)
pulse height, a timing signal, the scintillator
pulse height, and a bit pattern telling which
counter(s) had fired. The data-acquisition pro-
gram wrote the data on tape, event by event. It
also offered, for purposes of monitoring, several
options for on-line display of the data during
accumulation.

The timing signal was generated by a time-to-
amplitude converter (TAC). The start pulse was
obtained from a coincidence between the Ge(Li)
logic signal and one of the train of pulses derived
from the cyclotron rf (repetition period 111.2 ns).
The stop pulse came from the plastic scintillator.
Full scale on the TAC corresponded to over 3
rf periods. The time spectra typically showed a
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sharp peak ("y flash" ) at short times due to
y rays detected in the scintillator and, at longer
times, a broad continuum due to neutrons with
approximately equal total intensity. Two small
peaks were observed due to random coincidences
of a Ge(Li) pulse with the y flashes of the next
two beam bursts. These gave an accurate cali-
bration of the time scale and a measure oI the
random coincidences (&0.5%).

For data accumulated over periods of several
minutes, the time resolution of the prompt flash
was typically 3 ns full width at half maximum
(FWHM), increasing to -4 ns for the lowest pulse
heights of interest. However, cyclotron tuning
and slow drifts often changed the phase of the
beam bursts with respect to the rf by several
ns, as had been noted earlier. ' These shifts were
largely eliminated during the tape playback. The
scanning program calculated the centroid of the
y flash for each group of 500 prompt events and
evaluated the timing of the next group of events
with respect to this centroid. The choice of 500
prompt coincident events in each neutron detector,
based on the need for adequate statistics for
locating the centroid, corresponded to adjust-
ments of the centroid roughly 10 times/min during
the cyclotron run; this was adequate to eliminate
the slow drifts entirely. The energy resolution
for the detector at 110 cm was +0.15 MeV for
2.5-MeV neutrons and + 1.4, -1.2 MeV for
10.5-MeV neutrons. For the closest (80 cm)
detector, the corresponding figures are +0.2 MeV
and +2.0, -1.6 MeV.

The seintillator pulse-height information was
used during playback to discriminate against y
rays detected by the scintillators. First, some
tape was scanned to generate a two-parameter
plot of pulse height vs time of flight for each
seintillator. Nearly all of the unwanted y-ray
events in this array were found to be well se-
parated from the neutron events. When the tapes
were played back to produce the Ge(Li) spectra
(Sec. II D), software masks accepting only neutron
events in each scintillator were incorporated in
the program. The locus of the prompt y-ray
events in the two-parameter arrays also provided
a measurement of the amplitude dependence of the
timing ("walk" ). Although the effect was minor,
certainly much smaller than in the previous work'
due to use of better discriminators, it was cor-
rected during playback of the tapes.

The neutron-counter efficiencies were taken
from Monte Carlo calculations described in See.
II B of Ref. 7. The effective thresholds were
determined by the lower boundaries of the masks
and were different for each time bin. For the
longest times the lower boundary corresponded

to the maximum pulse height deposited by 1.5-MeV
neutrons; for the short times (high energy neu-
trons) it corresponded to 2.2 MeV. A trial scan
with another mask starting at a higher pulse
height gave a decrease in the number of neutron
events exactly as predicted by the efficiency cal-
culations, thus giving confidence in their ac-
curacy.

As mentioned earlier, the experiment included
six char ged-particle telescopes. The number
of linear signals that could occur in one event was
thus very large (21), far more than the number
of available digitizing circuits. Groups of signals
were therefore multiplexed, with the contributions
from the individual detectors sorted out on play-
back by means of the identification bits. The
pulse-height signals from the four scintillators
shared one amplifier and all the timing signals
went to one TAC. Events in which more than one
neutron detector fired could therefore not be
used and mere discarded during tape playback.
From the geometry, efficiencies, and average
neutron inultiplicity (-9 from the data of Ref. 26)
one expects about 4% of the neutron events to
include detection of a second neutron. However,
since the number of events in the y flash was
about equal to the number of neutrons, the frac-
tion of multiple events should have been 8%; this
includes events in which an otherwise valid neu-
tron event was lost because a prompt y was de-
tected in the same scintillator. This expectation
was borne out by examining a small sample of
scintillation-counter events from one tape: out of
334 events, 27 (8.1%) were found to be accom-
panied by a pulse in one of the other scintillators.
The yields were accordingly increased by 8%
when the cross sections were calculated.

D. Ge(Li) spectra and cross sections

The data finally produced from the tape play-
back consisted of four series of Ge(Li) spectra,
one series for each scintillator, for time win-
dows corresponding to various intervals of neu-
tron energy. Peak areas were then extracted for
two or three lom-lying characteristic transitions
in "'Yb, '"Yb, and '"Yb (8n, 9n, and 10n chan-
nels) and in "'Er and "'Er (u7n and a8n chan-
nels) by use of a semiautomatic peak-fitting
program. Fits were first made to groups of one
to five peaks in a spectrum with good statistics
[usually the sum of all Ge(Li) spectra over all
time bins and angles]. The peak position and
width parameters were then held fixed for fits
of the same peaks in the individual spectra.

The peak areas were converted to double-dif-
ferential neutron cross sections per unit solid
angle and unit energy with the known counter solid
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angles and efficiencies, target thickness, and

integrated beam current. The "0 ions were
assumed to be fully stripped after passing through
the target. Corrections were included for in-
ternal conversion, target tilt, and the multiple-
event loss referred to in the preceding section.
The n-y angular correlation effects were not
calculated; they should be small because the
Ge(Li) detector was placed at 45', near the zero
of P~(cosa)

At each angle the neutron spectra for the two or
three transitions belonging to the same product
nucleus were of similar shape. For improved
statistics, they were combined in a weighted
average and normalized to the intensity in coin-
cidence with one transition in each nucleus (the
2'-0' transition for ' Yb and '"Er, the 4'-2'
for '~Yb, and the —, -—, for "'Yb and '"Er) since
these transitions had, within the uncertainties,
the same relative intensities as the total cross
sections measured earlier" with much better
statistics. With the exception of "'Yb, there is
no branching above these transitions. The side
feeding of levels below these transitions was
assumed to be insignificant. Thus the cross sec-

tions observed for these y rays were taken as the
cross sections for the corresponding channels.
The situation is more complicated for "'~,
where in similar reactions new data" have shown

that parallel bands are appreciably populated
and about half the de-excitations do not go through
the —, --,' (232-keV) transition. Accordingly,
the cross section for the 9n channel was obtained
by doubling the observed cross section for the
232-keV transition. A similar procedure was
foond necessary jn studies of C + Gd and Ne
+"'Nd to bring the 9n excitation functions into
line with those for the Bn and 10n channels. "

III. RESULTS

The neutron spectra in the laboratory system
from the four angles of 20', '70', 100', and 151'
relative to the beam direction are shown by the
points in Figs. 1 and 2. The neutron spectra
observed in coincidence with y rays characteristic
of '"'""'"Ybnuclei are associated with 8n, 9n,
and 10n emission and are shown in Figs. 1(a),
1(b), and 1(c), respectively. The neutron spectra
associated with the production of '"Er and "'Er,
the atvn and n8n products, are shown in Figs.
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FIG. 1. Energy spectra of neutrons from 152 MeV ' 0 on '~ Sm recorded by time of Qight in coincidence with several
transitions observed in the Ge(Li) detector characteristic of the 8+, 9z, and low exit channels. The points give the
measured laboratory cross sections. The solid curves are the simultaneous least-squares fits to all the data of the
spectrum from two independent moving sources. The dashed and dash-dotted curves give the spectra from the slower
source (having the center-of-mass velocity) and the faster source, respectively. The dotted lines are the least-
squares fits of the rapidly moving source with the velocity fixed by a classical orbiting model (see text).
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2(a) and 2(b). The enhanced emission of ener-
getic neutrons at forward angle is clearly seen
for the 8n, 9n, nvn, and z8n products. The cross
sections given in Figs. 1 and 2 when integrated
over neutron energy and angle are in good agree-
ment with the total cross sections for the cor-
responding exit channels given in the preceding
paper.

In Fig. 3 we show the laboratory neutron spectra
summed over the observed five exit channels from
Figs. 1 and 2. These spectra represent the bulk
of the neutron cross section for fusionlike pro-
cesses, as the yields associated with other fu-
sionlike products were much smaller.

The summed spectra of Fig. 3 and those from
the ("0,8n) channel are shown in Figs. 4(a) and

4(b), respectively, as a function of the center-
of-mass angle (binary '"Yb+n division) for
various indicated c.m. neutron energies. The
points are from the fits shown as solid lines in
Figs. 8 and l(a), respectiveiy, and the lines are
drawn to guide the eye. The correlations for
the low neutron energies exhibit symmetry about
90 and a minimum at 8, =90, as expected
for equilibrated compound nucleus systems. For
higher neutron energies progressively stronger
forward peaking is observed in this frame of
reference, indicating the presence of a non-
compound mechanism.

FIG. 3. Neutron energy spectra obtained from the sum
of the five identified exit channels shown in Figs. 1 and
2. The curves have the same meaning as in Fig.l and
were obtained by an independent fit.

The results shown in Figs. 1-3 are subject to
the limited statistical accuracy introduced by the
requirement for coincidences with peaks in the
Ge(Li) detector. In order to present neutron
spectra of better statistical accuracy, although
from less well specified processes, we show
in Fig. 5 neutron spectra coincident with any pulse
observed in the Ge(Li) counter. This coincidence
requirement introduces weights for the various
exit channels comprising these spectra in accor-
dance with their y-ray multiplicity. Processes
such as quasielastic or deep inelastic scattering
that are probably associated with lower (M„)
contribute less to the spectra of Fig. 5 than they
would to singles measurements. The results in
Fig. 5 are given in the center-of-mass system
for a ('"Yb+n) binary division.

IV. ANALYSIS AND DISCUSSION

A. Comparison with the model for incomplete fusion

According to the incomplete fusion picture of
Siwek-Wilzcynska et al. ,"if the entrance channel
angular momentum exceeds a critical angular
momentum l„no fusion can occur unless the
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FIG. 4. Angular correlations of neutrons of the indi-
cated energies associated with the sum of the observed
fusion channels and with the ( 0, 8n) channel. The
points are from two-component fits of the spectra.

projectile emits a fragment which removes
enough angular momentum so that the orbital
angular momentum of the remaining portion of
the projectile is now below its own l, for fusion
with the target. This picture leads to a hierarchy
of incomplete fusion processes in which succes-
sively larger pieces of the projectile are ejected.
They are localized in l space at successively
higher angular momenta, as has been observed
experimentally for charged-particle frag-
ments. "'" If we consider only (Hi, xn) reac-
tions, this hierarchy will correspond to emission
pf1n, 2n, 3n, etc. , from the projectile prior to
fusion. The regions of the entrance channel l
space in which these fast neutron emission pro-
cesses are localized will overlap with regions
in which other incomplete fusion processes can
occur. For the "0+'"Sm system the most im-
portant other exit channel will involve n emis-
sion from the projectile. " Since neutron emission
frpm projectiles such as C, ' 0, pr Ne cannpt
compete favorably with z emission for the same
region of high l values because of the much higher
neutron separation energy, significant fast
neutron emission from incomplete fusion may not
appear until the threshold energy for any incom-
plete fusion corresponding to l, is appreciably
exceeded in the entrance channel. . This behavior
was observed in the "threshold" for fast neutron
emission discussed in Ref. 26 on the basis of
saturation seen in the (M„) values as a function
of beam energy.

The physical picture for incomplete fusion dis-
cussed in Ref. 10 involves the emission of frag-
ments of the projectile very early in the reaction

10 =

IO',—
i . I I I 1

0 IO 20 0 IO 20
E-n, CM {MeV)

FIG. 5. Center-of-mass neutron spectra recorded by
time of flight in coincidence with any pulse in the Ge(Li)
detector. In addition to fusionlike events neutrons from
other processes such as deep inelastic reactions contri-
bute with weights in proportion to their y-ray multipli-
city. The curves have the same meaning as in Fig. 1.

process when the projectile velocity may still
be appreciably greater than the velocity v, of
the center of mass of the initial system. It seems
therefore natural to describe the spectral shape
of the fast neutrons in terms of emission from a
fast moving source. For simplicity we adopt for
the spectral shape in the rest frame of the source
the form commonly used in studies of projectile
fragmentation reactions" 34 in high energy heavy-
ion induced reactions, namely an isotropic
Gaussian momentum distribution,

d3
d, ~exp(-p'/2s'),

where M„ is the nucleon mass.

where p is the neutron momentum. The variance
g' of the momentum distribution of fragments of mass
number A& from a source of mass number A, in the
rest frame of the source is related to the Fermi
momentum P~ of the nucleons in the source by

s,' =s '(A, —I)/(A+ -A&') =Pr'/5. Goldhaber
has shown" that an identical form for the frag-
ment moxnentum distribution is obtained under the
assumption that the excited projectile decays
after attaining approximate thermal equilibrium.
The width parameter for the neutron emission
is then expressed in terms of the source tem-
perature v by

s,' =M„r(A, —1)/A, , (2)
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Since the fast neutron spectra experimentally
observed are superimposed on a spectrum due to
evaporation of neutrons by the equilibrated fused
system, we describe the observed neutron spec-
trum in the laboratory by a sum of two terms,

d'o NrEn' ' —(En —2v' y E„cos8 +y)
d E&Q 2(n'T) ~~2 T

N 'E„'~2 —( E„—2 4 e E cos8 + e )

(3)
The first term in Eq. (3) gives the spectrum of
the "soft" component, the neutrons evaporated
by the fused system moving with the center-of-
mass velocity v, . The constant N~ is pro-
portional to the neutron multiplicity, T is the
temperature, and y =2 M„v, '. For this equili-
brium spectrum we have used the form derived
by LeCouteur" for an equation of state E~ =aT',
where E~ is the excitation energy and e is a con-
stant, and we have approximated the —,', exponent
of E„by & in the pre-exponential factor. The
second term in Eq. (3) represents the momentum
distribution of Eq. (1) transformed to an energy
and angular distribution with the momentum width
s expressed in terms of the equivalent "tern-
perature» r from Eq. (2). The constant N~' is
proportional to the multiplicity of neutrons emit-
ted by the fast moving source and E =

& M„v,',
where v, is the velocity of the fast source. The
emission of the neutrons from this source was

assumed to be isotropic in its rest frame. The
soft component was allowed to have an angular
distribution given by

Nr=Nr'[1+A, P, (cos8, )]

in its rest frame. The data support a small A,
for the slow component, but the fast component
appears to be consistent with isotropic emission
in the frame of the fast moving source.

In fitting Eq. (3) to the data, the quantities
N~', N~', A„e, 7' and 7 were allowed to vary.
The effective temperature T for the soft com-
ponent in this reaction is expected to be in the
range of 1.4-2.0 MeV. The parameters deduced
from these fits are summarized in Table I. The
fraction f of fast neutrons is given by f=Nr'/
(N~'+Nr ). The small number of fast neutrons
associated with the 10n channel did not permit
simultaneous variation of all the parameters; for
this channel, and for ~8m as well, some
parameters were held fixed. Parameters are
also given from fits to the sum over the xn
channels, over all the (xn +xon) channels, and
for neutrons in coincidence with any y ray. The
last column in Table I gives the velocity of the
fast source in terms of e~, which is the projectile
velocity in the interaction region which corres-
ponds to the projectile energy in excess of the
Coulomb barrier (calculated with a radius para-
meter of 1.44 fm).

The solid lines in Figs. 1 and 2 are the fits to

TABLE I. Parameters from two-source fits to Eq. (3) of the neutron spectra from ' 0
+ Sm at 152 MeV and C+ Gd at 152 MeV (Ref. 7). The quantity f =Nz l(1V& +N& ) is the
fraction of neutrons due to the fast component. A2 is the coefficient of P2(cosg) in the angular
correlation of the soft component. The velocity of the moving source of fast neutrons, v„ is
expressed in terms of v&, the projectile velocity above the Coulomb barrier. Underlined num-
bers are estimated statistical uncertainties in the least significant digits.

Reaction

~60+ ~54Sm

8n
9n

10n
a7n
nSn
zen
zbn+ nxn)

N~ 0

684 42
2045 135

820 110
380 47
573 49

3528 213
4429 215

Np

180 36
250 80
42 8
91 32
85 17

626 112
890 220

A2

0.13 5
0 13K
0.13 a

0.10'
0.10'
0.20 ~

0.20

20.8 42
10.9 36
4.9 11

18.9 80
12.9 29
15.0 29
16.7 40

T
(MeV)

1.98 14
1.55 10
1.41 14
1.78 20
1.62 15
1.51 8
1.53 10

T

(MeV)

6.1 8
5.4 11
5.77'
4.9 10
4.9 15
5.2 6
4.9 8

v, /v p

0.60 10
0.36 15
0 40
0.40 20
0.40'
0.40 15
0.39 10

231 4 1.69 15 0.10 6.8 6 1.59 2 4.27 12 0.28 2

12C+158Gd

8n
9n

10n

24 3
43 3
71 4

16 0 14 0
15.3 14 0 ~

11 1 21 0~

40 6 17~
26 3 17~
13 3 1.7 a

6.8 9
8.1 12
7.5 24

0.3 2

0.25 26
0.23 50

Parameter kept constant for this fit.
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Eq. (3) with the parameters given in Table 1. The
dashed and dash-dotted lines in Figs. 1 and 2
correspond, respectively, to the neutrons from
the slow and fast moving sources. Similar re-
sults for the summed spectra of Fig. 3 are shown
by the solid, dashed, and dash-dotted curves
corresponding to the total, slow, and fast com-
ponents of the neutron spectrum. From a com-
parison of the experimental data with these fits
it is clear that Eq. (3) accounts very well for both
the energy and angular correlations of the neu-
tron spectra.

The most striking result from Table I is the
velocity of the fast source, namely v, =(0.4 +0.1)
v~. A value considerably nearer e~ might be ex-
pected on the basis of the simple picture for in-
complete fusion. " Indeed, the measured spectra
of the energetic forward a particles, """carbon
ions, "and hydrogen isotopes" tend to peak closer
to the beam velocity. Although the charged par-
ticles are accelerated by the Coulomb repulsion
in the exit channel while neutrons are not, this
effect is much too small to account for the ob-
served reduction of v, . Taken literally, the pre-
sent analysis leads one to conclude that fast
neutron emission from the projectilelike particle
requires that - 84% (i.e. , 64 MeV) of the initial
kinetic energy above the barrier is dissipated,
presumably into excitation energy of the pro-
jectile and target system.

The interpretation of the momentum distribution
width parameter s (or the equivalent r) presents
some difficulty. Spectra of fragments produced
in relativistic heavy ion collisions have been
analyzed using the same formalism described
here. It has been assumed that in such experi-
ments fragments are produced by a sudden
shearing of the projectile without prior excitation,
so that the values of the width parameters obtained
in the analysis should reflect the Fermi momentum
of nucleons in the projectile. " A value of s, =86
MeV/c has been obtained for fragmentation of
2.1 GeV/nucleon "0 on a number of targets. This
corresponds to a Fermi momentum p~ =192
MeV/c, close to the value of -230 MeV/c from
measurements of electron scattering by "C and
"Mg." Recently, Scott has presented a similar
analysis of "0-induced reactions over a wide
range of energies. " For "0 energies greater
than 20 MeV/nucleon above the Coulomb barrier
a constant s, -86 MeV/c was obtained, but at
lower energies sp was found to drop rapidly.
Scott has conjectured that below 20 MeV/ nu-
cleon there is sufficient time for some equilibra-
tion to take place so that the temperature para-
meter 7' is relevant. The values of 7' as a function
of energy were shown ' to be represented ad-

equately by an equation of state of the form
E*=aT'~(E, —V,) with a= (A/8) MeV

The width parameters obtained in our analysis,
s, =73+5 and 65 +5 MeV/c, are somewhat less
than the "fragmentation limit" value of 86 MeV/c.
The corresponding values of r describing the
fast component of the n spectrum are -6 MeV for
the xn channels and 4.9+0.7 MeV for the sum
over all x n and Q.x n channels. If the rather ex-
treme picture of decaying of a hot equilibrated
projectilelike object is adopted, the corresponding
excitation energy of the source would be in the
range E» =35-72 MeV. This would imply that
at the time of neutron emission more than half
the energy available from the deceleration is
tied up in excitation of the projectile. Taken
literally this would suggest that the neutrons are
emitted very early in the reaction, before equili-
bration of energy in the projectile-target system
has progressed very far. Stokstad" has estimated
the mean time required for the emission of par-
ticles (nucleons or n-particles) to be r, , -0.5
exp(13/T) && 10 "s, where T is the temperature

8
(

2 l7O-Xy

40
C)

IJJ

20
I-
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Z

0
ct 60

O

40
UJ

Sm ( O, xn) Yb

20

(On

FIG. 6. Percent of fast neutrons from 152 MeV 0 on
4Sm for the xn channels. The full points are data ob-

tained from the two-source fits shown in Fig. 1. The
lines and the open points are predictions from Ref. 26
based on the incomplete fusion model.
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of the source in MeV. Using this relation and
the range of temperatures deduced from the fits
to the neutron spectra we obtain an emission time
of 4-7 x 10 "s. This is comparable to the 5-10
x 10 "s required for equilibration of the energy
degree of freedom reported for deep inelastic
collisions of "Fe on "'Ho in Ref. 23. If this
equilibration time is somewhat longer for the
more asymmetric "O+'"Sm system, the picture
of decay of a hot, locally equilibrated projectile-
like object, in a reaction destined to lead even-
tually to fusion-like final channels, might indeed
have some validity. This of course supposes that
on the microscopic level some sense can be made
of a process which concentrates an appreciable
fraction of the incident kinetic energy in the form
of excitation of a projectilelike fragment.

The fit of the experimental spectra to Eq. (3)
also provides the relative yields of the fast and
slow components of the neutron spectrum. The
full data points in Fig. 8 show the fraction f (%)
for the fast component from Table I plotted
against the number of emitted neutrons x identi-
fying the exit channel. The open points connected
by lines are the predictions of the incomplete
fusion model as developed in the preceding paper.
Remarkable agreement is seen for both the "O
+"4Sm system (present experiment) and the "C
+ '"Gd data of Westerberg et al.' The latter
spectra were fitted to Eq. (3) with the results
shown in Table I. Since those spectra were
measured at only two angles the velocity e, of the
fast source could not be defined as accurately, but

the results are consistent with v, /v~ for the "0
+"'Sm system within one standard deviation. For
the C+Gd data, a fixed 1' =l.7 MeV was used for
all three xn channels. Trials with more realistic
values of T, similar to those found for 0+Sm,
showed no significant changes in the results for f.

The fit to the neutron spectra obtained in the
"0+'"Sm reaction in coincidence with any y ray
(Fig. 5) has different characteristics from those
corresponding to specific exit channels. The
source velocity is smaller (v, /v~ =0.28+0.2) and
the source has a lower temperature (r =4.2V

+0.12 MeV). These results indicate that neutrons
evaporated by accelerated fragments from quasi-
elastic and deep inelastic processes show a
weaker fast component than do the fusionlike pro-
cesses.

B. Comparison with a classical orbiting model

An extension of the two component model was
undertaken in order to investigate the origin of
the reduced velocity of the fast droving source
and the time scale of the reaction. Our data on
y-ray multiplicity suggest" that the fast neutron
component is produced only for entrance channel
angular momenta near the maximum for complete
fusion l,. We therefore adopt a classical de-
scription of the projectile motion with a single
impact parameter corresponding to l,. The pro-
jectile is assumed to approach the target along
a Coulomb trajectory corresponding to l, until a
separation of R =r, (Aj,' '+Ar' ') is reached At.
this point, following the simple picture of Bon-

TABLE II. Parameters from the classical orbiting model fit to the neutron spectra from
0+ Sm at 152 MeV {present data) and C+ Gd at 152 MeV {Ref.7). The parameters are

as in Table I. The angle of rotation e,&
is discussed in the text. Underlined numbers are

estimated statistical uncertainties in the least significant digits.

Reaction

"0+'"Sm
8

9n
10n
Zxn
&7s
+8'
Z {xn+O.xn)

Ng
0

740 50
2006 115

800 100
3542 189
411 38
620 50

4576 244

Ng
0

150 20
138 33
32.6 62

312 55
45 15
27 6

413 80

0.20
0.15
0.20
0
0
0.15
0.20

f{%)

16.9 25
6.4 16
3.9 7
8.1 15
9.9 33
4.2 9
8.2 17

{MeV)

1.99 11
1.70 8
1.46 14
1.72 8
2.00 16
1.74 11
1.74 7

7

{MeV)

6.8 9
6 3fL

7.7 19
5.4 17

3L
5.8 10

40
40
400

40
40
400
40'

any y

iR( +1586d

225 6

24 2
44 2

72 3

933 71 0

14 1
13 1
9.2 12

4.0 3

37 5
23 2
11 2

1.66 2

1.7 ~

1.7'
1.7 ~

3.87 15

5.6 6
7.0 11
4.8 15

20'

20'
20'
20

Parameter kept constant for this fit.
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dorf" or Gelbke et al. ,' we assume that the radial
motion suddenly stops and the radial kinetic
energy is transferred into excitation energy of
the fragments. Since l, is the partial wave at
which fusion just fails to occur, so that the at-
tractive and repulsive forces are approximately
equal, the reaction will proceed with the radial
separation remaining nearly constant ("orbiting»),
while the projectile moves with the angular
velocity required to conserve angular momentum.
If the neutron is assumed to be emitted during
this period of orbiting, the source velocity and
direction are fixed at any instant. Thus no free
parameter for the source velocity is required
in this description.

We find that the experimental data for the fast
neutrons are reproduced reasonably well for
emission occurring after rotations of 40' +20'
for the "0+"Sm data from identified fusion
channels and 20' +10' for the spectra gated by any
y. For the "C +"'Gd data of Ref. 7, an angle of
20' +10' gave reasonable results. The experi-
mental spectra were fit by varying the parameters
N&', N~', T, and v, using the predicted velocity
for the source having undergone a 40' or 20' ro-
tation. The distance of closest approach was
calculated with a radius parameter x, 1 1 fm.
The resulting parameters are summarized in
Table II and the fits for the fast component are
shown as the dotted curves in Figs. 1(a)-1(c),
2(a), and 2(b). Reasonable agreement with ex-
periment is obtained for all exit channels. In
particular the fit to the Sn channel, where the
fast neutrons are most intense, is remarkably
good (compare also Table I and II).

It is interesting to consider the rotation times
in this picture We find that for F60 on zs4Sm

de/dt ~ 2.4 x 1(P' rad/s, so 40' takes 2.9 x 10 "s.
Usually one allows for loss of relative angular
momentum (and hence of angular velocity) into
intrinsic motion via tangential friction. In the
rolling limit the angular momentum (and angular
velocity) is reduced by a factor of —,. In this case
the fits to the data improve somewhat and the 40
rotation time is increased to 4.1 x 10 "s. It ls
interesting at this point to recall that the mean
time for particle emission from an object with a
temperature of 6 MeV is -4 x 10 "s, according
to the relation given by Stokstad. "

C. Comparison with the PEP model

We have compared the present results for the
"0+'"Sm system at 152 MeV with detailed cal-
culations4' using the model of prompt emission of
particles of Bondorf et al.""The calculations
were made for the approximate center-of-mass
angle corresponding approximately to the average

IO ='
I 1 I

From X(xn+ uxn)

lab

IO .—
200
(x10 )

3IO=o

10 =2

LLI

b
CU

IO =I

IOO-

70' (x 10 )

IO—
100' (x 10 )-

0 IO 20
En, cM (MeV)

I

50

FIG. 7. Comparison of the summed neutron spectra
from Fig. 3 (points) with the predictions (Ref. 41) of the
PEP model of Ref. 19 (dashed-dotted curves). The
dashed lines are the fits for the equilibrium neutrons
with temperature fixed at 1.8 MeV. The full curves are
the theoretical curves [Eq. (4)] that give the best least-
squares fits to the experimental data.

neutron energy of each spectrum. Collisions with
l up to 68.6 were included. The calculations do not
distinguish between individual exit channels and so
have been compared with the sum over the xn and
exn channels. Since considerable equilibrium
emission of neutrons is present in the data, we
have fitted the summed spectra from the g n and

oxn channels using the expression

y(E„)=AE'+e s~ +BP, (E„), (4)

where E„ is the neutron energy in the center-of-
mass system ('"Yb+n binary division), P~s~
(E„) is the theoretical spectrum, and A and B
are normalization constants. A fit with B =1
would imply that the model successfully predicts
the magnitude of the fast component. The fits
for 8

g ab 20 70 and 100 are shown in Fig. 7,
obtained with an equilibrium component of tem-
perature 1.8 MeV. The theoretical spectra un-
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derestimate the emission of high energy neutrons,
and the disagreement with experiment increases
with laboratory angle. However, least-squares
values of B [Eq. (4)] for the three angles fitted
were found to be 0.96+0.19, 1.4+0.7, and 1.1 +1.0,
encouragingly near the expected value of unity.
The large uncertainty in B, increasing with angle,
is due to the increasing similarity of the slopes
of the PEP spectra at higher neutron energy with
those of the equilibrium component; at 151' the
PEP normalization could not be determined at all.
From these values of B it can be said that the
20 cross section is reasonably well reproduced
but meaningful conclusions for larger angles are
not possible.

D. Comparison with a hot spot model

Garpman et al.4' have calculated relative cross
sections for neutron emission from a hot spot
of uniform temperature. The refraction effect due
to the boundary was taken into account, but cooling
due to sharing of energy with the nucleons outside
the spot was not considered, and the calculations
were restricted to collisions with zero impact
parameter. Reference 42 compares results for
a hot spot of normal nuclear density and a radius
V0% of that for the amalgamated system with
preliminary data from the present experiment.
The calculations represent the angular and energy
dependence of the data fairly well although they
tend to overestimate the yield of the highest-
energy neutrons at back angles. It is interesting
that this model does well in spite of its restric-
tion to l =0 collisions. More recently this model
has been extended to allow for a nonzero impact
parameter4' and convective cooling, '~ and it has
been combined with the PEP model. 44

V. CONCLUSIONS

From our analysis of neutron spectra from
"0+'"Sm and "C+"'Gd we find that the yield

of fast neutrons as a function of x in (Hi, ~n)
fusionlike reactions agrees well with the pre-
dictions ' of the incomplete fusion model with
successive critical angular momenta. " The
energy spectra and angular correlations can be
explained by the assumption that the fast neutrons
are emitted from a rapidly moving source. In a
fusion reaction this source can only be associated
with the projectile motion. We find that the source
velocity required to fit the data is appreciably
less than the projectile velocity, but similar to
the velocity for the projectile orbiting the target
with angular momentum l,. These findings and
those of the preceding paper" are consistent with
the interpretation that incomplete fusion is re-
sponsible for the emission of fast neutrons in the
observed fusion-like channels. Of course, this
consistency should not be interpreted to exclude
contributions from other mechanisms or to deduce
that other pictures might not account for all the
data equally well. The incomplete fusion picture
is not a microscopic theory and does not attempt
to describe the processes responsible for the
emission of particles prior to fusion. This has
allowed us to extend the concept of incomplete
fusion to include emission from an appreciably
damped projectile. A more detailed treatment
of the pre-fusion excitation and emission pro-
cess, with full attention to the l distributions, is
needed even if the interpretation of the data pre-
sented here proves to be basically correct.
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