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Neutron emission associated with deep-inelastic collisions of 496-, 602-, and 675-MeV *Kr with !%Er has
been studied as a function of kinetic energy loss, fragment mass, and neutron scattering angles. The major
de-excitation process is neutron evaporation from fully accelerated fragments. The excitation energy is
shared between the fragments in proportion to their mass, indicating energy equilibration in the intermediate
dinuclear composite system for the completely damped as for the quasielastic components. Within limits
imposed by the systematic uncertainties, the angular and velocity distributions of the neutrons in the
laboratory frame are consistent with isotropic emission of neutrons in the c.m. frame of the fragments. We
find no evidence for pre-equilibrium effects. The observed multiplicities and energy spectra of the neutrons
are consistent with predictions of statistical-model calculations.

CLEAR REACTIONS 'Er(*Kr, A)Ay By =496, 602, and675 MeV; 66 <A,

<126, Ay=252—-A, 6~21°-75°, ~250 <Q value <0 MeV; measured 0,(E} 4, @

alue, 0, A;,A 4 E,, 0, ¢,); deduced neutron c.m. energy spectra, out-of-plane
anisotropy and multiplicities; degree of energy equilibration.

I. INTRODUCTION

The investigation of prompt neutron and charged-
particle emission associated with deep-inelastic
collisions between very heavy ions is of impor-
tance to the understanding of the de-excitation pro-
cesses involved in the collision. Of particular in-
terest is the distinction between particle emission
which occurs at the instant of the collision, when
transfer of mass, momentum, and energy takes
place, and particle evaporation from the excited
reaction products. The particles of the first
group, if found, may shed light on the nature of the
short-lived highly excited transient configurations
produced in the region of strongly overlapping
nuclear matter. The investigation of the particles
of the second group, particularly their type, num-
ber, angular distributions, and kinetic energy
spectra, may allow the determination of the total
excitation energy deposited, the sharing of excita-
tion energy between the fragments, and may supply
information on the time scale of energy equilibra-
tion. For highly excited heavy ions, neutron
emission is expected to dominate in the de-excita-
tion process, as determined by studies of (HI, x%)
reactions and fission.

Recently a number of investigations have been
published in which the neutron multiplicity as a
function of fragment mass and kinetic energy was
measured.'™ The purpose of these experiments
was to detect possible neutron emission from the
composite nuclear system prior to the separation
of the two heavy fragments and to determine the
excitation energy of the two fragments after sep-
aration by measuring the number of neutrons
emitted from them. Preliminary experiments of
Peter et al.! and Gould et al.? seemed to indicate
that a fraction of the neutrons are emitted prior to
the separation of the fragments. However, the
results of our more detailed experiment® as well
as those of Hilscher ef al.* and Tamain et al.® are
consistent with the assumption that all the neutrons
are emitted from the fragments after their sepa-
ration and that the excitation energy is shared be-
tween the fragments in proportion to their masses.
The number of neutrons emitted from each frag-
ment can also be determined indirectly, for ex-
ample by measuring simultaneously the angle,
charge, mass, and kinetic energy of one of the
fragments as was done by Plasil ef al.® and Babi-
net et al.” or by measuring the energy and angle of
both fragments and the charge of one of them
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(Cauvin ef al., Ref. 8). Finally Schmitt et al.®
presented evidence for energy thermalization in
deep-inelastic processes from the simultaneous
measurement of both deep-inelastic fragments
emitted in these reactions.

In this work we report on a study of neutron
emission associated with deep-inelastic collisions
of %Kr on **Er at 5.7, 7.0, and 7.9 MeV/nucleon.
First results obtained at 7.0 MeV /nucleon were
presented in Ref. 3. At each bombarding energy,
the neutron yield was measured as a function of
total kinetic energy (TKE) loss, fragment mass,
and fragment and neutron emission angles. The
experimental arrangement which was used to de-
tect neutrons in coincidence with the two com-
plementary heavy reaction fragments, is des-
cribed in Sec. II. The method of data analysis is
presented in Sec. III, and the evaporation calcula-
tions are described in Sec. IV. The experimental
data, discussed in Sec. V, include the following
results: (i) velocity spectra of neutrons in the
laboratory frame, (ii) average neutron multiplici-
ties as functions of bombarding energy, TKE loss,
and fragment mass, and (iii) neutron kinetic ener-
gy spectra in the c.m. frame of the fragments.
The discussion (Sec. VI) involves a detailed com-
parison of the results of the evaporation calcula-
tions with experiment. Briefly, we conclude that
the total observed TKE loss is transformed into
excitation energy of the fragments. The excitation
energy is shared between the fragments in pro-
portion to their mass, indicating that equilibra-
tion of the excitation energy in the intermediate
composite system is achieved during the collision
time. The angular distributions and the velocity
spectra of the neutrons in the laboratory frame
are consistent with isotropic emission of neu-
trons in the c.m. frame of the fully accelerated
fragments. Within limits imposed by systematic
uncertainties we find no evidence for pre-equil -
ibrium neutron emission. Section VIIgives a short
summary of the present work.

II. EXPERIMENTAL ARRANGEMENT

. The experiments were performed with 496-,
602-, and 675-MeV beams of %*Kr provided by the
UNILAC accelerator at GSI, Darmstadt. We
made use of the bunched-beam facility of the
UNILAC which yielded 250-ps-wide beam pulses
at 37-ns intervals. These pulses provided the
reference timing signals for all time-of-flight
(TOF) measurements. In order to minimize the
neutron and y -ray background in the vicinity of
the detection system, excessive collimation of the
beam by mechanical means was avoided. The
target consisted therefore of a 3-mm-wide verti-

cal 'Er strip, evaporated on a carbon foil 15
mm in diameter. The target thickness was

250 ug/cm? and its isotopic composition 96.2%
166Er, 2.8% *"Er, and 1.0% of other stable Er
isotopes. The thickness of the carbon foil was

25 ug/cm? The target was placed in the center of
a 60-cm-diam. scattering chamber. This cham-
ber consisted of a 2-cm-thick aluminum base, lo-
cated 15 cm below the beam axis, and of a 3-mm-
thick dome-shaped aluminum cover especially de-
signed to minimize neutron scattering. The beam
stop, located ~4 m downstream of the target, con-
sisted of a thick tantalum plate. The beam stop
was surrounded by paraffin, iron, and lead.

The experiment was designed to detect neutrons
in coincidence with the two fragments. The ex-
perimental arrangement is shown in Fig. 1. The
two complementary heavy reaction products were
detected in a pair of 8 x 10 cm? two-dimensional
position-sensitive parallel-plate avalanche coun-
ters (PSPP).!° These counters were placed on op-
posite sides of the beam axis in the forward hem-
isphere of the scattering chamber. The counter-
target distances were ~21 cm. The left PSPP
counter covered an angular range of ~24° in the

o ® © LJ
(deq) (deg) (deq) (deg)

L 55 o R 43 180
FL 13 0o FR 13 180
BL 82 o] BR 62 180
oL 58 50 OR 55 123

FIG. 1. The experimental arrangement: PSPP are the
position-sensitive parallel-plate avalanche counters for
the two heavy fragments; FL and FR are the forward
neutron counters; BL and BR, the backward neutron
counters; OL and OR, the out-of-plane neutron counters;
and L and R, the “main” counters positioned approxi-
mately behind the PSPP’s. The table gives the exact
polar (6) and azimuthal (¢) angles of the neutron detec-
tors.
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laboratory and subtended a solid angle of ~175 msr
at the target. The right (defining) PSPP counter
covered an angular range of ~22° in the laboratory
and subtended a solid angle of ~60 msr. The ef-
fective solid angle of the right PSPP counter was
reduced in order to increase the ratio between the
fragment -fragment coincidence events and the
singles events. The geometries of the PSPP
counters at the three bombarding energies are
listed in Table I. Geometries C, D, F', and H
were adjusted to intercept mainly strongly damped
events. Geometries A, B, E and G served to de-
tect mainly quasi-elastic collisions as well as the
elastic scattering.

Details about the construction and operation of
the PSPP counters were presented in Ref. 10. The
walls of the detector housing were made of 1-mm-
thick aluminum sheets. This was done in order to
minimize scattering and absorption of neutrons.
The neutron absorption by the PSPP’s was checked
experimentally (see Sec. III B). Each PSPP coun-
ter provided five signals per event: four position
signals (see Ref. 10) and the timing signal for the
fragment TOF measurement, relative to the
bunched beam.

Neutrons were detected in coincidence with both
fragments at eight fixed angles in space. The
neutron counters consisted of 5.1-cm-thick
NE -213 liquid scintillators of 11.3 or 12.6 ¢cm di-
ameter, covered in front and at the circumference
by 3-mm-thick lead shields to reduce y back-
ground. The counters were placed at distances of
~T75 cm from the target. Details of the exact lo-
cations are presented in Fig. 1. Two detectors
labeled L (left) and R (right) were placed in the
direction of the detected fragments, the detectors
FL and FR were placed at forward angles, the de-
tectors BL and BR at backward angles, and coun-
ters OL and OR out-of-plane with respect to the

direction of the two fragments. For each scintil-
lator event three signals were recorded: the tim-
ing signal for the TOF measurement, a pulse
shape analyzer signal, and the pulse-height signal
from the photomultiplier. Fragment-fragment co-
incidence events and fragment-fragment-scintilla-
tor coincidence events were recorded event by
event with the aid of an on-line multiparameter da-
ta acquisition system.'* Each fragment-fragment
event in coincidence with at least one scintillator
detector was recorded on magnetic tape and was
marked with a pattern word identifying the scin-
tillation counters which fired. Triple- (or more)
scintillator events (50.5% of the total number of
scintillator events) were neglected in the analysis.
The number of recorded fragment-fragment coin-
cidence signals was reduced electronically with the
aid of a scaling-down unit in order to minimize the
dead time of the data acquisition system. The
magnitude of the scaling down factor varied from

2 to 20, depending mainly on the geometry of the
PSPP counters. :

III. DATA ANALYSIS -

A. Determination of the primary mass and kinetic energy
of the fragments

The analysis was based on the assumption of

two-body reaction kinematics. This assumption

is strongly supported by the results of the present
work. However, recoil effects caused by in-flight
particle emission (which alter slightly the primary
velocities and directions of the fragments) must
be considered. These effects cause dispersion of
the masses and kinetic energies of the fragments
irrespective of the accuracy of the measurement.
We have measured the scattering angles and ve-
locities of both fragments while only three of those
quantities are sufficient for the determination of

TABLE I. Incident energies of %Kr beams, grazing angles, and ranges of polar angles 6
covered by the two PSPP counters. The left and right PSPP counters subtended solid angles
of ~175 msr and ~60 msr, respectively, at the target.

Lab
Lab c.m. grazing
energy energy angle . Range of 6 (deg)
(MeV) (MeV) (deg) Geometry Left PSPP Right PSPP
496 326 53 A 46.5~70.5 37.5-59.5
B 46.5-=70.5 31.5-53.5
C 39.0-63.0 31.5-53.5
D 29.0-53.0 31.5-53.5
602 396 37 E 51.0-75.0 25.0-47.0
F 34.0-58.0 25.0-47.0
675 445 31 G 49.0-73.0 21.5-43.5
H 32.0-56.0 21.5-43.5
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the primary masses and kinetic energies. In order
to choose the analysis procedure which minimizes
the dispersion due to in-flight particle emission,
we have performed Monte Carlo calculations
which simulate the detection of binary fragments
from strongly damped events, taking into account
the angular and velocity dispersions due to iso-
tropic emission of neutrons and charged particles.
These calculations show that the best mass and ki-
netic-energy resolution is achieved by basing the
analysis on the measured scattering angles of the
two fragments and the velocity of the faster frag-
ment,

The fragment-fragment coincidence data were
processed event by event using a procedure simi-
lar to that of Ref. 10. The combined angular res-
olution of the two PSPP counters, as determined
by elastic scattering measured at all possible re-
action planes, was 0.9° full width at half maxi-
mum (FWHM). This value includes the effect of
the finite size of the beam spot. The experimental
mass and energy resolution, as measured by the
elastic peak at 602-MeV beam energy was 6 u
FWHM in mass and 35 MeV FWHM in the TKE of
the outgoing fragments. The additional uncertain-
ties in the mass and TKE determinations due to in-
flight particle emission increase with increasing
TKE loss. According to the simulation calcula-
tions described above (see also Sec. IV and Ref.
12), this broadening is in the range of ~3-9 u
FWHM in mass and ~12-30 MeV FWHM in TKE.
The fragment velocities and directions were cor-
rected for the recoil momenta imparted to them by
detected neutrons.!* This correction was found to
be negligible for the determination of the neutron
multiplicity.

B. Neutron detection

The kinetic energies of the neutrons were deter-
mined from their TOF, measured relative to the
bunched beam. A typical TOF spectrum is shown
in Fig. 2. The combined time resolution for the
NE -213 counters and the beam pulses, as deter-
mined by the width of the y peak, was ~1 ns
FWHM. The separation between neutrons and ¥
rays was obtained by the TOF method. Further
discrimination against delayed y rays [such asy
rays produced by (z,n’y) reactions] was achieved
with the aid of pulse shape analysis. An example
is shown in Fig. 3.

The intrinsic efficiency of the neutron counters
as a function of the neutron velocity and pulse-
height-discrimination level was determined by the
method of Drosg.* In our off-line analysis we
used a lower discrimination level of 1.6 MeV. We
estimate that for the neutron counters positioned
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FIG. 2. On-line display of time-of-flight spectra of
the “main” neutron detectors R and L. The sharp peak
at t,,,=0 is the prompt gamma peak. The neutron events
are well separated from the prompt gamma peak. The
small peaks at ¢,,=37 ns and 74 ns are due to prompt
gamma ray emitted in subsequent beam pulses and are
indicative of the amount of random events. Since the R
counter detected mostly the lighter (and faster) frag-
ment, its neutron peak is shifted to smaller ¢,,, (higher
neutron velocity).

0] 75 150
tPSA (ns)

FIG. 3. On-line two-dimensional display of time spec-
tra obtained with neutron counter FL: {,, and g, are
the time differences between the beam pulse signal and
the photomultiplier timing and pulse-shape-analyzer
signals, respectively. The accumulation of events at
tym=tpses=0 are the prompt gamma events and the line
tpm=tpsq COTTESpOnds to subsequent gamma events which
could not have separated from the neutron events (the
main accumulation of points to the right of the gamma
line and well separated from it) without pulse-shape
analysis. The small “peaks” in the gamma line at {,,
=tp5=37,74 ns are due to gamma events from subse-
quent beam pulses and are indicative of the amount of
random events.
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in the direction of the fragments this lower level
was sufficient to account for ~100% of the neutrons
emitted by the light fragment and for ~95% of the
neutrons emitted by the heavy fragment assuming
statistical evaporation. The systematic uncer-
tainty associated with our reliance on the general
efficiency curve of Drosg is £5%. The error as-
‘sociated with the uncertainty in the discrimination
level (which is the main source of error) is ener-
gy dependent. (The error bars in Fig. 1 of Ref. 3
show this effect.) The overall effect on the total
multiplicity is estimated to be +10%.

The neutron absorption by the PSPP counters
was measured with 3- and 8-MeV neutrons pro-
duced by the “Li(p,n) reaction. The attenuation
in the direction of the neutron counters was found
to be 0-8% except in the direction of the counter
labeled BR. The efficiency of this counter was
considerably perturbed in some of the measure-
ments by the flange mounted on the large-angle
side of the right PSPP detector housing and by the
target frame. This counter was disregarded in the
analysis.

Most of the neutron yield in the TOF spectra was
observed within the first time interval (0-37 ns)
immediately following the correct beam pulse. A
fraction of the low-energy neutrons reached the
NE-213 counters during the next time interval
(37-74 ns). We used neutron events observed at
other beam intervals to subtract random events
from the relevant velocity intervals. This correc-
tion was <1% (see Fig. 2).

C. Neutron multiplicity and angular distribution

The number of neutrons N(V,, ) as a function of
the neutron laboratory velocity V,,, per single
deep-inelastic event, expressed as dzN(Vm)/
dudV ., (the neutron laboratory velocity spec-
trum), was obtained for the eight NE-213 coun-
ters.

The analysis of the neutron velocity speétra may
conveniently be divided into three steps:

(1) First, we analyzed the spectra measured in
two “primary” counters assuming that the neu-
trons detected in these counters were emitted iso-
tropically in the c.m. system of the two fully ac-
celerated fragments. Based on this assumption we
calculated the number and energy spectra of the
neutrons emitted by the two fragments as a func-
tion of the fragment masses and total kinetic en-
ergy of the fragments. We used the neutron coun-
ters R and L (positioned approximately in the di-
rection of the fragment counters) as the “primary”
counters. The large focusing effect of the frag-
ment motion on the angular distribution of the neu-
trons in the laboratory frame facilitates the sepa-

ration of the contribution of the neutrons emitted
by each of the two complementary fragments. The
analysis was similar to that described by Fraen-
kel ef al.'® It assumes that the neutrons detected
in counters L or R were emitted by the fragment
detected in their respective direction, but cor-
rects the results to first order for the contribu-
tion from the complementary fragment. These
corrections were typically ~5%.

(2) In the next step the neutron spectra measured
by the rest of the neutron counters (FL, FR, BL,
OL, and OR) were used to verify the assumption
that all neutrons are emitted isotropically from
the fully accelerated fragments. For this purpose
we computed the predicted neutron energy spectra
at the five counters by transforming the neutron
spectra measured by the “primary” counters L
and R to the laboratory angles of the other five
counters and comparing these “projected” spectra
with the spectra measured by these counters. A
deviation from the assumption of isotropic emis-
sion, such as “pre-equilibrium” emission from
the composite nuclear system, would manifest it-
self in a discrepancy between the “projected” and
measured spectra of the five counters.

In order to check the accuracy of our analysis
procedure a Monte Carlo simulation code was
written. The code simulates (i) fragment distri-
butions of strongly damped collisions, (ii) neu-
tron emission by fully accelerated fragments, and
(iii) neutron detection. By comparing the number
of neutrons determined from the analysis with the
number given as input we determined that the er-
ror in the extracted values of the neutron multi-
plicity due to systematic errors in the analysis
procedure is ~5%. '

(3) In the third step of the analysis we compared
the experimental c.m. neutron spectra with calcu-
lated results based on the assumptions: (i) The
total excitation energy of the composite system is
divided between the two fragments according to
their mass. (ii) The deexcitation of the two frag-
ments proceeds through the evaporation of neu-
trons and charged particles as predicted by the
statistical model.

IV. EVAPORATION CALCULATIONS

The evaporation calculations were performed
with the aid of the multistep Monte Carlo code
JULIAN'®, Angular momentum dependent decay widths
for n, p, and a particles were computed accord-
ing to the Hauser-Feshbach formalism. In addi-
tion, y-ray emission and fission were included.
Transmission coefficients for neutrons and pro-
tons were calculated using optical potentials of
Ref. 17, and for o particles those of Ref. 18. For
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Y -ray emission transitions up to multipolarity 2
were taken into account. We used averaged em-
pirical transition strengths taken from Ref. 19.
Fission was allowed to compete with particle and
7-ray emission at any step along the evaporation
cascade. The fission width was calculated by the
formalism described in Ref. 20, using rotating-
liquid-drop fission barriers.?* Level densities
were calculated with the formalism of Gilbert and
Cameron.??

The quantities obtained by the code which are
relevant for the present study are the following:

(i) Particle multiplicities as functions of frag-
ment atomic number, mass number, excitation
energy, and spin.

(ii) Particle kinetic energy spectra in the c.m.
frame of the fragment.

(iii) Particle out-of-plane angular distributions
in the c.m. frame of the fragment assuming initial
alignment of the fragment spin perpendicular to
the reaction plane.

(iv) The random deflection of the final fragment
residue and the dispersion in its velocity caused
by in-flight particle emission which were used in
the simulation calculations described in Sec. IITA.

V. EXPERIMENTAL RESULTS

Experimental neutron laboratory velocity spec-
tra at forward angles (counters FL and FR),
backward angle (counter BL), and out-of-plane
angles (counters OL and OR), measured at the
675-MeV bombarding energy, are presented in
Fig. 4. The spectra are averaged over fragment
masses between 66 and 168 and over the range
170-220 MeV in the c.m. TKE of the outgoing
fragments. These spectra are compared with pro-
jected spectra obtained with counters R and L, as-
suming isotropic evaporation of neutrons in the
c.m. frame of the fragments.

Typical neutron kinetic energy spectra in the
c.m. frame of the projectilelike and targetlike
fragments are shown in Fig. 5. The points were
obtained with counters L and R.

Measured average neutron multiplicities as func-
tions of the fragment mass and TKE of the out-
going fragments are displayed in Figs. 6-8 for the
496-, 602-, and 675-MeV bombarding energies.
The data were obtained with counters L and R.

The highest TKE intervals in Figs. 7 and 8 pertain
to quasielastic scattering for which the yield of
nearly symmetric mass division is very small.

The errors shown in Figs. 4-8 pertain to sta-
tistical uncertainties only. The additional syste-
matic error associated with the uncertainty in the
efficiencies of the neutron counters is estimated
to be +10%. Typical values for the mass and ener-
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FIG. 4. Measured (full circles) neutron laboratory
velocity spectra at forward angles (counters FL and FR),
backward angle (counter BL), and out-of-plane (counters
OL and OR) compared with projected (open circles) spec-
tra obtained with counters L and R assuming isotropic
evaporation of neutrons in the c.m. frame of the frag-
ments. The spectra are averaged over fragment masses
between 66 and 168 and over the range 170—220 MeV in
c.m. TKE of the outgoing fragments measured at E
=445 MeV.

gy resolutions, including dispersion effects caused
by in-flight particle emission (see Sec. IIIA), are

estimated to be ~10 u FWHM in mass and ~50 MeV
FWHM in c.m. TKE of the outgoing fragments.

VI. DISCUSSION
A. Neutron velocity spectra at the laboratory frame

Inspection of Fig. 4 reveals that essentially all
the neutron yield at forward and backward angles,
as well as at out of plane, agrees with the assump-
tion of isotropic neutron evaporation from fully ac-
celerated fragments. Within systematic errors
(£15%) similar results were obtained for other
TKE intervals at the 675-MeV bombardment as
well as in the experiments with the 602-MeV



LI B S L
$ Exp.
— ===Calc.
=
@ L K A_=86 |
e 3@\ Eex =69 MeV
3 Y
& Ol ii ~
8 \
14 y \ i
E’J o \
z L
e 10 | Ay =166
ok % Ee=133Mev
© L
2 %
z 4
ol i\ =
1 | L l\\l |

0 50 100 150
CM. NEUTRON ENERGY
(MeV)

FIG. 5. Neutron kinetic energy spectra in the c.m.
frame of the projectilelike (A ) and targetlike (Aj) frag-
ments (full circles) compared with spectra calculated
according to the statistical model (dashed curves). The
data points were obtained with counters L and R at E
=396 MeV, and averaged over the range of 181-223
MeV in total excitation energy and over intervals of 8 u
in mass centered around A ;=86 and A;=166. The cal-
culated spectra are for 3Kr and !*8Er excited to 69 MeV .
and 133 MeV, respectively.

(Ref. 3) and 496-MeV beams.

According to a simple friction model,?® deep-
inelastic collisions inyolve the conversion of
angular momentum of relative motion into intrin-
sic angular momenta of the fragments. The tan-
gential friction forces may then cause the frag-
ments to be strongly aligned perpendicular to the
reaction plane. We computed the upper limit of
the neutron out-of-plane anisotropy by assuming
the formation of fully aligned states with angular
momentum J for which |M;|=J, (Ref. 16). The
value of the total angular momentum deposited into
the fragments may be estimated from the values of
the y-ray multiplicities measured for 2°Kr+ 1%Er
at E,,, =515 MeV (Ref. 24) and for %°Kr+ !%°Ho at
E =618 MeV (Ref. 25). We obtain average values
of ~30%, ~44%, and ~537% for the total spin of the
two fragments in the reaction ®Kr+'%Er at E,,,
=496 MeV, 602 MeV, and 675 MeV, respectively,
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FIG. 6. Neutron multiplicities at four TKE intervals
as functions of the fragment primary mass measured
for the reaction ®Kr on ®Er at £, =326 MeV. The
points were obtained with counters L and R. The neu-
tron multiplicities are averaged over intervals of 8 u in
mass and 30 MeV ¢.m. in TKE, and over the complete
angular range of the PSPP counters (geometries A, B,
C, and D in Table I). The center values of the TKE inter-
vals are indicated in the figure. The error bars pertain
to statistical uncertainties only. The solid lines are the
results of evaporation calculations (see text).

for fully damped events. Assuming these angular
momenta are shared by the fragments in propor-
tion to their (rigid body) moments of inertia, we
expect the heavy fragment to have ~75% of the total
spin. Results of the angular distributions as a
function of the c.m. out-of-plane angle for

8Kr (E,,=66 MeV, J=137) and '*Er (E,,

=128 MeV, J =267, 367, and 507%) are presented

in Fig. 9.

The calculated anisotropy at the position of the
out-of-plane counters results from an average
over a considerable range of c.m. angles. We es-
timate the upper limit of this anisotropy to be ap-
proximately 20% using the anisotropy curves for
8Kr (J=137%) and **Er (J=36%). Experimentally,
we do not find any evidence for an anisotropy.
This could be due in part to the combined syste-
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FIG. 7. Neutron multiplicities at four TKE intervals
as functions of the fragment primary mass measured for
the reaction %Kr on !Er at E_,, =396 MeV. The points
were obtained with counters L and R. The neutron mul-
tiplicities are averaged over intervals of 8 u in mass
and 42 MeV c.m. in TKE, and over the complete angular
range of the PSPP counters (geometries E and F in Ta-
ble I). The center values of the TKE intervals are indi-
cated in the figure. The error bars pertain to statistical
uncertainties only. The solid lines are the results of
statistical model calculations (see fext).

matic errors of £15% in the detection efficiency of
any pair of Ne-213 counters. Therefore, we can-
not rule out the possibility that the nuclei are ful-
ly aligned. However, recently information on
fragment spin alignment in deep-inelastic colli-
sions between very heavy ions has been obtained
by employing techniques which involve the detec-
tion of sequential fission,* y-ray anisotropies ?”
and y-ray circular polarization.?® These experi-
ments suggest that the amount of spin alignment
is smaller than the upper limit predicted by the
simple friction model.?® Therefore, we expect
the out-of-plane anisotropy to be significantly
smaller than quoted above.

B. Neutron multiplicities and neutron energy spectra in
the rest frame of the fragments

A quantitative estimate for the amount of exci-
tation energy imparted to the fragments and its
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FIG. 8. Neutron multiplicities at four TKE intervals
as functions of fragment primary mass measured for the
reaction ®Kr with Er at E_, =445 MeV. The points
were obtained with counters L and R. The neutron mul-
tiplicities are averaged over intervals of 8 u in mass and
50 MeV in c.m. TKE, and over the complete angular
range of the PSPP counters (geometries G and H in Table
I). The center values of the TKE intervals are indicated
in the figure. The error bars pertain to statistical un-
certaginties only. The solid lines are the results of
‘evaporation calculations (see text).

partition between the fragments may be obtained
by comparing results of evaporation calculations
with the data, as shown in Figs. 6-8. The input
quantities required by the calculations were cho-
sen in the following manner: (i) for any given
mass division the atomic numbers of the light and
heavy fragments were taken according to Ref. 12.
This choice leads to fragment charge/mass ratios
which nearly coincide with the charge/mass ratio
of the composite system. (ii) The values of the
intrinsic spins of the individual fragments as des-~
cribed in Sec. VIA. (iii) We assumed that the ob-
served TKE loss, corrected for the ground-state
¢ value of the reaction, was transformed into
excitation energy of the fragments. (iv) The total
excitation energy was divided between the frag-
ments in proportion to their mass.
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FIG. 9. Angular distributions of neutrons as function
of the c.m. out-of-plane angle ¢ emitted from fragments
initially fully aligned perpendicular to the reaction plane.
The calculations pertain to ¥Kr excited to Eq =66 MeV
and %8Er excited to 128 MeV with spins J as indicated
in the figure.

The calculations show that the de-excitation of
all fragments is indeed strongly dominated by neu-
tron emission. The average amount of charge
evaporated is <0.4 charge units/fragment. The
de-excitation by y rays is largely suppressed at
energies at which particle emission is energetical-
ly permitted. The fission probability is essential-
ly negligible even for the heaviest fragments con-
sidered in the present work. The dependence of
the neutron multiplicity on the fragment spin is
weak. We estimate that the calculated values of
the neutron multiplicities are accurate within
~0.5 neutrons per fragment for reasonable limits
imposed on the predicted fragment charge and
angular momentum distributions.

The calculations for the neutron multiplicities
are compared with the experimental results in
Figs. 6—-8. The agreement is generally good for
the three bombarding energies over the whole
TKE range including the quasi-elastic region.
The calculations overestimate slightly the neutron
yields of the heavy fragments. This may be due in
part to the experimental detection threshold for
low energy neutrons which is more important for
heavy fragments (see Sec. IIIB). The small dip
in the measured and calculated neutron multiplic-
ities for mass numbers A=~118, corresponds to
the closed shell Z=50. Here the calculations pre-
dict a slight increase in the p and o multiplicities

at the expense of neutron emission.

Figure 5 compares the measured neutron kinetic
energy spectra in the c.m. system of the fragments
with the evaporation calculations. The agreement
between calculation and data is excellent. In par-
ticular, the data show the nearly exponential fall-
off with increasing neutron energy, characteristic
of statistical decay. The equal temperatures
(slopes) of the two fragments indicate energy

" equilibration in the intermediate system.

VII. CONCLUSIONS

We have reported a study of neutron emission
associated with deep-inelastic collisions of **Kr
with 1%°Er at 5.7-, 7.0-, and 7.9-MeV/nucleon.
Neutrons emitted in the reaction plane and out of
plane were detected in coincidence with the two
complementary heavy reaction fragments. The
direct experimental determination of the velocities
of the heavy fragments together with their scatter-
ing angles allowed the determination of the pri-
mary (pre-evaporation) masses and kinetic ener-
gies of the fragments, as opposed to a conventional
dE /dx -E technique in which the atomic number and
final kinetic energy of the fragment is measured.
Our measurements involved the determination of
neutron yields as a function of bombarding energy,
TKE loss, fragment mass, and neutron scattering
angles.

Our results show that for the three bombarding
energies listed above, the observed TKE loss is
transformed into excitation energy of the frag-
ments. The excitation energy is shared between
the fragments in proportion to their mass, indi-
cating energy equilibration in the intermediate
composite system. The excitation energy is re-
moved mainly by neutron emission from fully ac-
celerated fragments. .

We do not observe a component in the forward-
angle spectra which may be associated with neu-
tron emission by the intermediate dinuclear com-
plex prior to fragment separation (Fig. 4). Neither
do we observe a high-energy component in the
neutron c.m. kinetic energy spectra (see Fig. 5),
in excess of the evaporation spectra. From the
above observations and the agreement between
calculated and measured neutron multiplicities
and spectra we conclude that within the limits
imposed by systematic and statistical uncertain-
ties our data do not show evidence for pre-equil-
ibrium neutron emission. Finally, the observed
multiplicity and energy spectra of the neutrons
are consistent with predictions of statistical model
calculations.
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