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ABSTRACT

When studying the behavior of hot nuclei, the challenge is
twofold : how are they formed in nucleus-nucleus collisions and how
do they decay ? For heavy and, thus, neutron rich systems a large
fraction of the thermalized energy is evacuated by neutron
evaporation. Therefore the numbering, event-wise, of neutrons, over
4 if, gives a strong handle on energy dissipation for the different
reaction channels.

The first neutron measurements of this kind were performed
using spherical detectors made of two hemispheres. Since then, a new
and larger 4 ir detector, ORION, has been designed in order to get
information on the spatial distribution of the neutrons. The main
characteristics of ORION are described and a few examples are given
in order to illustrate the capabilities of such a detector in the
study of dissipative collisions.
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1. INTRODUCTION

The behavior of nuclei in which larger and larger amounts of
collective and intrinsic energy have been stored is a subject of
current interest to both nuclear physics and astrophysics. In
particular, the fate of nuclei heated up at temperatures larger than
4-5 MeV has been a most debated issue for several years. To make
progress in this domain, one has to know how to prepare such hot
nuclei and how to control the amount of energy which is eventually
stored under randomized form (heat).

With the development of powerful detection systems, such as high
efficiency, 4tr neutron counters or 4ir light charged particle
detectors it has become possible to shed light on reactions
previously studied through other observables (projectile-like
fragments, coincident fission fragments, heavy reasidues...). In
particular, for heavy systems, the neutrons reflect with a good
sensitivity, through their multiplicity, the amount of thermalized
energy. We have exploited these interesting properties in order to
investigate, on the Ar + (Au, Th) systems the effects of bombarding
energy on energy dissipation [1], and more recently, the effects of
projectile mass for projectiles of similar velocity, by comparing Ar
and Kr induced reactions [2].

In this presentation, instead of surveying the data which have
been gathered so far at GANIL with 4ir neutron detectors [1,3-4], we
would rather like to select several aspects which can best examplify
the capabilities of sectorized neutron detectors such as ORION. This
detector of large volume, was designed in order to meet the
requirements for studying heavy ion reactions induced at intermediate
energy. The detector volume was splitted up in four adjacent sectors
for gathering information on the neutron angular distribution. It is
then possible by comparison with Monte Carlo simulations to infer the
origin of the detected neutrons. Data obtained in Ar and Kr induced
reactions on heavy targets will be presented to stress some
interesting properties of ORION

2. DESCRIPTION OF ORION

Gadolinium loaded, liquid scintillator, neutron detectors were
invented more than thirty years ago [5] in order to provide high
efficiency detection and numbering of neutrons emitted in a single
nuclear reaction [6]. Such detectors were revived in the 70's during
the quest for super-heavy elements, whose fission was expected to



free an unusually large number of neutrons [7]. More recently, they
have been utilized in low energy heavy ion induced reactions [8-9].

Let us first remind the basic principles of Gd loaded, liquid
scintillator detectors. They are made of a solvant (pseudocumene, the
common name for 1-2-4 trimetyl benzene), two scintillating components
(P-terphenyl and popop) and gadolinium etylexanoate (.3 X Gd in
weight for ORION). As show in Fig. 1, neutrons are slowed down by
elastic scattering on H and C nuclei of the organic medium, till
their thermalization. Thereafter they wander for about 10
microseconds before being captured by Gd nuclei or, less frequently,
by H nuclei. Indeed, Gd has huge capture cross sections as compared
to H and C. The emitted gamma-rays, three on the average, are then
detected by a bunch of photomultipliers surrounding the tank. The
most interesting property of such a detector is its high efficiency
to low energy neutrons (87 Z for ORION), which can be checVsd with a
well calibrated neutron source, like 2 5 2Cf.
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Figure 1 : Neutron detection in Gd loaded liquid scintillator
detectors. Characteristic energies, lengths and times are given
in the insert.

The spherical symmetry is not the best suited geometry for
studying intermediate energy heavy ion induced reactions. In order to
efficiency utilize a given volume of liquid scintillator, we have
adapted for ORION the beam direction as symmetry axis insert in (Fig.
2). The more forward the emission angle, the larger the kinetic



energy of the neutron is. Therefore, a progressive thickening of the
detector with decreasing emission angle is best suited for optimizing
the overall detector efficiency. This has been realized in ORION
without complicating too much the shape of the containers, by
adopting cylindrical and conical volumes with the beam axis as a
symmetry axis. The sectors are labelled A,B,C,D, from backward to
forward. The scattering chamber is housed inside the second sector
(B), in such a way that the thickness of scintillator is twice as
large forward than backward. The overall detector is 200 cm long,
with a maximum outer diameter of 160 cm. The total volume is nearly
3m3. As already mentioned, the detector efficiency measured with the
2.1 MeV neutrons of a Cf source is 87 X.

The detector efficiency can be computed accurately by a Monte
Carlo method, first developed by Signarbieux and Poitou [10]. A
neutron of given energy, emitted in a certain direction is followed
through successive elastic scattering collisions until it either
escapes the volume of the detector, or alternatively, is captured.
The capture probability on Gd or H is Monte Carlo simulated and the
emitted gamma-rays are followed. The latters interact essentially by
Compcon effect and the neutron detection becomes effective if the
total deposited energy overcomes a given threshold set on the
discriminators accompanying all photomultipliers. Such a Monte Carlo
procedure has been generalized [11] to a segmented detector with the
possibility of detecting neutrons in any sector. The simulation
provides also the probability for detecting a given neutron in two
sectors simultaneously (cross talk).

An example of simulation is presented in Fig. 2 and compared to
data obtained with a Cf source. The main imputs for the simulation
are : the geometry of ORION, the location of the Cf source with
respect to ORION, the precisely known neutron multiplicity
distribution for such a source and the average neutron kinetic
energy. The detection thresholds in each sector are left as free
parameters. Excellent agreement can be found in both mean values and
individual distributions provided that different thresholds are
applied : light transmission is larger when the sector is smaller and
this is reflected in the relative values observed for the thresholds.
For such low energy and isotropic neutrons the relative differential
multiplicities exhibit essentially the difference of solid angle of
the sectors. Sector D, which is screened by sector C does not detect
anything but neutrons that are also detected by C (cross talk) : the
mean free path for 2.1 MeV neutrons is small enough for essentially
all neutrons to be stopped in C. It is only in induced nuclear
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figure 2 : Multiplicity dis-
tributions in ORION sectors
as measured with a Cf source
and as computed from the com-
puter code DENIS [10-11].
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reactions that sector D can significantly detect neutrons.
Simulations extended to monoenergetic neutron sources of higher

and higher energies exhibit several interesting features (Fig. 3).
The detection efficiency remains essentially constant up to 6 MeV
where a rapid fall off shows up. This is simply due, as shown in Fig.
4, to the onset of the C(n,ot) Be channel which competes with elastic

Figure 4 : Contribution
of the different reaction
channels as a function of
neutron energy in an orga-
nic medium [17].

scattering on C and H : the neutrons absorbed by C are lost for
detection. Above 18 MeV, the growing influence of the C(n,p) B
reaction is mainly responsable for the continuous fall off in
detector efficiency. The behavior of detectors utilized in previous
experiments has been shown in Fig. 3 for sake of comparison. One can
notice the small gain in efficiency when comparing the 1500 1 and
3000 1 detectors for an isotropic source. However in a nuclear
reaction, with more energetic neutrons emitted forward than backward
the benefit is much larger.

The neutron detector is operated as follows : the signal from a
nuclear reaction (or a fission event in case of a radioactive source)
is given by the promptly emitted gamma rays and the recoiling protons
following neutron scattering. Both contribute to generate a light
flash in the scintillator. In order to distinguish this signal from
electronic noise from the photomultipliers, two PM's are required to
fire simultaneously. In addition, this reaction signal can be
validated by any external trigger, if desired. This can be a fission
fragment for a radioactive source or any reaction product in an
induced nuclear reaction. A delayed gate is thus generated for
approximately 50 us, the time required for most of the simultaneously
emitted neutrons to be captured. The light flashes corresponding to
several neutron captures can then be counted. Here again at least two
PM's must fire in coincidence in order to reduce the background.



Then, a second gate of the same duration is electronically generated
with a fixed delay after the first gate has been closed. This allows
measurement of the background, essentially gamma-rays from K
contained in the surrounding concrete shielding and muonic cosmic
rays. This also permits to control the pile up level : two nuclear
reactions occuring in the first gate being as probable as a single
one in the second gate, randomly triggered. The background which
depends both on the size of the detector and the quality of the
environment (amount and distance of the concrete blocks) generates
typically .5 event per gate. This is fully negligeable when compared
to the neutron multiplicities measured in dissipative collisions.
Moreover, an average correction can be carried out, off line, for
subtracting this background. Despite the time spreading of neutron
captures over several tens of us, simultaneous captures of two
neutrons (within 40 ns, the dead time of the discriminators) can
occur with an increasing probability with multiplicity. This leads to
an additional loss of about 5 Z for 30 measured neutrons. This can
also be taken care of, off line, on the average.

In addition to the multiplicity information, brought in by the
Gd captures, this detector provides, as non-loaded detectors do, a
valuable information which is strongly connected with the
multiplicity. Indeed, a signal is generated shortly after the nuclear
reaction, before the neutron captures have occured. The amplitude of
such a signal is made of two unresolved components : the prompt gamma
rays issued from the reaction and the recoiling protons following
neutron elastic scattering. For high neutron multiplicity events it
is expected that the second component takes over. This is well shown
when triggering on projectile-like fragments detected close to the
grazing angle. As shown for an Ar induced reaction [3], there is for
such events a broad distribution in dissipation which is well
demonstrated by the strong correlation between the neutron
multiplicity and the kinetic energy of the outgoing fragment (Fig.
5-6). If we now consider similar types of events, recorded with
ORION, in a Kr induced reaction one is struck by the strong
correlation between the light yield in the prompt peak and the total
neutron multiplicity (Fig. 7). The larger the neutron multiplicity,
the hotter the emitting system is expected to be and the larger the
average kinetic energy of the neutrons should appear simply because
of the temperature increase. Therefore, a detailed analysis of such
data through Monte Carlo simulations is expected to bring valuable
information on the total kinetic energy of the detected neutrons.
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Figure 5 : Evolution of the neu-
tron multiplicity, as measured
with the 500 1, Bruyeres-Le-Chatel
detector, as a function of the ki-
netic energy of a Z = 16 projec-
tile-like fragment detected close
to the grazing angle.

Figure 6 : Same as Fig. 5, with
5 < Z '< 18. Model calculations
(solid line) following Bonasera
et al. [18] are discussed in
ref.[3].
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ted at 7°.



III. CONTRIBUTION OF A SECTORIZED NEUTRON DETECTOR TO THE STUDY

OF VERY DISSIPATIVE COLLISIONS

As previously mentioned, for heavy systems such as Ar + (Au,
Th), it has already been verified that neutrons carry away a large
fraction of the dissipated energy [1,4]. However, in the first
measurements without segmented detector it was not possible to infer
the origin of all detected neutrons even if it could be guessed that
most of them were evaporated from a slowly recoiling source. This is
because of the loss of efficiency of the detectors for high energy
neutrons, as shown previously (Fig. 3). However, it was not easy to
estimate how many preequilibriura neutrons or neutrons emitted by a
projectile-like fragment could have been detected. This is now
possible by comparing model calculations, folded by the detector
efficiency, with experimental data. Such a comparison has been first
performed on data gathered on the Ar + Au system at 44 MeV/u
bombarding energy for the most dissipative collisions. The latters
can be best selected using, as a trigger, backward emitted charged
particles. This is well shown in Fig. 8 when comparing inclusive
neutron multiplicity spectra with exclusive ones. For heavy and thus
neutron rich systems, light charged particle evaporation can only
occur if they have been sufficiently heated up. These properties
provide a very convenient way for selecting the most dissipative
events.

The simulation has been carried out using a modified version of
the DENIS computer code [11], by considering as the dominant neutron
emission source a massive and initially hot system recoiling with a
fraction of the center of mass velocity. The emitted neutrons have an
average energy of twice the temperature of the emitter and are
supposed to be isotropically evaporated in the rest frame of the
recoiling emitter. A sequential process is then assumed with the
emitter cooling down and, accordingly, the next emitted neutrons less
and less energetic. This does not imply that all evaporated particles
are neutrons and it has been actually shown [1] that about 20 T. of
light evaporated particles are charged ones. The main purpose of the
above procedure is to generate neutrons at all steps of the cooling
process to best simulate the energy and angular distribution of all
emitted neutrons in the laboratory system, as they are seen by ORION.
Moreover, it has been shown in other experiments [12] that even when
such a system undergoes fission this only happens when most of the
neutrons have been evaporated. It is thus legitimate to consider the
recoiling heavy system as the main source of neutrons.



Neutrons captured

Neutrons escaping
Timing of the capture

by Gd
by H
by C

T < I us
1 us <,T < 50 us

T > 50 us

87. IX
8.9X
2. OX
2. OX
4. OX

91. OX
5. OX

Effect of the threshold on Compton electrons for detection
efficiency

1.0 MeV . r 92.3X
1.5 MeV : 92.2X
2.0 MeV : 90.2X

Global detector efficiency - (87.1X+8.9X)*91X*92.2X-80.6X
Global detection efficiency, including electronics dead time

80.6X*95X-76.6X

Table 1 : The above detection efficiencies have been Monte Carlo
simulated for the ORION detector when considering a central Ar+Au
reaction induced at 44 MeV/u bombarding energy. The emitting neutron
source is assumed with E - 650 MeV and recoiling with p—2/3po. For
details see text.

We know from a previous experiment [1] that for the most
dissipative collisions, induced by an Ar projectile at 44 MeV/u
impinging on a Au target, the massive hot system carries about 2/3 of
the projectile linear momentum with an average excitation energy of
about 650 MeV. The simulation for neutron emission and detection by
ORION has thus been performed with such parameters as imput
parameters. In table 1, figures are given which show, at different
steps of the detection process, the main sources of detection loss.
It is first demonstrated that 96 X of the neutrons are captured by
either Gd or H, thus generating gamma rays, and that only 2 X of the
evaporated neutrons escape from ORION. Thereafter, 91 X of the
radiative captures occur when the counting gate is opened. The
detection threshold for the gamma rays was set at a level such that
92 X of the neutrons captured within the gate opening could be
registered. Altogether, slightly more than 80 X of the neutrons
evaporated from the heavy and hot moving source could have been
detected. However, there exists an electronic source of loss due to
dead time of the discriminators following the photomultipliers. This
loss depends on the neutron multiplicity and amounts to 5 X for the
presently measured multiplicities. Finally, the overall efficiency
for the presently simulated reaction reaches 76.6 X. Such a figure
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compares favourably with the best 4 IT light charged particle

detectors built up to now [13-15]. For Uhe iatters the angular

coverage can never be as good as it is for ORION, moreover shielding

by absorbers of S-electrons generates a low energy detection

threshold that neutron detectors avoid.

Any deviation between simulated evaporation data and

experimental Ar + Au data can then be attributed to a different

origin of the neutrons. After absolute normalization of the simulated

data on the experimental ones for the most backward sector (A), for

which the considered source is expected co be the only contributing

source, one can make comparisons for the three other sectors (Table

2). As expected, the more forward, the larger the relative

discrepancy is observed to be. However when integrating over 4 IT, it

can be noticed that the contribution from other sources than the one

simulated remains weak (# 10 X). It was, then, fully justified to

neglect it in previous experiments [1,4], when using spherical

neutron balls for which the detection efficiency of uhe high energy

forward component was worse than it is actually for ORION. The

influence on simulated data of the velocity, or linear momentum, of

the recoiling source has been investigated and is shown, in Ta'̂ ie 2,

to be moderate. In these comparisons, the excitation energy of the

emitter has been kept constant.

Sector A
Sector B
Sector C
Sector D
A+B+C+D

Neutron difference (in units)
Neutron difference (in X)

Exp.

13^5
8.0
0.9
27.1

Simulation
50Xpo 66Xpo 75Xpo

4.7
12.0
5.5
0.4
22.6

4.5
16.6

4.7
12.7
6.1
0.4
23.9

3.2
11.8

4.7
13.1
6.4
0.4
24.6

2.5
9.2

Table 2 : Measured neutron multiplicities in the four sectors of

ORION for Ar+Au reactions triggered by backward evaporated charged

particles (first column). The simulated data are based on different

assumptions for linear momentum transfer from the projectile to the

emitter and a single value for the excitation energy : E* - 650 MeV.

For details see text.

The dissipative reactions in the Kr + Au collisions at 32 MeV/u

were studied in a very similar way. Triggered by backward evaporated

particles, they were selected according to the multiplicity of
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detected neutrons. These neutrons are then numbered in each sector
and after correction for cross talk, their relative abundancy
determined (histograms and lower abscissa scale in Fig. 9). One can
notice a large difference in the distribution of the detected
neutrons among the four sectors when comparing with the distribution
measured from a Cf source at rest. The relative abundance in the
backward sector (A), is lower by a factor of two for the Kr induced
reaction where*- it is larger by a factor of three in the forward
sector (C). This definitely signs an emission from forward moving
sources. When gating on events with lower and lower total
multiplicities, Mn, the forward to backward anisotropy (considering
sectors C and A) decreases, but still, one is far from recovering the
characteristic distribution of a source at rest. The larger the
number of emitted neutrons, the higher the transferred momentum and
the more forward these neutrons are emitted.

A simulation has been performed with sources of different
velocities corresponding to different initial momentum transfers
(dashed lines and upper abscissa scale in Fig. 9). It is assumed that
the initial excitation energy is scaled on momentum transfer (the
usual massive transfer picture), all the available energy being
transformed into heat. In an analogy with Ar reactions induced at a
similar projectile velocity it can be assumed that for the bulk of
dissipative collisions characterized by average neutron
multiplicities of 28, as shown in Fig. 10, the transferred momentum
represents about 70 X of the projectile momentum. The overall
agreement between experimental and simulated data for Mn - 25-29
looks excellent, especially for sectors A, B and C. It is only for
sector D, the very last forward sector, that the relative measured
multiplicity is twice as large as the simulated one. Only high energy
and forward emitted neutrons can reach sector D, screened by sector
C, and the observed discrepancy arises from direct neutron emission
or(and) from neutrons emitted by a projectile remnant. Such
contributions have not been taken into account in the present
simulation. It can also be noticed in Fig. 9 that the agreement
between experimental data and model calculations becomes somewhat
poorer when selecting bins with smaller neutron multiplicities. An
excess of measured neutrons in C and D, the most forward sectors,
when compared to simulated data, suggests a growing relative
importance of emission from a projectile remnant. A more detailed
study of events directly triggered by projectile-like fragments is in
progress.
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IV. SUMMARY

We have shown that 4 ir neutron detectors of high efficiency can
provide valuable information on energy dissipation in so far as one
reaction partner is heavy enough to cool down by neutron evaporation
essentially. The use of a segmented detector brings additional
information about the spatial distribution of the emitted neutrons.
This can be compared with model calculations simulating both the
characteristics of the emitted neutrons and their detection by any of
the ORION sectors. The possibility of gaining information on the
total kinetic energy of the neutrons from the light yield in the
prompt peak is under consideration.

Soon, ORION will be enlarged by one third in order to
accommodate a 4 IT charged particle detector presently under
construction. In the study of heavy systems, neutron detection must
be performed together with charged particles :a recent ORION
measurement of 29 MeV/u Pb on U has shown that as much as one third
of the 272 neutrons of the system could be freed in dissipative
collisions [16].
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