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Abstract

The reactions 3*Kr+4-!%7"Au and ®Kr+"**U were studied at an incident energy
of E/A=150 MeV employing the large-volume neutron multiplicity meter ORION.
The observed correlations between the atomic number of projectile-like nuclei (PLN)
and neutron multiplicity indicate large deposits of excitation energies in the primary
fragments. Angular correlations between fragments from the fission of target-like nu-
clei (TLN) and secondary PLN show a memory of the reaction plane. No indications
for spin effects were found in the TLN-fission fragment distribution.
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1 Introduction

For many years now, production of hot nuclei and the study of their decay have
been in the focus of interest of intermediate-energy heavy-ion experiments[1].
The fact that large amounts of kinetic energy can be dissipated in heavy-ion
collisions and the prospect of being able to study thermal limits of stability of
nuclei strongly motivated such studies. For this high excitation-energy regime
new decay processes are predicted[2-5], e.g. multi-fragmentation, vaporiza-
tion, and explosion-like reactions, which, if confirmed, are of great interest to
the study of properties of nuclear matter. The use of heavy projectiles, how-
ever, does complicate the interpretation of experimental data because of large
dynamical effects and the excitation of not only intrinsic degrees of freedom
but collective ones as well, e.g. compression, deformation, rotation.

This work is part of a series of experiments using different types of projec-
tiles(light ions [6], heavy ions([7], and p[8]) which are used to examine sepa-
rately, purely thermal decay and. by comparison, the effect of collective excita-
tion. The experiment presented in this work using Kr-projectiles[9] and heavy
targets was designed to study the decay of so called "spectator” nuclei[10]
produced in peripheral collisions at high incident energies (E/A > 100 MeV).
At these bombarding energies the "spectator” nuclei which in the following
will be labelled as projectile-like(PLN) and target-like nuclei(TLN) are as-
sumed to be produced with little compression, excitation, and spin because
the reaction is dominated by nucleon-nucleon collisions while mean field effects
vanish. This assumption leads to the simplified picture of non-communicating
participant and spectator nucleons. However, experiments have shown that
the participant-spectator reaction picture is much too simple and PLN and
TLN can be very efficiently heated during the collision process [11-14]. In or-
der to address the problem of underlying reaction and dissipation mechanisms
in such collisions, the presented experimental work intended to determine the
thermal excitation energy deposition via a measurement of the multiplicity
of evaporated neutrons. The influence of angular momentum generated in fis-
sioning TLN was to be estimated studying [15] the correlation between fission-
fragment plane and reaction plane defined by the deflection direction of the
coincident projectile-like nuclei.

2 Experimental Procedure

The experiment was performed at the SPES IV spectrometer beam line of
the national laboratory SATURNE at Saclay, France, using a 3Kr beam of
E/A=150 MeV. A variety of thin 1.52§ 197 Au. 0, 6—& "#U and thick 19275
197 Ay, 28478 72U targets were used for exclusive and inclusive measurements
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Fig. 1. Schematic drawing of the experimental setup. The upper part of the figure
shows the segmented neutron multiplicity meter ORION. The lower part of the
figure shows the setup inside the reaction chamber of ORION.

of neutron multiplicities, respectively. Neutron multiplicities were measured
on an event-by-event basis with the large-volume neutron multiplicity meter
ORION[16]. The detector consists of a vessel containing 4m® of Gadolinium-
doped liquid scintillator surrounding completely a scattering chamber con-
taining the target and a number of charged product detectors (see Fig.1). The
scintillator vessel is segmented into 5 independently operated detectors (in
the following referred to as sections A to E) allowing a rough determination
of the angular distribution of emitted neutrons. The effective electronic de-
tection thresholds were typically set to values corresponding to gamma ray
energies of 2-2.5 MeV. The resulting efficiency (€) of the detector to neutrons
emitted from a 2*2Cf source was typically € & 75%. The response of the detec-
tor to neutrons of higher energies was simulated using the Monte-Carlo code
DENIS[17], which calculates the slowing-down, diffusion, and the Gd-capture
of neutrons in the scintillator. According to these calculations, the capture

probability for high-energy neutrons from the projectile is small, e.g. € ~ 10%
for E,=100 MeV.

Fragments from the fission of target-like nuclei were identified by energy loss
and relative time-of-flight between fragments using a set of position sensitive
parallel-plate avalanche counters (PPAC). The PPACS were placed parallel to
the beam axis each at a distance of 60 mm. The angular range covered by the
PPACs was 50 deg < © < 100 deg and 56 deg < O < 108 deg with an effective
solid angle of 728 msr and 785 msr, respectively. The detection position was
measured with a precision of Az &~ lmm resulting in an angular resolution of
AO =~ AP ~ 1 deg. Fig. 2 shows the correlation between relative time-of-flight
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Fig. 2. Plot of energy loss AE vs. relative time-of flight ¢,.; between coincident
fission fragments for PPAC1 and PPAC2. The solid contour lines encircle those
events which were identified as fission fragments.
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Fig. 3. Intensity hit-pattern of fragments detected with the forward angle
Si-multi-strip detector. The reconstructed beam axis is perpendicular to the pa-
per plane and indicated by a cross near the center of the figure. Circular segments
indicate the partition of circular and radial detector segments. White areas represent
inactive zones of the detector.

of two coincident fission fragments ¢,.; and the energy loss, AE, in the PPAC.
The solid line represents the region used to define a fission fragment.

Projectile-like nuclei (PLN) were detected using a set of two Si-multi-strip
detectors. The foremost detector had a thickness of 160um and was divided
vertically into two halves of 19 circular strips each with opening angles of
0.1 deg to 0.7 deg. The angular range covered by the detector was © = 0.5 deg
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Fig. 4. Atomic-number distribution of fragments detected at ©,;, = 1.4 deg.

to © = 5.5 deg including the grazing angle at 0,,,, ~ 0.9 deg. The backward
520-pm-thick detector was subdivided into radial 32 segments with opening
angles between A® = 2.8 deg to 87 deg. The particular partition geometry of
the detector combination is displayed superimposed to the measured fragment
distribution in Fig. 3. The gray-levels indicate hereby the number of counts
detected in a given © and ®-bin. As can be seen from the intensity distribution,
the beam axis was found to be offset by about 4.5 mm from the symmetry
axis of the Si-detector as was inferred from the measured intensities for elastic
scattering by reconstructing isobaric levels of cross section. All PLN-angles
quoted in the following are corrected for this offset.

The combination of two AE-Si detectors allowed for fragments traversing both
detectors not only the measurement of scattering and azimuthal angles, but
atomic numbers of PLNs as well. As can be seen from Fig. 4 Z-identification
was possible between Z=37 and Z~27. Because PLN fragments move with
approximately the same high velocity, separation of different Zs was possible
by measuring the energy loss in one of the AE-Si detectors. For smaller im-
pact parameter, i.e. on the average smaller Z, fluctuations in velocity of PLN
become more important, leading to an increase in the width of the energy loss
distribution for a given Z. Smaller Z-values quoted in the following could not
be resolved but were extrapolated based on energy loss curves[18] and, there-
fore, are considered to be approximate mean values. The latter restriction,
however, does not influence conclusions drawn from the data in the following.

Light-charged particles and intermediate-mass fragments were detected us-
ing a set of 9 Si-diode telescopes with typical thicknesses of 24um/300um
/5000pm or 12um /80um /500um /5000um placed at laboratory angles of @ =
15 deg to ©® = 150 deg in steps of AO = 15 deg covering a solid angle of 2.5
msr each. These detectors allowed the identification of Z=1 and Z=2 isotopes.



3 Theoretical Calculations

The experimental results presented in the following will be interpreted within
the framework of theoretical model calculations. Seen from a technical point-
of-view the simulation calculations serve to generate physically meaningful
neutron velocity distributions. These predictions about the angular and energy
distributions of neutrons are an important ingredient for the calculation of the
average detection efficiency. Especially contributions to the measured neutron
multiplicity originating from neutrons emitted during the fast cascade stage
of the reaction and those evaporated from projectile-like and target-like nuclei
depend much on efficiency simulations. Emission of pre-equilibrium particles
(PEP) as well as excitation energies of fragments, however, are not well known
and only few data exist in literature[19]. As it will become clearer in the
following, the presented data are sensitive to neutrons emitted either way, such

that a certain ambiguity concerning the consistency of the model predictions
with the data cannot be resolved.

The theoretical calculations comprise four steps. The reaction was simulated
by intranuclear cascade calculations, followed by a statistical decay of the
excited PLN and TLN fragments. The cascade stage of the collision was de-
scribed with the ISABEL code [20] after which the deexcitation of residual
fragments was simulated with GEMINI[21] assuming a level density parame-
ter of a=A /10 and spin [=0. The resulting set of simulated reaction events was
then filtered with the geometrical acceptance of the charged particle detectors.
The response of ORION to neutrons was calculated in two steps. Because those
neutrons and charged particles, emitted with rather high kinetic energies dur-
ing the INC cascade or being evaporated from the fast-moving projectile, may
generate additional neutrons through secondary reactions in the scintillator
itself and in the environment of the experimental set-up (concrete walls, floor
and sealing, scattering chamber walls, lead shielding) the neutron yield will be
enhanced. The generation of secondary particles as well as the back-scattering
of neutrons into the detector was estimated employing GEANT/FLUKA[22].
Thereby, most of the additionally observed neutron yield is predicted to be
generated by PEP inside the scintillator material or within the walls of the
scattering chamber. The results were then corrected for the neutron detection
efficiency with the code DENIS. Taking into account production of secondary
neutrons in the simulation calculations proves to be important to the neutron
vield measured in the most forward sections of ORION, i.e. D and E. The
additional neutron yield calculated by these simulations amounts to &~ 30%

integrated over all sections and 15%, 50%, and 100% for sections C, D, and
E, respectively.
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Fig. 5. Inclusive neutron multiplicity distribution for Kr + Au reactions. The neu-
tron multiplicities are not corrected for efficiency but deconvoluted from the random
background distribution. Results of simulation using excitation energies as predicted
by ISABEL are represented by a dashed line. The hatched area corresponds to re-
sults of a calculation using reduced values of E* = 0.4 - E{qsgg] .-

4 Experimental Results and Discussions
4.1 Measurement of Total Reaction Cross Sections

Inclusive neutron multiplicity measurements were performed using thick !’ Au
and thick ™' U targets and a low-intensity beam of about 1000s~!. The reduced
beam intensities allowed the tagging and counting of beam particles using a
thin plastic-scintillator detector of 1.4 mm thickness placed in the beam axis
approximately 32m upstream of the target. From this detector a START-
signal was generated in order to measure the time between the beam particle
passing the detector and its arrival on the target followed by the induction of
a nuclear reaction which is indicated by a prompt-response of ORION. This
condition imposes a minimum bias on the type of selected reaction events, be-
cause ORION responds even to a single gamma ray (E,, or 3 E,; > 2.5 MeV)
emitted in very peripheral reactions. Based on this measurement total reac-
tion cross sections of oreact= 7.5 barns and Oreace=7.6 barns were obtained for
the Kr+Au and Kr+U reactions, respectively. These values are close to the

geometrical cross sections of 6.3 b and 6.7 b calculated from systematics [23]
for Kr + Au and Kr + U reactions.

Fig. 5 shows the inclusive probability distribution for measuring a given neu-

-1
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Fig. 6. Excitation energy in the target and projectile nuclei as a function of the
total neutron multiplicity as predicted by the simulation calculations. The calcu-
lated neutron multiplicities are corrected for the detection efficiency. The vertical

arrows indicate the average neutron multiplicities associated with the bump in Fig. 5
associated with central collisions.

tron multiplicity in the Kr + Au reaction (solid dots). The distribution was
generated deconvoluting the measured multiplicity distribution with the mul-
tiplicity distribution for events not correlated with a reaction event thus,
subtracting the random counting background. The probability distribution
is peaked at low multiplicities decreasing exponentially with increasing neu-
tron multiplicity, a characteristic that reflects the strong decrease of reaction
cross section with impact parameter. A broad second maximum is observed
for high neutron multiplicities associated with central collisions. These char-
acteristics are very similar to those measured for heavy-ion reactions at lower
bombarding energies [24,25].

The dashed line in Fig. 5 represents results of theoretical simulation calcu-
lations discussed above. The calculations over-estimate the cross section for
large neutron multiplicities indicating that either the predicted average ex-
citation energies in TLN and PLN or the multiplicities of PEP or both are
too large. A quite good agreement can be obtained if the excitation energy
is simply reduced by a factor ~ 0.4, i.e. E* = 0.4 - Efgsggr- Only results of
simulations using these reduced excitation energy values will be presented in
the following! Latter excitation energies should only be considered to give a
rough indication of the over-estimation by the ISABEL code rather than to
give exact predictions of excitation energies because PEP multiplicities were
not changed in the simulation. The results of the calculation are represented
by the hatched area in Fig. 5.



The resulting relation between calculated, efficiency corrected neutron mul-
tiplicity and excitation energy in projectile-like and target-like nuclei is dis-
played in Fig. 6 for the Kr+Au and Kr+U reactions. For both reactions a flat
slope is found at low neutron multiplicities due to the low binding energy for
neutrons in neutron-rich target-like nuclei. For high neutron multiplicities a
steeper slope and an almost linear correlation between E*/A and m, is ob-
served. The excitation energy per nucleon is proportional to the number of
abraded nucleons AA. For PLN an increase of E*/A |ppy= 0.22MeV - AAprx
1s calculated while the excitation energy in the the much heavier TLN increases

E*/A ITLN: 0.12MeV - AATLN-

4.2 Multiplicities of Alpha-Particles

Cross sections for the production of light charged particles were determined for
alpha-particles emitted to backward angles, i.e. 150 deg, 135 deg, and 120 deg.
For all other scattering angles and for the hydrogen isotopes not all particles
were stopped in the detector so that a significant part of the yield could not
be used for analysis. Since alpha-particle yields measured at very backward
angles are relatively unaffected by contaminants from other contributions, e.g.
PEP , the assumption of one single source for all the detected particles is well
justified. Therefore, the integrated yield per solid angle in the the TLN emitter
frame was computed for each detector telescope and extrapolated assuming
isotropic emission to 47 in order to calculate the corresponding multiplicity
of alpha-particles. The assumption about the velocity of the TLN needed for
the transformation of the laboratory cross sections th the TLN emitter frame
is based on the cascade calculations for Kr+Au which predict moderate recoil
velocities of the TLN (viy = 0.3,0.6,0.7,0.9 cm/ns for bins m,=20-35, 34-
39, 40-45, 46-57, respectively). The reliability of the calculated velocities were
confirmed by studies of fission fragment angular correlations measured for the
Kr + U reactions which will be discussed further below.

Fig. 7 shows the alpha-particle multiplicities extrapolated from the measured
yields at three angles for four different bins of neutron multiplicity. The size of
the error bars shown in Fig. 7 is mostly due to statistical errors and estimated
uncertainties of the normalization procedure, between inclusive measurements
on thick targets and exclusive measurements on thin targets. Results of the
simulation calculations are represented in Fig. 7 by the open squares. The
calculated multiplicities have the tendency to overestimate the experimentally
found ones but are consistent within the experimental error bars. Since alpha-
particle emission is a very sensitive probe for high excitation energies (because
they are unperturbed by PEP and their multiplicity depends strongly on E*)
this agreement gives another strong indication that the reduction of the TLN
excitation energies introduced in the above calculations is indeed justified.
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4.3  Projectile-like Nuclei

Fig. 8 shows double differential cross sections of fragments, produced in Kr4Au
collisions at E/A = 150 MeV, detected in the forward-angle multi-strip AE-AE
Si-detector for 5 scattering angle bins. The distribution of fragments detected
between © = 0.5 deg — 1.5 deg, including the grazing angle for this reaction
(Ograz = 0.9 deg), is displayed in the upper-left panel. Most prominent feature
of this distribution is a group of elastically and quasi-elastically scattered pro-
jectiles, centered at atomic number Z=36 and neutron multiplicity m, = 0,
from which a continuous band of cross sections evolves with increasing aver-
age neutron multiplicity for decreasing Z. No qualitative change of the average
correlation between atomic number of the projectile-like fragment and average
neutron multiplicity as a function of scattering angle is observed. However, a
strong change in the production cross-sections is seen. Fragments with large Z
are strongly suppressed for larger scattering angles whereas low-Z fragments
are distributed more evenly in the angular range between © = 0.5 deg and
5.5 deg. The correlation between Z of the projectile-like nuclei and neutron
multiplicity reflects the strong dependence of the size of the projectile-like
nuclei and dissipated energy on the size of the overlap between target and
projectile and thus, on impact parameter. Thus. neutron multiplicity appears
to be a good observable to select an impact parameter or a degree of dissipa-
tion, at least for relatively peripheral collisions. as it was shown at much lower
bombarding energies[16]. Because of electronic detection thresholds, fragments
with atomic numbers of less than 5 were not measured. For the lightest frag-

10
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Fig. 8. Distributions of double-differential cross-sections for fragments produced in
Kr+Au collisions at E/A = 150 MeV for six bins of scattering-angle. The logarithmic
intensity scale is the same for all distributions and defined by gray levels. The intense
line structure at Z=36 is a result of pile-up of reaction events with elastic scattering.

ments that were detected average multiplicities of (m,) ~ 35 are observed
coinciding with the maximum observed in Fig. 5 for the most dissipative colli-
sions. In this context, it is interesting to note that this pattern is quite similar
to that already observed for the same system at a much lower bombarding

energy of E/A=32 MeV|[26].

Simulated neutron multiplicities are presented separately for each section of
ORION in Fig. 9. As can be seen in this figure. the functional dependence of
the average neutron multiplicity (m,) on Z integrated over @ = 0.5 — 5.5 deg
1s quite well reproduced. A slight underestimate can be seen for the backward
section B and the most forward section E. This disagreement, however, can
not be taken as an unambiguous proof for the failure of the reaction model. It
has to be kept in mind, that important corrections due to secondary neutron
production were applied whose precision is difficult to estimate. Furthermore,
although excitation energies predicted to be deposited in the TLN are mostly
below E*/A = 5MeV, the excitation energies in PLN may be much higher such
that the mass loss predicted by GEMINI may be questioned. However, it can
be concluded qualitatively that the amount of thermal excitation energy gen-
erated in the TLN and PLN produced in Kr+Au collisions at E/A=150 MeV
is large (see also [12,13]). According to cascade calculations excitation energies

11
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Fig. 9. Comparison between the simulation calculations and the experimental data
for each section as a function of the atomic number of PLN’s. The experimentally
observed average neutron multiplicities as a function of the Z are represented by
the filled squares. The filled area indicates the +o-width of the experimental distri-
bution. The averages predicted by the simulations are represented by a solid line.
Contributions from TLN, PLN, and for PEP (Pre-Equilibrium Particles) are rep-

resented by broken lines(see upper left panel). The ingredients of the simulation
calculation are described in the text.

in TLN of up to E*/A ~ 5 MeV are reached for more central collisions while

the associated excitation energies in the PLN may exceed E*/A ~ 10MeV (see
Fig. 6).

4.4 Fussion of Target-like Nucle:

Fission of the target-like nuclei was studied for the Kr+U reactions as a func-
tion of the neutron multiplicity via a measurement of the fission probabilities
and the angular correlations between fission fragments. Two correlation angles
were examined. The distribution of folding angle (G4 = O + Og;) which is
mostly sensitive to the parallel velocity of TLN and the distribution of the az-
imuthal folding angle A®g = &g — Pgo(see Fig. 10) in which the transverse
velocity distribution is reflected. Fission probabilities were obtained from a
comparison of the inclusively measured neutron multiplicity distribution with
those obtained in coincidence with fission fragments. Because of finite coinci-

12
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Fig. 11. Contour diagram of the coincidence probability as a function of impact
position on PPAC2 parallel and perpendicular to the beam. The projected target
position in indicated by a cross in the left corner at (0,0).

dence probabilities, however, efficiency corrections have to be applied to the
calculations in order to obtain distributions that can be compared directly to
experimental data.

4.4.1 Determination of Fission Probabilities
— Corrections for Finite Coincidence Probabilities

The influence of the geometry of the experimental setup on the detection prob-
ability for coincidences between fission fragments was estimated by means of
Monte-Carlo simulations. Main ingredient of these simulations are measured
widths of fission fragment distributions as a function of neutron multiplic-
ity. These widths were determined by selecting a small area in the center of
PPAC! and computing the first two moments of the experimentally observed
distribution of coincident fission fragments on PPAC2. These values were then
used to calculate the detection efficiency for the full range of © and @ cov-

13



ex sim ; cm
My €geb  €goo VILN/Z  AQem/27 €22 Al /27

<3 037 035 —-0.2+0.2 0.105 0.038
5-10 0.42 039 -0.2 0.105 0.042
10-15 0.44 0.42 0.0 0.116 0.044
15-20 0.53 0.54 0.0 0.116 0.062
20-30 0.51 0.50 0.1 0.120 0.062
_> 30 030 054 03%£0.1 0.124 0.037

Table 1

Applied efficiency corrections for geometrical effects and solid angle correction for
finite recoil velocity of fissioning TLNs.

ered by PPACI. Results of the calculation are represented in form of a contour
diagram in Fig.11. The left-hand side of Fig. 11 shows the probability distribu-
tion for detecting fission fragments in coincidence for low neutron multiplicity
events associated with 5 < m, < 10. The distribution is peaked near the bor-
der of the PPAC. Moving forward parallel to the beam, i.e. for increasing O,
the coincidence probability is rapidly decreasing. This effect is due to a folding
angle near 180 deg which makes a coincidence geometrically impossible for a
fragment detected in coincidence in the forward region of the PPAC. With
increasing neutron multiplicity the average of the folding angle distribution
decreases and its width increase which leads to a widening and a shift of the
coincidence probability distribution towards small scattering angles as can be
inferred from the plot on the right-hand side of Fig. 11. The calculations were
verified by folding the impact position distribution of fission fragments for
one PPAC measured in singles mode with the calculated efficiency matrix,
and comparing it with impact position distribution measured for coincident
fragments. A good agreement was found for all neutron multiplicities except
for the largest energy dissipation (see Table 1). For this bin the efficiency was
estimated to be too large which is most likely due to an underestimate of the
measured width of the fragment distribution.

The recoil velocity of the fissioning target nucleus was inferred by fitting the
inclusively measured angular distribution of fission fragments, assuming an
isotropic emission in the rest frame of the target-like nucleus. These fits were
performed for several neutron multiplicity bins. The values found for vrrn
are very small and may be zero within the estimated error for this kind of
measurement, but they are comparable with predictions of INC calculations.
Thus, the applied solid angle corrections are small compared to those due to
the detection efficiency. The velocities resulting from these fits were then used
to transform the solid angle of the PPAC to that of the TLN frame. The results

14



are plotted again in Tab. 1 for each neutron multiplicity bin. Negative values

of velocity are compatible with vy = 0 taking into account the precision of
this method.

— Normalization of Exclusive Measurements

For the measurements performed with thin targets the flux of incident particles
could not be determined directly, because of the much higher beam current
(10° — 107s7"). Therefore a relative normalization between the two types of
measurements had to be performed using quasi-elastically scattered projectiles
(selected by requiring m, = 0 and Z = 36) measured with the forward angle
Si-strip detector telescope. Because of the very different target thicknesses used
for inclusive and exclusive measurements, the angular distribution of quasi-
elastically scattered fragments for thick-target runs is broadened significantly.

In order to take into account this effect, the angular distribution g—g(@) for
thin target runs was expressed in the form of a function f(©) and folded
with a gaussian resolution function[27] thus, correcting for small-angle scat-
tering effects in the target and in the plastic beam-flux monitor detector. This
functional dependence was then used to fit the normalization factor between
inclusive and exclusive measurements. The uncertainty in the normalization
factor was estimated to be 30-40% by varying f(©). With this relative nor-
malization and applying efficiency corrections for each neutron multiplicity
bin the fission probability can be calculated by dividing the number of fission
events by the number of nuclear reactions for each neutron multiplicity bin.

The second column of Tab. 2 shows the experimental fission probability as
function of neutron multiplicity. The excitation energy scale plotted on the
right hand column was deduced from the simulation calculation discussed
above (see Fig. 6). A strong increase of the fission probability with increasing
neutron multiplicity is observed which reaches unity at (m,) = 10. Above
(mn) ~ 30 the fission probability decreases again. According to the sim-
ulation calculations this decrease sets in at an excitation energy of about
E*/A =3MeV (T = 5MeV) but a measurable cross-section can be observed
up to the highest excitation energies. The competition between fission and
charged-particle emission or multi-fragment decays will increase in this exci-
tation energy regime which may make fission more and more unlikely. The
integrated fission probability was determined to be 47% or Ggeion = 3.6 .

The third column of Tab. 2 shows the average atomic number of PLN asso-
ciated with fission of the TLN measured as function of neutron multiplicity.
The comparison with calculations shows a good agreement with the data in-
dicating that the simulated reaction scenario on the average reproduces both,
excitation energy and average size of PLN and TLN.

15



Experiment Simulation

my, Psss {(ZpLn)  opLN PRl (Zg%) ET/AIEN Ef/AIEK
0.0 0.01+0.001 360 04 065 36.0 0.1 0.2
20 0.27+£007 360 04 076 359 0.1 0.3
40 047+0.13 359 04 087 352 0.2 0.5
6.0 060+0.16 352 35 095 349 0.3 0.6
80 0534016 350 2.5 0.96 345 0.4 0.8
10. 0.83+£021 346 33 094 345 05 1.0
12. 0.97+026 344 16 093 340 0.6 1.2
14 0.76£023 334 20 086 337 0.6 1.5
16. 0.99+026 324 20 079 327 0.8 1.9
18. 0854025 320 25 083 319 1.0 2.1
20. 0.93+0.27 309 39 077 297 1.1 2.5
22 1.04+0.20 207 46 077 286 1.3 28
24. 0.814£025 294 53 055 9273 15 3.4
26. 1.02£028 269 58 042 260 1.9 3.9
28. 0.81+025 258 59 033 248 2.0 45
30. 1.09+£034 232 62 021 9237 2.3 5.0
32. 069031 226 6.1 028 212 2.7 6.0
34, 0864029 211 70 029 189 2.7 6.5
36. 0.79+026 206 65 0285 193 3.1 7.0
38. 0344019 183 69 019 159 35 8.4
40. 035+0.20 181 52 021 159 3.8 8.9
42. 0334016 184 56 006 157 41 9.7
4. 0194019 150 57 010 167 45 10.6
46. 0174012 177 69 004 158 47 115
48. 0304015 140 47  0.06 127 48 12.0
Table 2

Fission probabilities and average secondary Z of the coincident PLN for Kr+U reac-
tions as function of the detected number of neutrons. The experimental errors given
for Pges do not include the systematic errors due to the normalization procedure.

The two right columns contain predicted values of excitation energies in TLN and
PLN. 16
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Fig. 12. Azimuthal folding-angle distribution of fission fragments as a function of
neutron multiplicity in coincidence with projectile-like fragment nuclei. The range
of the azimuthal angle for PLN for the left and right-hand column is indicated on
the top of the figure, respectively.

4-4.2  Angular Correlations between Fission Fragments

The left-hand side of Fig.13 shows the folding angle (@ = Og, + Og,) dis-
tribution for pairs of fission fragments from the reaction 8Kr + "*U as a
function of neutron multiplicity. A continuous decrease of the mean folding
angle with neutron multiplicity can be observed corresponding to increasingly
larger recoil velocities of the fissioning TLN (vpin < 0.42%). The right-hand
side of Fig. 13 shows the corresponding distributions of the azimuthal folding
angle, i.e. A®g = &gy — Pg,. The distribution is symmetrical with respect to
A®g = 180 deg since no preferred fission-plane is selected. Though the first
two moments of the distribution evolve only weakly with neutron multiplic-
ity, a qualitative change of the distribution can be observed. At low neutron
multiplicities the distribution appears relatively wide while the distribution
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Fig. 13. Distributions of folding angle and azimuthal folding angle for fragments
from the fission of target-like nuclei. The left-hand side shows the evolution of the
folding angle with neutron multiplicity. The right-hand side displays the associated
distributions of azimuthal angles. Number of events, mean angle, and standard
deviation of the distributions are plotted in the respective panel.

becomes broader but has a pronounced maximum at A®g = 180 deg for
larger multiplicities. The relatively broad distribution for neutron multiplici-
ties m, < 10 indicates a significant average transverse velocity of the fissioning
target-like residual nucleus. In order to search for the origin of this transverse
velocity, triple coincidences between a projectile-like residue detected in the
forward-angle Si-Strip detector and a pair of fission fragments were used to
generate azimuthal angle correlations of the fission fragments. Fig. 12 shows
these angular distributions as function of neutron multiplicity. Two types of
coincidences were selected, where the transverse velocity vector of the PLN
1s on the average perpendicular to the fission plane, but pointing to opposite
directions. The left-hand side shows the distribution for ®prx = 0 deg+45 deg
where the PLN vector points "upwards™ (for orientation see inlets) the right-
hand-side is associated with events where this vector points "downwards”, 1.e.
®pLn = 180 deg + 45 deg. Although statistical errors are significant, a clear
systematic shift of the average angle (A®g) with respect to A®g = 180 deg
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Fig. 14. Azimuthal angle distribution of PLN as function of multiplicity in coinci-
dence with a pair of fission fragments. The azimuthal angular range covered by the

PPAGC:s is indicated by gray areas, which also defines the orientation of the fission
plane.

can be seen whose sign depends on the direction vector of the PLN. This
result shows that by selecting the PLN-direction one is able to select an aver-
age reaction plane, even for the largest neutron multiplicities. A priori, it was
not evident that such a correlation could be found, since experimental errors,
e.g. due to beam divergence, might have been sufficiently large to mask re-
coil effects. The ability to select the reaction plane is used in the following to

search for spin effects in fission decay of the TLN by searching for correlations
between fission and reaction plane.

4.4.83 Searching for Spin Effects in the Fission Decay of TLNs

Fig.14 shows as function of neutron multiplicity the azimuthal angular distri-
bution of PLN in coincidence with a pair of fission fragments detected in the
PPACs. Thereby, the PLNs direction is used to define the orientation of the
reaction plane. If there was a strong alignment of reaction plane and fission
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plane, the azimuthal angular distribution of the coincident PLNs would not
be uniform but would have maxima around the ® corresponding to the po-
sition of the PPAC indicated in Fig. 14 by the gray-shaded areas. However,
within the statistical errors the distribution is not clearly structured, i.e. fis-
sion plane and reaction plane are not or only weakly correlated with each other
as already observed at higher bombarding energies[28]. There are a number
of possible explanations for such an observation. Firstly, the selection of the
reaction plane may not be sufficiently precise, such that angular correlations
are washed out. Secondly, spin generated in the nuclei may be small leading
to essentially flat angular distributions of the fission fragments. Lastly, spin
might be generated in a way that the reaction plane does not select the di-
rection of the spin. In fact, the observation of an alignment of the nuclear
spin and the normal vector of the reaction plane is a feature of the reaction
mechanism whose tangential dissipation component leads to the generation of
spin. Therefore, the non-observation of such an alignment may be taken as
an indication that the mechanism of generating spin and excitation energy in
residual nuclei may be quite different from, e.g. binary dissipative reactions
prevailing at lower bombarding energy.

5 Summary

For the first time, neutron multiplicity distributions were measured for heavy-
ion induced reactions at relativistic bombarding energies using a 47 neutron
multiplicity meter. Average secondary Zs of PLN and alpha-particle multi-
plicities for Kr 4+ Au are described qualitatively as a function of neutron
multiplicity by calculations assuming an intranuclear cascade and evapora-
tion from thermalized nuclei, provided that the predicted excitation energies
are reduced by a factor 0.4. Average neutron multiplicities measured in co-
incidence with projectile-like nuclei exhibit a smooth evolution with atomic
number and scattering angle. The experimental distributions show that large
amounts of thermal energies (E*/A up to 5 MeV) are deposited in the TLN.
Fission of TLNs 1s observed in Kr + U up to high neutron multiplicities which
are associated with excitation energies of more than E*/A = 3MeV. The ob-
served angular correlations between projectile-like and target-like nuclei allow
a selection of the reaction plane. Within the experimental errors no indication
of spin effects on the angular distribution of fission fragments were found.
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