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Neutrons emitted in the deep inelastic collisions of ' Kr on ' Er at 11.9 MeV/nucleon,
were measured in coincidence with both fragments. The velocity and angular distributions
of the neutrons cannot be accounted for by assuming only isotropic evaporation from the
fully accelerated fragments. The experimental analysis shows the presence of a preequili-
brium component of neutrons emitted mainly on the side of the light fragments in quasi-
elastic events, and on the side of the heavy fragments in strongly damped events. The qual-
itative features of the data are reproduced by a simple model which assumes that -10%of
the neutrons are knocked out at an early stage of the colhsion along the direction of the nu-

clear motion. Except for the preequilibrium component the neutron multiplicities are in

good agreement with the predictions of evaporation model calculations.

NUCLEAR REACTIONS '66Er(s6Krgt. )Alt, E~,b ——1.02 GeV;
35 &At, & 126, H~,b

——6 —28'; E„,H„P„in coincidence with fragments; de-

duced c.m. neutron energy spectra, neutron multiplicities; evidence for
preequilibrium neutron emission.

I. INTRODUCTION

The emission of light particles, which accom-
panies the deep inelastic reactions, provides impor-
tant information about the reaction mechanism. Of
particular interest are the onset and the characteris-
tics of preequilibrium particle emission. Recently a
number of investigations have been published in
which neutrons, protons, or alpha particles were
measured in coincidence with deep inelastic frag-
ments in both heavy' and light' mass sys-
tems. The main purpose of these measurements
was to identify light particles emitted from the
composite system prior to the separation of the two
massive fragments. The experimental task is
simpler in heavy systems, since the highly excited
fragments predominantly decay by neutron emis-
sion and then only one type of light particles has to
be measured. Detailed studies of the neutron emis-
sion have been performed for several heavy systems,
86Kr+166Er 1,2 56F +165H 3 63C +197AU 4 and

Xe+' Au, at energies up to 8.5 MeV/nucleon.
No evidence for preequilibrium effects was found in

these studies. It was clearly shown that (i) the dissi-
pated energy is shared between the fragments in
proportion to their mass, i.e., the composite system
reaches thermal equilibrium during the short in-
teraction time, and (ii) the neutrons are statistically
evaporated from the fully accelerated fragments.
Several investigations have also been performed on
the u-particle emission in similar heavy systems and
at comparable incident energies, like S+' Au,

Kr+' Au, Ar+" Sn, ' "Sm, ' D and
Au. In contrast to the neutron data, the a-

particle emission in these reactions could not be ex-
plained in terms of statistical evaporation from the
fully accelerated fragments. This marked differ-
ence in the mechanism of neutron and u-particle
emission is an interesting question.

In lighter systems the experimental situation is
more confused. The experimental data are general-
ly characterized by a strong forward peak of rela-
tively high-energy light particles. However, there is
no consistent picture concerning the dominant
mechanism of particle emission. Several studies of
neutron and charged-particle emission in light col-
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liding systems (generally with projectiles like B, C,
N, or 0) have been interpreted in terms of preequili-
brium emission. ' ' On the other hand, results
from many other studies of similar or even identical
systems were shown to be consistent with statistical
evaporation from the fully accelerated frag-
ments. '

Together with this large amount of data, many
theoretical models have been developed for pre-
equilibrium light particle emission. A variety of
phenomenological approaches have been proposed
whose common feature is the production of high-

energy particles with velocities larger than the velo-

city of the projectile. In the hot-spot model, 24

high-energy tails are produced from a localized hot
zone formed during the collision. In the Fermi-jet
or promptly emitted particles (PEP) models
the fast particles are created by the coupling of the
intrinsic nucleon Fermi motion to the relative
motion of the nuclei. In the piston model ' the
fast particles are produced by the radial component
of the friction force.

In the present work we report on a study of the
neutron emission in deep inelastic collisions of Kr
on ' Er at 11.9 MeV/nucleon. Neutron energy
spectra were measured as a function of total kinetic
energy (TKE), fragment mass, and fragment and
neutron emission angles. The experimental setup
which was used to detect neutrons in coincidence
with the two complementary heavy reaction prod-
ucts is described in Sec. II. The method of data
analysis is presented in Sec. III. The experimental
results are presented and discussed in Sec. IV. They
include differential cross sections of the mass,
TKE, and angular distributions of the fragments,
and velocity and angular distributions of the neu-
trons as function of TKE. Section IV also contains
the c.m. energy spectra of the neutrons and the neu-
tron multiplicities as a function of the mass and
TKE of the fragments. They are compared with re-
sults from evaporation calculations. The data
analysis shows that there is a relatively small com-
ponent of preequilibrium neutrons which have a
broad distribution of velocities centered around the
velocity of the projectile. A simple picture of pre-
equilibrium neutron emission which reproduces
qualitatively the observed results is described in Sec.
V. Based on this model the relative amount of pre-
equilibrium neutrons observed in this work is es-
timated to be —10% of the total number of emitted
neutrons. A summary is given in Sec. VI. A pre-
liminary report of this work was presented in Ref.
33.

II. EXPERIMENTAL ARRANGEMENT
AND PROCEDURE

The essential feature of the experiment was the
measurement of neutrons emitted in coincidence
with the two complementary heavy reaction prod-
ucts. A pulsed beam of 11.9 MeV/nucleon Kr
produced by the Unilac accelerator at the
Gesellschaft fiir Schwerionenforschung (GSI),
Darmstadt, was used to bombard thin isotopically
enriched targets of ' Er. The reaction channel was
identified by the kinematical coincidence technique.
The light (L) and the heavy (II) fragments were
detected in coincidence using position sensitive
parallel-plate avalanche counters. The neutrons
were detected in coincidence with the fragments in
eight neutron detectors located at fixed angles. A
schematic view of the experimental setup is shown
in Fig. 1. We now consider in more detail each of
the above elements of the experiment.
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Light-fragment
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Heavy-fragment
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target

FIG. 1. Schematic view of the experimental setup.
PM No. 8 was located in the vertical plane defined by the
beam axis at an angle of 30' with respect to the beam.
The other seven neutron counters were located in the
equatorial plane.

A. The pulsed beam

We made use of the bunched-beam facility of the
Unilac which yielded beam pulses at 37 ns intervals
with a width generally smaller than 250 ps. These
pulses provided the reference timing signals for all
time-of-fiight (TOF) measurements. The position
and width of the reference timing signal were con-
tinuously monitored by a small parallel-plate
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avalanche counter, which measured beam particles
scattered at forward angles by a thin carbon foil lo-
cated 4 m downstream of the target. This informa-
tion was periodically stored on magnetic tape and
was used to correct for relative shifts of the refer-
ence timing signals, and to reject events accumulat-
ed during the time intervals (generally short) in
which the quality of the pulsed beam deteriorated.

B. The targets and the scattering chamber

We used enriched ' Er targets with an isotopic
composition of 96.2% ' 6Er, 2.8% '67Er, and 1% of
other stable Er isotopes. We used target thicknesses
of 50 and 100 pg/cm on a 25 pg/cm -thick carbon
backing. The thinner targets were used in the mea-
surements of quasielastic events in order to reduce
the energy loss in the target of the low-energy tar-
getlike fragments. It was necessary to apply to the
targets a positive voltage of 20—25 kV in order to
suppress the high background produced in the frag-
ment detectors by electrons released from the target.
The target was placed in the center of a spherical
scattering chamber of 1 m diameter made of 3
mm-thick aluminum which was designed to mini-
mize neutron scattering. Special precautions were
taken in order to minimize the neutron scattering
and the y-ray background in the vicinity of the
detection system: (i) Collimation of the beam by
mechanical means was avoided; (ii) the concrete
floor within a 3 m radius below the scattering
chamber was replaced by a thin wooden floor; (iii)
the beam stop was located at -8 m downstream of
the target.

C. The heavy-ion detectors

The two heavy reaction products were detected in
coincidence by position sensitive parallel-plate
avalanche counters. The counters were very similar
to those described in Ref. 34 with the difference be-

ing that we used delay-line readouts of the coordi-
nates x, y instead of the charge-division technique.
The H-fragment detector was operated with isobu-
tane at a pressure of 6 Torr; it had a thin entrance
window and a thin anode foil (total thickness of less
than 200 pg/cm ). These operating conditions en-

sured a —100% coincidence efficiency of the low-

energy targetlike fragments produced in quasielastic
events. The L-fragment detector was operated at a
pressure of 12 Torr and with an entrance window
and anode foil with a total thickness of 650

pg/cm . Each fragment detector provided five sig-
nals per event: the timing signal for the fragment
TOP measurements, relative to the pulsed beam;
two signals for the x coordinate (from each end of
the delay line); and two signals for the y coordinate.
The double information on the coordinates was used
to reject the small fraction of events in which more
than one fragment hit the detector. Both the L and
the H fragment counters consisted of a pair of
identical detectors each with a sensitive area of
10&8 cm located above each other symmetrically
with respect to the equatorial plane. This double
counter arrangement was intended to yield informa-
tion about the fragmentation of the L fragment.
In this paper the analysis is restricted to binary
events only. This was ensured by accepting only
twofold coincidence events with one fragment
detected on one of the L counters and the other
fragment on one of the H counters, and requiring
that the fragment directions were coplanar with the
beam axis (see Sec. III A).

In most measurements the L fragment counter
was centered at 8=20', i.e., near the grazing angle

(Os ——17'), and covered an angular range of 15' in
plane and 23' out of plane. In order to achieve a
complete kinematic overlap between the L and H
fragments it was necessary to perform measure-
ments with the H-fragment counter centered at
8=71, 50', and 20'. These settings selected quasi-
elastic, damped, and strongly damped events,
respectively. At each angular setting the detector
covered 26' in plane and 39' out of plane. Addition-
al short measurements of quasielastic events were
taken with the L-fragment counter centered at
8=14' and 17' and the H-fragment counter cen-
tered at 8=71'.

The intrinsic resolutions of the detectors were the
following: 200—250 ps time resolution, 2 mm and
5 mm in the x and y directions, respectively. The x
and y resolutions were determined by the spacing of
the wires in the central electrode and the width of
stripes in the cathode, respectively. The mass and

energy resolutions in the present experiment were
determined by the spread in velocity and angle im-

parted to the fragments by particle emission, rather
than by the intrinsic resolution of the detectors.
They were worse for lower TKE.

The position signals were calibrated by placing in
front of the detectors a mask with holes of 1 mm
diameter separated by 1 cm in both the horizontal
and vertical dimensions. The internal time delay of
the detectors was determined from a measurement
of the elastic scattering of Kr on ' Er at 400
MeV.
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D. The neutron counters

Neutrons were detected in coincidence with both
fragments in eight neutron counters at fixed loca-
tions in space. The counters consisted of 5.1-cm-
thick NE213 liquid scintillators of 11.3 cm diame-
ter coupled to XP1040 photomultipliers. The
counters were placed 90 cm from the target. Seven
counters were located in the reaction plane and one
counter was located at an angle of 30' above the re-
action plane, in the vertical plane defined by the
beam axis. The exact locations of the n counters
are indicated in Fig. 1. The scintillators were
covered by 3-mm-thick lead shields to reduce the
y-ray background. Three signals were derived for
each particle detected in the neutron counters: (i) a
TOF signal relative to the bunched beam, (ii) the
pulse-height amplitude in the photomultiplier (PM),
and (iii) a pulse shape signal which, together with
the TOF signal, allowed a clear separation of neu-

trons and y rays.
The neutron absorption produced by the frag-

ment detectors in the different geometries was mea-

sured with use of a Cf source. This absorption
was always less than 15%%uo. The absolute efficiency
of the neutron counters was determined with use of
the method of Drosg. A 1.2 MeV neutron-energy
threshold level was set off line on the pulse-height
signal.

A typical TOF spectrum is shown in Fig. 2(a).
The sharp peak at TOF=O is the prompt y peak.
The combined time resolution of the scintillator and
the beam pulse, as determined from the width of
this peak, was 1 ns F%HM. The small peaks at 37
ns intervals are due to prompt y rays emitted in pre-
vious or subsequent beam pulses and are indicative
of the amount of random events. The true/random
coincidences ratio was larger than 15/1. A clean
separation between neutrons and y rays was ob-
tained in the two-dimensional display of TOF vs
pulse shape signal as shown in Fig. 2(b). In such a
display the neutrons and the y rays appear along
two separated bands. This display allows a further
discrimination against delayed y rays [such as those
produced in (n, n'y) reactions] which appear as
"neutrons" in the TOF spectrum.
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tor was recorded on magnetic tape and was marked
with a pattern word identifying the neutron
counter. Only a fraction of the fragment-fragment
events was recorded in order to minimize the dead
time of the acquisition system. This fraction was

1 1

varied from —, to» depending mainly on the
geometry of the fragment detectors.

III. DATA ANALYSIS

A. Mass and kinetic energy of the fragments

I, I i I I
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TOF (ns)

FIG. 2. (a) Typical neutron TOF spectrum. (b) Two-
dimensional display of TOF vs pulse shape signal show-
ing a clean separation between neutrons and y rays.

E. Data acquisition

Events were recorded event by event on a PDP-11
computer with the aid of a CAMAC multiparameter
data acquisition system. Each fragment-fragment
event in coincidence with at least one neutron detec-

The analysis presented here was restricted to
binary events, i.e., events in which only two massive
fragments were emitted. The mass and kinetic en-
ergy of the fragments were then determined assum-
ing two body reaction kinematics. This assumption
is strongly supported by the results presented in Fig.
3 which shows the deviation from coplanarity be-
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B. Neutron angular distribution and multiplicity

The angular distribution and velocity spectra of
the neutrons were analyzed under the two following
assumptions: (i) There are only two sources emit-
ting neutrons, namely the L and the H fragment;
and (ii) the neutrons are emitted isotropically in the
c.m. system of the fully accelerated fragments.
With these assumptions it is possible to reconstruct
the neutron c.m. energy spectra of the two sources
from the measured spectra of two neutron counters,

T KE & 560 MeV 375 & TKE & 560 MeV

Vl

C

O
FWHM = 3.5

FWHM =8.7'

-20 0 20 -20 20

h$ (deg)

FIG. 3. Coplanarity for two different bins of TKE.
hP =PL PH 180', where PL H

—are t—he azimutha1 angles
of the fragments.

tween the L and H fragments (b./=PL —PH —180'
where PL H are the azimuthal angles of the frag-
ments). Figure 3 also shows that the width of the
distribution increases with decreasing TKE. This is
due to the dispersion of the primary direction of the
fragments produced by the emission of light parti-
cles.

We measured the scattering angles and velocities
of both fragments although only three of those
quantities are sufficient for the determination of the
primary masses and kinetic energies. The H frag-
ment had generally a very low energy (30 to 100
MeV) and thus large corrections had to be applied
to its measured time-of-flight to account for the
velocity losses in the target and the entrance win-
dow of the detector. To avoid these corrections the
analysis was based on the measured scattering an-
gles and the velocity of the fast fragment. It was
shown that this choice also minimizes the effect of
the light particle emission on the mass and energy
resolutions.

which we will denote the "reference" counters.
Generally for every neutron velocity in the c.m. sys-
tem there are two velocities v„for a fixed direction
in the laboratory system. In principle, the c.m.
spectrum can be determined from the high, the low,
or both values of U„. In this analysis we used the
higher value of v„since it provides the best accura-
cy. We used as reference counters PM No. 2 and
PM No. 7, which were located near the L and H
fragment directions, respectively. An iterative pro-
cedure was used to correct for neutrons detected in
PM No. 2 (7) which were emitted by the H (L) frag-
ment. This iterative correction is important for
the low-TKE events. The c.m. spectra were then
projected back into the laboratory system to predict
the neutron velocity spectra at the locations of the
other neutron counters. The comparison of these
projected spectra with the measured ones is used to
verify our assumptions. A more detailed descrip-
tion of the analysis procedure is given in the Ap-
pendix.

The neutron multiplicities were calculated as a
function of the mass and TKE of the fragments,
from the total yield of neutrons emitted by the L
and H fragments (as obtained from the reference
counters), and from the total fragment yield.

The angular distribution and the velocity spectra
of the neutron for the eight neutron counters were
obtained as a function of the total kinetic energy of
the fragments and summed over all L-fragment
masses AL & 126. The threshold in the neutron c.m.
energy depends on the relative angle between the
directions of the fragment and the neutron. In or-
der to minimize the threshold in the reference
counter PM No. 2 with respect to the other neutron
counters, all the neutron results presented in this
work were obtained with the restriction OL ) 14',
where 01 is the detection angle of the L fragment.

The fragment velocities and directions were
corrected for the recoil momenta imparted to them
by detected neutrons. However, the effect of the
angular distribution' ' ' was not taken into ac-
count in the projected data. This effect is very im-
portant for alpha-particle emission from projectile-
like fragments in ' 0 induced reactions, as it was
demonstrated in Refs. 17 and 20. However, it is
negligible in the present system in which the aver-
age recoil angle imparted to the L fragment by neu-
trons detected in the reference counter PM No. 2 is
0.05' for quasielastic events and increases to 0.07'
for strongly damped events. Moreover, the effect of
the angular distribution is effectively taken into ac-
count by the large area of the L-fragment detector.

With a Monte Carlo simulation code (similar to
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the one described in Sec. V, but without preequili-
brium neutrons) we determined that this analysis
procedure introduces systematic errors (5 jo.

IV. EXPERIMENTAL RESULTS
AND DISCUSSION

A. Mass, TKE, and angular distributions
of the fragments

Fig. 6. Both distributions are characterized by (i) a
strong quasielastic peak (a peak at the c.m. energy
of 674 MeV in the TKE distribution, and a sharp

peak at the projectile mass, in the mass distribu-

tion), since a large fraction of the detector area
covered angles below the grazing angles; and (ii) a
broad distribution of strongly damped events, cen-

tered at -200 MeV in the TKE distribution, and

nearly flat in the mass distribution, with mass

transfers up to 40 u.

The fragment angular distributions in the c.m.
system are presented in Fig. 4 as function of the L-
fragment mass (in bins of 8 u) and of TKE (in bins

of 80 MeV). The absolute cross sections were ob-

tained by normalizing the elastic scattering at the
most forward angles to the Rutherford cross sec-
tions. The uncertainty in the absolute cross sections
is estimated to be 20%%uo. The angular distributions
are strongly forward peaked for quasielastic events.
With decreasing TKE or increasing mass transfer
they become less steep and approach a 1/sin0 distri-
bution for strongly damped events. The results are
presented in Fig. S in the form of a Wilczynski plot.
The hatched area indicates the kinematic cuts of the
detectors.

The mass and TKE distributions are shown in

B. Neutron angular distributions

The measured (i.e., not corrected for efficiency
and for the neutron absorption produced by the
fragment detectors) neutron angular distributions in
the laboratory system are shown in Fig. 7 for four
bins of TKE. Positive (negative) angles refer to the
side of the beam where the L (H)-fragment detector
was located. The lines in Fig. 7 represent the calcu-
lated yield based on the reference counters.

The angular distributions are forward peaked on
the side of the L-fragment detector. This peak is
produced by the neutrons emitted by the L frag-
ment which are strongly focused in the laboratory
system by the high velocity of the L fragment. For
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FIG. 5. Wilczynski plot of the reaction ' Kr + ' 'Er at
1.02 GeV. The hatched area indicates the kinematic cut
of the detectors. The dashed line is a calculation based
on a classical friction model (see Sec. V).
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quasielastic events the H fragment has a very small
velocity and thus the neutrons it emits have a nearly
isotropic distribution in the laboratory. With de-
creasing TKE the velocity of the H fragment in-

creases and the neutron emission from the H frag-
ment is more focused in the direction of that frag-
ment.

The large focusing effect of the L-fragment
motion facilitates the separation of the contribution
of the neutrons emitted by the two sources in the
reference counters. It is seen in Fig. 7 that neutrons
emitted by the L fragment do not reach the refer-
ence counter PM No. 7, located at —70'. Thus the
yield measured in this counter gives the neutron
emission from the H fragment only. A fraction of
the neutrons detected in the reference counter PM
No. 2, located at + 20', originates from the H frag-
ment, and this fraction increases with decreasing
TKE. The iteration procedure mentioned in Sec.
III 8 allows us to determine the contribution of neu-
trons emitted by the L fragment (also see the Ap-
pendix).

The lines in Fig. 7 represent the calculated neu-

tron yields based on the reference counters. The
neutron emission from the L fragment (dashed lines
in Fig. 7) is peaked at an angle close to or smaller
than 20'. This is due to two main factors: (i) the

-2IO—

I i I I I

0 50 IO0 f50 200 250
Mass number

FIG. 6. Total kinetic energy distribution (upper part)
and mass distribution (lower part) measured in the L
detector. The cross sections are integrated over the angu-
lar range of the detectors and the different geometries of
the experiment.

focusing effect which produces a maximum at the
average detection angle of the L fragment and (ii)
the neutron absorption produced by the L-fragment
detector. {The absorption factor was larger for PM
No. 2 and PM No. 1 when the L-fragment detector
was located at 20' and 14', respectively. These two
geometrical configurations contributed essentially
to the data with TKE~ 560 MeV and TKE&560
MeV, respectively. )

The total calculated yield (solid lines in Fig. 7)
reproduces the general trend of the data. However,
two significant discrepancies are clearly seen. For
quasielastic events (TKE&560 MeV) the calcula-
tions predict a smaller yield than observed experi-
mentally at the forward angles. This discrepancy is
also present at the reference counter located at
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+20'. Since the calculations are based on the
"high" velocity neutrons measured in this counter
(see Sec. IIIB and the Appendix), this indicates that
the measured spectrum is not consistent with sym-
metric emission of n around 90' in the rest frame of
the L fragment. With decreasing TKE this
discrepancy disappears and another effect builds up;
the calculations predict a smaller yield than ob-
served experimentally on the other side of the beam,
close to the recoil direction of the H fragment.
These discrepancies will be discussed in more detail
in the next section.

C. Neutron velocity spectra

In this section we compare the measured neutron
velocity spectra with the calculated ones based on
the reference counters. Figures 8 —10 show this
comparison for only two neutron counters, PM No.
1 and PM No. 5, where the discrepancies are most
prominent. A comparison for all the eight neutron

FIG. 7. Neutron angular distributions in the laborato-

ry system for four bins of TKE, and for L-fragment mass

A«126. The dots denote the experimental yield. The
dashed and dotted-dashed lines show the calculated yield

of neutrons emitted by the L and the H fragment, respec-

tively. The solid line represents the sum of these two
contributions.
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FIG. 9. Same as Fig. 8 for TKE=445 —560 MeV.

counters is given in Fig. 11 for the lowest TKE bin

(200—330 MeV). The closed and open circles

represent the directly measured and projected yields,

respectively.
For TKE ~ 560 MeV most of the neutrons mea-

sured at forward angles are emitted by the L frag-

ment. The two peaks observed in PM No. 1 in Fig.
8 correspond to forward and backward emission of
neutrons in the rest frame of the L fragment which

has a velocity nearly equal to the magnitude of the
beam velocity vo ——4.6 cm/ns. With decreasing
TKE the double structure disappears and the veloci-

ty spectra become broader as seen in Figs. 9—11 be-
cause of the large spread in velocity and angle of
the L fragment. PM No. 5 is predominantly sensi-
tive to neutrons emitted by the H fragment (see Fig.
7) which has a relatively low velocity (vH (2
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cm/ns). The neutron velocity distribution in the
laboratory system has a peak at low velocity which
moves to higher values as the velocity of the H
fragment increases with decreasing TKE (see Figs.
8 —11).

The discrepancy seen in the neutron yield at for-

ward angles for TKE & 560 MeV (Fig. 7) appears in
PM No. 1 essentially at low neutron velocities, i.e.,
for U„(Up. The high velocity Part of the sPectrum
is nicely reproduced by the calculations. For
quasielastic events we therefore identify a small

component of preequilibrium neutrons emitted close
to the L-fragment direction and extending towards
and beyond. the beam direction (between —8' and
+20'). These neutrons may have small velocities

U+ Q Up as suggested by Fig. 8. It should, however,
be noticed that the results are also consistent with
preequilibrium neutrons having a broad velocity
distribution centered around Up. In such a case, the
preequilibrium neutrons with U„gUp cannot be seen

in Fig. 8 because of the limitations of our analysis:
As discussed in Sec. III8 and in the Appendix, the
predicted spectra are calculated from the high velo-

city neutrons measured in the reference counters,
and therefore the preequilibrium neutrons with

U„&Up aPPear in PM Nos. 1 and 2 as "evaPorated"
neutrons.

The effect seen for quasielastic events at forward
angles disappears with decreasing TKE and both
the total yield (Fig. 7) and the velocity spectra (Figs.
9—11) of the forward counters are in good agree-
ment with the calculations. For strongly damped
events the calculations predict a smaller neutron

yield in the counters PM Nos. S and 6 which are lo-

cated near the recoil direction of the H fragment.
Figures 10 and 11 clearly show that only the high
velocity tail (U„&3 cm/ns) in these counters is not
reproduced by the calculations. The effect is most
pronounced for the lowest TKE bin (Fig. 11). As
for quasielastic events, these results indicate that
there is a component of preequilibrium neutrons

with a broad velocity distribution centered at a
value close to the beam velocity Up.

For all cases in which the calculated total neutron

yield agrees with the measured one (Fig. 7), the cal-
culated velocity spectra are also in good agreement
with the measured ones. An example is given in

Fig. 11 which also includes the out-of-plane neutron

counter.

D. e.m. neutron energy spectra

Figure 12 shows the c.m. energy spectra of neu-

trons emitted by the L and the H fragments as a
function of TKE. These spectra were obtained
from the reference counters PM Nos. 2 and 7 as ex-

plained in Sec. IIIB and in the Appendix. The
spectra fall off nearly exponentially, characteristic
of statistical decay. The equal slopes and thus
equal temperatures of the two sources indicate that
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First we notice that they represent only a small
fraction of all neutrons emitted (of the order of
10% as will be shown in Sec. V), i.e., most of the
data is in agreement with statistical emission of
neutrons by the fully accelerated fragments.
Second, our analysis shows that there is no evidence
for the presence of preequilibrium neutrons in the
reference counter PM No. 7. Only the reference
counter PM No. 2 could detect the preequilibrium
neutrons emitted in quasielastic events. Since these
neutrons have velocities v„(uo and the analysis is
based on the "high" velocity component, they could
affect the c.m. spectrum only at low c.m. energies.
Therefore, the slope of the c.m. energy spectrum
remains unaffected by the presence of the preequili-
brium neutrons in the reference counter PM No. 2.
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FIG. 12. The c.m. neutron energy spectra for four bins
of TKE as obtained from the reference counters. The
full circles represent neutrons emitted by the L fragment
and the open circles represent neutrons emitted by the K
fragment.

the excitation energy is shared between the frag-
ments in proportion to their mass, i.e., the compo-
site system is thermalized prior to the separation of
the fragments. The same conclusion will also be ob-
tained in the next section from the neutron multipli-
city results. The slope decreases with TKE, reflect-
ing the higher temperatures of the fragments as
more kinetic energy is converted into excitation en-

ergy of the fragments.
It is important to understand why the preequili-

brium neutrons discussed in the two previous sec-
tions do not manifest themselves in the c.m. spectra.

In the previous section we showed that the c.m.
spectra derived from the high velocity component
of the neutrons measured in the reference counters
have the characteristic features of statistical evapor-
ation. Here we consider this point more quantita-
tively by comparing the measured neutron multipli-
cities with results of evaporation calculations. The
neutron multiplicities were obtained from the c.m.
neutron yield deduced from the reference counters.
The results are presented in Figs. 13 and 14 as func-
tion of the total excitation energy of the fragments
and for various mass bins. The neutron multiplicity
increases almost linearly with excitation energy up
to 130—150 MeV. At higher excitation energies
the neutron multiplicity increases much slower.
The experimental errors in the neutron multiplicity
are of the order of 10%, in the next section we
show that the preequilibrium neutrons are of the
same order. Thus the measured multiplicities are
not affected by the small component of preequilibri-
um neutrons. The evaporation calculations were
performed for the center value of the mass bin with
the following assumptions: (i) For a given mass
division the atomic number of the fragment was ob-
tained assuming that its charge/mass ratio equals
the charge/mass ratio of the composite system; (ii)
we assumed that the TKE loss, corrected for the
ground-state Q value of the reaction, is fully con-
verted into the excitation energy of the fragments;
(iii) the total excitation energy is shared between the
fragments in proportion to their mass.

We first consider the sensitivity of the calcula-
tions to the angular momentum of the fragments.
We used the Monte Carlo code JULIAN which
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takes angular momentum explicitly into account.
Angular momentum dependent decay widths for n,

p, and a particles were computed according to the
Hauser-Feshbach formalism. In addition, y ray and
fission were included. Transmission coefficients
were calculated from optical potentials taken from
Refs. 41 and 42. y-ray transitions up to multipolar-

ity 2 were taken into account using empirical transi-
tion strengths from Ref. 43. The fission width was
calculated as described in Ref. 44, using rotating-
liquid-drop fission barriers. Level densities were
calculated with the formalism of Gilbert and Cam-
eron, with the level density parameter a =A /8.

The results are shown in Fig. 13 (hatched area)
for Kr and ' Er as a function of the total excita-
tion energy for extreme values of the angular
momentum of the fragments. It is seen that the
neutron multiplicity varies only weakly with the
fragment spin. The variations are comparable to or
smaller than the experimental uncertainty of the
neutron multiplicity. The dashed line in Fig. 13

Total excitation energy (MeV)

FIG. 14. Measured neutron multiplicities as a function
of total excitation energy of the fragments for various
mass bins. The solid (dashed) line represents calculations
of neutron multiplicity based on the code EVA4 for the H
(L) fragment. The calculations were done for the mean
value of the mass bin.

shows the results of calculations using the much
simpler code Evh. . Good agreement is evident be-
tween the two codes. Since the calculations become
prohibitively along with the code JUuAN, especially
for high masses at high excitation energies, all other
calculations were performed using the much faster
code EVA.

The comparison of these calculations with the ex-
perimental multiplicities shows a significant
disagreement at high excitation energies (Fig. 13),
the calculated multiplicities being higher than the
measured ones. Much better agreement is obtained
using the value a =A/20 for the level density
parameter, " as can be seen in Fig. 14. . It was
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shown in Ref. 47 that this value of the level density
parameter gave a very good fit to evaporation cross
sections for a large number of reactions covering a
wide range of excitation energies and target nuclei.
With this value of "a," the code predicts a higher
charged particle multiplicity at high excitation ener-

gies (and therefore a lower neutron multiplicity),
and it reproduces quite well the change in slope of
the experimental multiplicities. The agreement be-
tween the measured and the calculated multiplicities
confirms that the excitation energy is shared be-
tween the fragments in proportion to their mass,
i.e., the composite system reaches thermal equilibri-
um prior to the separation of the fragments. Simi-
lar conclusions were also obtained in our previous
study at lower bombarding energies. '

(a) QuasieIastic event (b) Deep inelastic event

Target

le

Pro

FIG. 15. Schematic illustration of the mechanism of
preequilibrium neutron emission in quasielastic (a) and

deep inelastic (b) events,

V. A POSSIBLE MECHANISM
FOR PREEQUILIBRIUM

NEUTRON EMISSION

In the last section we showed that the neutron an-

gular distribution and velocity spectra cannot be
reproduced with the assumption that all neutrons
are isotropically evaporated from the fully ac-
celerated fragments. There are discrepancies which

we interpret as evidence for preequilibrium neutron
emission. These preequilibrium neutrons have the
following characteristics: They are emitted close to
the L-fragment direction in quasielastic events and
close to the H-fragment direction in deep inelastic
events. If one associates quasielastic events with
positive defiection angles and deep inelastic events
with negative deflection angles, ' it is possible to
understand these observations assuming the pree-
quilibrium neutrons are emitted at an early stage of
the collision as illustrated in Fig. 15; in the ap-
proaching phase, preequilibrium neutrons are
knocked out at the contact point, in the direction of
the nuclear trajectory. These neutrons are emitted
at positive angles close to the L fragment for
quasielastic events and at negative angles, due to the
nuclear orbiting, for deep inelastic events. This pic-
ture has also been proposed in Ref. 49.

In order to further test this interpretation we
wrote a Monte Carlo simulation code in which we
made the following specific assumptions about the
preequilibrium neutron emission:

(i) The preequilibrium neutrons are emitted in the
approach phase of the collision, at the "contact"
point defined by Rz+RT+2a, where RI and Rz
are the projectile and target radii, respectively, and
a is the nuclear diffuseness taken as 0.6 fm.

(ii) The preequilibrium neutrons are emitted
along the direction of the tangential nuclear motion.
Their velocity is taken to be equal to the relative nu-

clear velocity at the point of contact. These are tak-
en as the mean values 8 and u of Gaussian distribu-
tions with standard deviations 0&——15' and 0.„-=1.7
cm/ns, respectively. The values of 8 and u were ob-
tained as a function of TKE from the trajectories
calculated using the classical friction model of
Gross and Kalinowski.

(iii) The preequilibrium neutrons represent a con-
stant fraction f (independent of the mass and TKE
of the fragments) of the total number of neutrons.
The calculations presented here were performed
with the value f=0.1.

The Wilczinski plot predicted by the model of
Gross and Kalinowski is indicated in Fig. 5 by the
dashed line. It reproduces qualitatively the experi-
mental ridge but the calculated energy loss is too
small. The inclusion of nuclear deformation in the
exit channel improves the agreement, however it
has little effect on the parameters 8 and U.

'

The inputs of the code are the measured angular,
mass, and TKE distributions of the fragments, the
measured L- and H-fragment neutron multiplicities,
and the averaged neutron c.m. energy spectra of
Fig. 12. The code then proceeds in the following se-
quence: It chooses randomly an event out of the in-

put distributions. Ninety percent of all neutrons are
isotropically emitted in the rest frame of the frag-
ments, the remaining 10%%uo are emitted according to
the prescription of preequilibrium emission
described above. The code uses exactly the same
geometry as in the real experiment in order to detect
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neutron-fragment coincidences. These simulated
data are finally analyzed as described in Sec. III,
i.e., assuming all neutrons were statistically eva-
porated from the fully accelerated fragments.

The angular distribution and the velocity spectra
of the neutrons obtained from the simulation calcu-
lations are presented in Figs. 16 and 17, respective-
ly. These figures are to be compared to Figs. 7 —11
which show the same information for the real ex-
periment. This comparison shows that the in-
clusion of the preequilibrium neutrons in the simu-
lation reproduces qualitatively the effects observed
in the experiment. We did not try to adjust the
parameters of the preequilibrium neutrons in order
to obtain a better fit. The essential point here is
that this simple mechanism of preequilibrium emis-
sion reproduces the observed effects. It is interest-
ing to note that although the preequilibrium neu-
trons are included in the simulation for all TKE
values, they do manifest themselves in the analysis
only for quasielastic and strongly damped events.

We varied the parameters f and as, which play
an important role in the neutron angular distribu-
tion, in order to get a feeling of the sensitivity of
the calculations in determining the fraction f of
preequilibrium neutrons. These variations showed
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that the total amount of preequilibrium neutrons is
relatively small, in the range of 5 —15 %.

VI. SUMMARY

FIG. 17. Simulated (closed circles) neutron velocity
spectra from the simulation code which includes pre-
equilibrium neutron emission (see text). The open points
were calculated from the simulated spectra in the refer-
ence counters, assuming that all neutrons were isotropi-
cally emitted in the c.m. system of the fragments. Com-
pare to Figs. 8, 9, and 11,
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FIG. 16. Neutron angular distribution in the laborato-
ry system obtained with a Monte Carlo simulation code
which includes preequilibrium neutron emission (see
text). The lines were obtained by applying to the simulat-
ed data (dots) the same analysis as in the real experiment,
i.e., assuming that a/l neutrons were isotropically emitted
in the rest frame of the fragments. Compare to Fig. 7.

We have reported a study of neutron emission as-
sociated with deep inelastic collisions of Kr on

Er at, 1.02 GeV. Neutrons were detected in coin-
cidence with the two complementary heavy reaction
fragments. The measurement of the velocities and
scattering angles of the fragments allowed the deter-
mination of the primary masses and kinetic energies
of the fragments. The neutron velocity spectra were
determined as a function of TKE and neutron
scattering angles. Neutron c.rn. energy spectra and
neutron multiplicities were obtained from two refer-
ence counters as functions of TKE and mass of the
fragments.

Our data analysis shows that the neutron angular
distribution and velocity spectra cannot be account-
ed for by assuming only isotropic emission from the
fully accelerated fragments. There is evidence for
preequilibrium neutrons which are emitted on the
side of the I. fragment with respect to the beam axis
in quasielastic events and on the side of the 0 frag-
ment in strongly damped events. Contrary to the
predictions of some theoretical models, the pre-
equilibrium neutrons do not have high velocities;
they have a broad velocity distribution centered at a
velocity smaller or close to the beam velocity.

We have proposed a simple picture for preequili-
brium neutron emission in which a fraction of the
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neutrons are knocked out at an early stage of the
collision, along the direction of the projectile
motion. Simulation calculations show that this pic-
ture qualitatively reproduces the effects observed in
the experiments and that the preequilibrium neu-

trons represent 5 —15% of all neutrons emitted
The small fraction of preequilibrium neutrons

does not affect the c.m. energy spectra and the neu-
tron multiplicities. The neutron c.m. energy spectra
indicate that the excitation energy is shared between
the fragments in proportion to their mass and that
the composite system is equilibrated prior to the
separation of the fragments. The observed neutron
multiplicities as a function of mass and TKE of the
fragments are in good agreement with predictions
of statistical model calculations.

FIG. 18. Velocity diagram of neutron emission.

uc m =(u„+uF 2u„v—p cosO„) (2)

APPENDIX

In this appendix we describe in detail the pro-
cedure used in the event-by-event analysis of the
neutron-fragment coincidence data. As explained in
Sec. IIIB, the analysis is based on the assumption
that all neutrons originate from the L or the H frag-
ment and that they are isotropically evaporated in
the rest frame of the fragments. The c.m. spectra
of the neutrons emitted from these two sources are
calculated from the measured neutron spectra in
two reference counters located close to the direc-
tions of the L and H fragments. This calculation is
based only on the "high" velocity neutrons, i.e.,
those which are emitted in the forward direction in
the rest frame of the fragment. Thus when a neu-
tron is detected in the reference counter PM No. 2
(or PM No. 7) it is first assumed that the neutron
originated from the L (or H) fragment and it is ac-
cepted in the analysis if the following condition is
fulfilled:

U„&VF COSO„,

where v„ is the neutron velocity in the reference
counter, Uz is the velocity of the fragment detected
close to the reference counter, and 0„is the angle
between the neutron and the fragment directions
(see the velocity diagram of Fig. 18). Figure 19
shows the measured neutron velocity spectra in the
reference counter PM No. 2 (solid circles). The
dashed lines indicate the "accepted" neutrons, i.e,
those fulfilling Eq. (1). It is seen that more than
60%%uo of the detected neutrons are used in the
analysis.

The neutron velocity in the rest frame of the
fragment is obtained from

where e„and b,Q„arethe detection efficiency and
the solid angle of the reference counter, respective-
ly. This weight is determined by the Jacobian of
the transformation from the laboratory system to
the c.m. system and the assumption of isotropic
emission.

The next step is to project this event back into the
laboratory system and to evaluate its contribution in
each of the eight neutron counters. This event con-
tributes to PM No. E if

U, & Up sin0~, (4)

where Oz is the angle between the fragment and PM
No. E If this cond. ition is fulfilled there are one or
two solutions for the projected neutron velocity in
PM No. E corresponding to this event:

UK =up G™wK+(vc.m. UF sin HK) (5)

Both solutions are stored in the array of projected
events N~(vK, E,J) with a weight

V~ —Up COSL9~ Ug El(, EOI(.2

WK = . (6)
Ug —VF COSH' U E'~ EQ~

If E is the opposite reference counter the whole pro-
cedure is repeated from Eq. (1) with the following
values: Uz is the neutron velocity in the reference
counter, Uz is the velocity of the complementary
fragment, and 8~ is the angle between these two

The event is then stored in the array of c.m. events

N, (v, ,M,TKE, J), where J denotes the refer-
ence counter (PM No. 2 or 7) and M is the mass of
the L fragment. The event is assigned a weight
given by

u, (v„—uz cos8„)
C. ID.

Eg AQg
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FIG. 19. Neutron velocity spectra measured (closed circles) in the reference counter PM No. 2. The dashed lines show
the yield of neutrons which satisfy Eq. (1). The open circles represent the calculated yield assuming isotropic emission in

the c.m. system of the fragments.

directions. The event is assigned an initial weight
—8'z. This iteration procedure converges rapidly,
generally after one iteration, due to the condition
expressed by Eq. (I), and it corrects for the neutrons
detected in PM No. 2 which were emitted by the H
fragment. The projected spectra on the reference
counters identically reproduces the high velocity
branch of the measured spectra [this is obvious
from the construction procedure, Wx ——l in Eq. (6),
when E is the reference counter and v» is the high
velocity solution of Eq. (5)]. The comparison of the
measured and projected spectra of the reference
counters is meaningful only for the low velocity

part of the spectra. This comparison provides in-

formation about the forward-backward symmetry
of the neutron emission in the rest frame of the ful-

ly accelerated fragment. The projected low-velocity
neutrons in PM No. 2 are shown in Fig. 19 by the
open circles. It is seen that for quasielastic events,
TKE&560 MeV, the measured spectrum is larger
than the projected one. This explains why the total
calculated neutron yield in Fig. 7 does not repro-
duce the yield measured in the primary counter PM
No. 2. The effect is very similar to the one ob-
served in PM No. 1 in Fig. 9 and demonstrates that
the preequilibrium neutrons are also present in the
reference counter. For strongly damped events,
TKE=200—330 MeV, there is good agreement be-
tween the measured and the calculated low-velocity
spectra of the neutrons in PM No. 2 as shown in

Fig. 19. In this case the spectrum is consistent with
forward-backward symmetry of neutron emission.
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