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Abstract

INDRA, a new and innovative highly segmented detector for light charged particles and fragments is described. It covers
geometrically 90% of the 4w solid angle and has very low detection thresholds. The detector, operated under vacuum, is
axially symmetric and segmented in 336 independent cells allowing efficient detection of high multiplicity events. Nucleus
identification down to very low energy threshold (= 1 A MeV) is achieved by using ionization chambers operated with low
pressure C,F, gas. Residual energies are measured by a combination of silicon (300 wm thick) and cesium iodide (5 to 14
cm in length) detectors. Very forward angles are covered by fast counting phoswich scintillators (NE102 /NE115). Charge
resolution up to Z = 50 is achieved on a large energy dynamic range (5000 to 1 for silicon detectors). Isotopic separation is
obtained up to Z = 3. The treatment of the signals is performed through specifically designed and highly integrated modules,
most of which are in the new VXlIbus standard. Full remote control of parameter settings, including visualization of signals,
is thus allowed. The detector is continuously monitored with a laser source and electronic pulsers and is found stable over
several days. Energy calibration procedures, making use of specific detectors and the ability of the GANIL accelerator to
deliver secondary beams, have been developed. First experiments were performed in the spring of 1993.

1. Introduction

One of the main goals of the current research in nuclear
physics in the intermediate energy domain is to improve
our knowledge about the properties of nuclear matter at
high density and temperature. Highly excited nuclear sys-
tems formed in heavy ion collisions can decay by emitting
a large number of neutrons, *‘light particles’ (Z =1 or 2)
and, to a lesser extent, heavier products (Z > 2) called

" Corresponding author.

*fragments’’. Several mechanisms may be at the origin of
multi-fragment emission [1]. Of particular interest is the
search for a “‘sudden multifragmentation’’ of the nuclei
accompanied or not by a phase transition. This process is
theoretically predicted to occur during the expansion of the
hot and compressed system formed in the early stage of
nucleus—nucleus central collisions [2—5]. Although the ex-
istence of multi-fragment emission is now well established,
its nature and the underlying mechanisms are still poorly
understood. Until recently, progress in the understanding
of multifragmentation was partly hampered by the limita-
tions of the available experimental devices. Indeed, the
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large number and the variety of particles and fragments
emitted in central heavy ion collisions at intermediate
energies require detectors with 47 solid angle coverage,
high granularity, very low energy thresholds, large dy-
namic ranges in momenta or energies and identification
capabilities on an event by event basis. In the last few
years, a worldwide effort has been made in order to
develop such detectors [6-12]. Taking advantage of the
experience acquired with the first generation of 47 detec-
tion arrays, we undertook the construction of the INDRA
detector (‘‘Identification de Noyaux et Détection avec
Résolutions Accrues’’) which is now installed at the heavy
ion GANIL facility in Caen. Its characteristics were opti-
mized for the study of heavy ion collisions with the beams
and energies available at GANIL: from carbon to uranium
at a maximum energy per nucleon decreasing with the
projectile mass (from 95 A MeV for argon to 24 A MeV
for uranium). The detector became operational at the end
of 1992 and the first experiments were run in the spring of
1993.

Ideally, a 4 detector should provide, on an event by
event basis, the number of particles in the event and, for
each particle, give its identity (atomic number and mass),
its energy (or velocity) and its emission angles (8 and ¢).
Detecting simultaneously neutrons and charged particles in
a 4m geometry constitutes a real challenge and has not yet
been attempted. INDRA has been specifically designed to
detect charged products only. However its size was chosen
so as to partially fit inside the GANIL neutron 44 detector
ORION [13]. Measuring the mass of the fragments in a 47
geometry constitutes a major difficulty of its own. One
method, which asks for the simultaneous measurements of
the time of flight and of the energy of the fragments.
requires large distances from the target and, although
technically feasible, necessitates a huge size for the detec-
tor. Moreover, the mass identifications obtained are limited
by the performances of the detectors which are commonly
used [7]. An extension of this method to high resolution
detectors over a large dynamic range was rejected as t0o
expensive. Another method which has been adopted for the
central part of the FOPI detector [11] consists in coupling
energy loss measurements to a magnetic analysis in track-
ing chambers. However, the particles have to pass through
the wall necessary to contain the gas inside the tracking
chambers. This results in high energy detection thresholds
which render this technique inappropriate at GANIL ener-
gies. Other 4w detectors [8—10} are based on scintillators
such as CsI(TI) for which the shape of the light pulse
depends on the ionization density of the detected particie
[14]. This method allows the detection and mass identifica-
tion of light charged particles only (Z=1 or 2). To
overcome this limitation, a thin plastic scintillator is gener-
ally placed in front of the CsI(T1) crystal [8—10]. The
detector, thus operating as a phoswich, gives elemental
identification instead of mass identification. However, this
method leads to rather high energy thresholds and a maxi-

mum charge identification limited to Z = 20. Conse-
quently, it was decided to use the well known properties of
the CsI(T1) crystal to determine the mass of H and He
isotopes and to study the possibility of introducing, in a
47 array, detectors with high energy resolution such as
ionization chambers (IoCh) and silicon detectors (Si) [15].
The identification of the fragments, limited to their atomic
number, is obtained by the AF-E method applied to
different detector pairs: IoCh-Si, IoCh—Csl and Si-Csl.
The first detection layer composed of gaseous detectors
(IoCh) gives the tequired low energy thresholds. Obvi-
ously, the detector design is more complex than one based
only on scintillators and the main detection parameters and
their limitations had to be carefully evaluated.

The two or three layer telescopes used in INDRA have
an intrinsic possibility of satisfying nucleus identification
and energy resolution requirements. However, the energy
measurements must be performed on a large dynamic
range as, for instance, from 1 MeV to 5 GeV for silicon
detectors with an energy resolution of 100 keV. Such a
performance could not be obtained by using conventional
methods and commercially available electronic modules.
As we had to design and build nearly all the electronics,
we decided to mainly use a new standard, the VXlIbus.
VXlbus is an extension for analog processing of the VME
computer bus (routinely used for data acquisition at
GANIL). VXIbus allowed us to reduce considerably the
number of modules by regrouping many functions in the
same module. For instance, all functions related to 24
CsI(T1) scintillators could be stacked in one module. It also
provided the opportunity to locate all electronics close to
the detector in the beam cave with full remote control
(VXIbus /VME), including the display of analog and logic
signals on oscilloscopes.

The detector parameters (granularity, geometry and
choice of detection materials) are discussed in Section 2.
The INDRA multidetector array is described in Section 3
and more details on the detectors are given in Section 4.
The electronics and data acquisition will be presented in
details elsewhere [16]. Section 5 gives an overview of their
main features. The various energy calibration methods are
discussed in Section 6. The performances of the detectors
(mass and charge identification, energy dynamic range and
homogeneity in detector responses) are presented in Sec-
tion 7.

2. Main parameters of the INDRA detection array
2.1. Granularity

In the course of nucleus—nucleus collisions, particles
and fragments are emitted in all directions. For the sake of
simplicity, we will assume at first that these particles are
emitted isotropically without any correlation. Assuming
that the detector array covers the fraction 2 of the total
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solid angle and that a number M of particles are produced
in one event, the average number M, of particles which
will hit the array, irrespective of the number of detectors is
simply given by:

M,=MQ (1a)

and the average number M
detector is:

M, =M1 -102), (1b)

whereas the probability P(M) that the M particles hit the
detector is given by:

P(M)=0M. (1c)

Although the average number of detected particles in one
event is directly proportional to the solid angle coverage,
the probability of registering all particles decreases rapidly
as the spatial coverage is reduced. The solid angle cover-
age is mainly dictated by mechanical constraints. For
INDRA, the total loss of solid angle amounts to about 10%
(see below, Section 3) which leads to €2 =0.9. Following
the formalism of Refs. [17—19] and assuming that the array
is divided into N, equivalent detection cells with a 100%
detection efficiency, the average number N, of hit cells in
an event containing M particles is given by:

of particles missing the

loss

M= 1= -y, )

whereas the probability P (N, = M) to have the number of
hit cells equal to the number of particles (each particle hits
a different cell) is given by:

/! 1M
Nyt (! ) . 3)

A T b

This relation implies not only that all particles are detected
but also that they are detected individually. Both quanti-
ties, N, and P(N, = M) are related to the multi-hit proba-
bility P, (more than one particle in one cell) which is
given by:

1= (1= Q/N)Y 1+ (M= 1)0/N,]

mult —

1= (1= Q/N)"
(4a)
which to a good approximation reduces to:
(M-1)0
mult = __2—&1—, for M <N, /2 (4b)

and thus is mainly governed by the ratio N,/M. If each
element of the array has a detection efficiency € less than
one, formulae (1) to (4) remain valid by replacing 2 with
the product €f2. These relations can be generalized to the
case of a non-isotropic particle emission pattern [18,19).
However, if the number of particles per detection cell is
approximately uniform, they still hold to a very good
approximation. Figs. 1a and 1b give respectively the aver-
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Fig. 1. (a) Average number N, of hit detectors as a function of the
particle multiplicity M. (b) Probability P(N,= M) to have the
number N, of hit detectors equal to the number of emitted
particles as a function of the multiplicity M. The curves labelled
1, 2, 3, 4 and 5 refer to arrays covering 90% of 47 and made of
60, 96, 192, 336 and an infinite number of detection cells respec-
tively. Isotropic and uncorrelated particle emission is assumed.

age number N, of hit detection cells and the probability
P(N,=M) of detecting all particles individually as a
function of the particle multiplicity M, assuming a 90%
spatial coverage (2= 0.9) and various granularities (dif-
ferent numbers of detection cells).

Obviously, the larger the number of elements in the
array, the greater the probability of detecting all particles
individually. However, this probability is limited by the
total efficiency of the system (relation (1c)). For a given
overall size of the detector, by increasing the number of
elements, the dead layers between each cell tend to in-
crease, thus decreasing the spatial coverage. Furthermore,
the volume of the cells also decreases, favoring particle
scattering from one cell to its neighbours. Thus the opti-
mum configuration is a compromise between the size of
the array and the number of its elements. With INDRA,
the main criterion was to keep the multi-hit probability
below 5%, which according to Fig. 2 leads to a ratio
N,/M = 8. At GANIL energies, the charged particle multi-
plicity is not expected to greatly exceed M = 40, leading
to a division of the detector into about 320 elementary
cells. On the other hand, the multiplicity of fragments is
not expected to exceed M = 10. Thus, for those fragments,
as long as they are distinguished from light charged parti-
cles, 80 detection cells are sufficient to keep the fragment
multi-hit probability below 5%. Therefore, the first detec-
tion layer (IoCh), the purpose of which is to detect and to
identify slow fragments, has been divided into 96 cells
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Fig. 2. Multi-hit probability as a function of the ratio of the
number Ny of detection cells to the particle multiplicity M.
Isotropic and uncorrelated particle emission is assumed.

whereas the subsequent layers (Si/Csl or CsI) are divided
into 324 cells for the polar angles between 3° and 176°.
The number of IoCh cells has been slightly increased in
order to get a suitable mechanical arrangement of the

Table [

array. For reasons which will be explained in the follow-
ing, 12 cells were added to cover the angular range
between 2° and 3°.

2.2, Geometry

The average particle azimuthal distribution is expected
to be uniform around the beam axis which constitutes a
natural symmetry axis. This led to a structure in rings
centered on the beam axis. The arguments given in the
previous section hold if the number of particles per detec-
tion cell is approximately uniform over the whole detector.
In the laboratory, the velocity of the center of mass tends
to focus the particles in the forward direction, producing a
strong forward to backward asymmetry in the particle
emission pattern. This focusing effect is stronger for re-
verse kinematics and is minimum for light projectiles
impinging on heavy targets. The geometry of INDRA
cannot be optimum for all projectile—target combinations,
and in particular is not well suited for very asymmetric
systems. INDRA has been segmented into 17 elementary
rings centered on the beam. In order to accommodate
kinematical focusing, depending on its polar angle cover-
age, each ring has been divided into 8,12,16 or 24 cells
(see below: Section 3, Fig. 3 and Table 1). Furthermore, in

Geometrical arrangement of the INDRA detectors. ¥: number of detectors per ring, e: thickness of detector, A {2: solid angle of detector, n:
number of CsI(T!) behind an ionization chamber. d: distance from target, 8: polar angle, ¢: azimuthal angle

Phoswich NE102-NE115

Ring i B N Ad e ¢ AQ d
No. [deg] [deg] [deg] NE 102 NE115 [msr] [em]
[mm] [mm]
1 2 3 12 30 0.5 250 0.37 130
CsI(TD Si fonization chamber
Ring Bin O N Ad e A ¢ Ao N n d AN
No. [deg] [deg] [deg] {mm] [msr) [wm] [deg] CsI(T [cm] [msr]
2 3 4.5 12 30 138 0.74 300 30 12 3 65.4 29
3 4.5 7 24 15 138 1.0 300
4 7 14U 24 15 138 1.70 300 30 12 4 384 103
5 10 14 24 15 138 321 300
6 14 20 24 15 97 7.01 300 30 12 4 25 37.7
7 20 27 24 15 97 1.2 300
8 27 35 24 15 90 5.8 300 30 12 4 12 86.0
9 35 45 24 15 90 264 300
10 45 57 24 15 76 39.6 none 30 12 4 12 183
11 57 70 24 15 76 50.3 none
12 70 88 24 15 48 81.0 none 30 12 2 12 155
13 92 110 24 15 6} 822 none 45 8 3 2 240
14 110 126 16 22.5 50 93.5 none 45 8 4 12 338
15 126 142 l6 225 S0 73.1 none
16 142 157 b 45 S 9].2 none 45 8 2 12 144
17 157 176 8 45 S0 50.9 none
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order to keep reasonable cell sizes, rings | to 7 (forward
angles) are located at decreasing distances from the target.

2.3. Detecting materials

Reaction products, issued from heavy ion collisions at
GANIL energies, cover huge dynamic ranges, not only in
energy (from =1 MeV to the maximum available energy
of =6 GeV) but also in atomic number (from proton to
uranium). Depending upon their energy and their atomic
number, these particles or fragments will stop in a few pm
or in several cm of detection material. For fragments
identified by the AE-FE method with an identification
threshold of about 1 A MeV, the thickness of the first
detection layer should not exceed an equivalent thickness
of =6 um of silicon. Furthermore, to identify fragments
up to Z = 30, the energy resolution of this first detection
layer should be better than 3% over an area of several cm”,
Gas ionization chambers which have been largely used in
the past for this purpose seemed the only practical solution
to this problem. They can be built in various geometrical
configurations to match given experimental conditions and
cover very large solid angles. Their effective thickness can
be easily adjusted by changing the gas pressure or compo-
sition. The main challenge resides in the mechanical prob-
lem of minimizing the dead layers between cells and in
paving the whole space with the best efficiency.

The largest energy dynamic range is encountered at
forward angles (below 45°) where low energy particles and
fragments issued from the target coexist with beam veloc-
ity particles and fragments from the projectile. These high
velocity products deposit a very small amount of energy in
the gaseous detectors and cannot be identified. For this
reason, it was decided to introduce a second thin detection
layer between 3° and 45°. This layer is made of 300 pm
thick silicon wafers, each covering a gas ionization cell.
Each wafer is divided into three or four independent fully
depleted detectors. The maximum energy deposited in
these detectors reaches =5 GeV whereas a high energy
proton may deposit less than 1 MeV.

The last detection layer should be able to stop all

2] lonization Chamber

— Silicon

particles and fragments and particularly high energy pro-
tons which have the longest ranges in matter. We chose
CsI(TD) crystals coupled to photomultiplier tubes. The use
of photomultiplier tubes provides lower energy thresholds
tor mass identification as compared to those obtained with
photodiodes [20]. The CsI(TI) crystals combine the advan-
tage of high stopping power, good energy resolution and
the possibility of light particle isotopic identification by
pulse shape discrimination techniques. One drawback of
these detectors is the non-linear dependence of the light
output on the energy of the incident particles which makes
their calibration particularly delicate. In addition, for a
given energy, the light output depends on the nature of the
particle. For energy calibration purposes, rings 10 to 17
(45° < 6 < 176°) which do not incorporate silicon detectors
were each equipped with a single two-element telescope
(80 wm and 2 mm thick silicon detectors).

The first ring covering the polar angular range between
2° and 3° is often subjected to a high flux of elastically
scattered particles and hence should be made of fast
counting materials. This ring is made of 12 phoswich
detectors each coupled to a photomultiplier tube. Each
phoswich comprises a 500 pm thick plastic NE102 foil
followed by a 25 cm long NE115 plastic scintillator.

3. Description and mechanical layout

To tackle the difficult problem of designing such a
complex 47 detector, the whole mechanics of INDRA,
including space required by electronics and connections,
was computer designed [21]. Fig. 3 and Table 1 give the
geometrical outline of INDRA. For the light particle detec-
tion, INDRA can be described as a series of 17 rings, each
divided into a varying number of cells (from 8 to 24). In
order to compensate for the forward peaked angular distri-
butions, the solid angle subtended by each cell increases
by a factor of 100 from forward to backward angles. For
fragment detection, the space is divided in three regions:

- Ring 1 (2° < 6 < 3°) composed of 12 NE102/NE115
phoswiches,

30
20

B CsiTh {71 Phoswich

Fig. 3. Geometrical outline of the INDRA detector (cut along the beam axis). The detectors are arranged in 17 rings that are coaxial with the

beam axis (see Table 1 for details).



J. Pouthas et al. / Nucl. Instr. and Meth. in Phys. Res. A 357 (1995) 418—442 423

Fig. 4. Photograph of INDRA in its working position in the reaction chamber.

— Rings 2 to 9 (3° < 6 < 45°) composed of three suc-
cessive detection layers: ionization chambers, 300 pm
thick silicon detectors and CsI(T1) scintillators. The silicon
and the CsI(TI) detectors have the same geometry whereas
an ionization chamber cell covers 3-or 4 silicon detectors
on two adjacent rings (see Table 1).

~ Rings 10 to 17 (45° < 8 < 176°) composed of ioniza-
tion chambers and CsKTI) scintillators in an arrangement
presented in Table 1 (an ionization chamber cell for 2, 3 or
4 CsKTD) scintillators, depending on the ring number).
Each of these rings is equipped with a calibration telescope
composed of a 80pum thick silicon detector and a 2 mm
thick lithium ion-drift silicon detector.

To summarize, INDRA is composed of 12 NE102/
NE115 phoswiches, 96 ionization chambers, 180 silicon
detectors, 324 CsI(T1) scintillators and 8 silicon calibration
telescopes in an arrangement which geometrically covers
90% of the 4w solid angle. The loss of solid angle
amounts to 0.2% for the beam entrance and exit ports,
3.5% for the target holder region (88° < 6 < 92°) and 6.3%
for the ionization chamber walls.

A photograph of INDRA is shown in Fig. 4. In its
running configuration, the detector is 200 cm long with a
maximum outside diameter of 80 cm. The detector is
housed in a dedicated vacuum vessel with a removable
cover giving easy access to all detector elements and

13- 17 8§-12 Ring numbers
i 6-7
: [ 4-5 2-3 1
E‘ = - 1
i
‘.\\\\ |

Fig. 5. Split view of INDRA. The six carriages which support the detectors are separated. The two ionization chamber arrays (rings 8§ to 12

and rings 13 to 17) are presented out of their supports.
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connections (see Fig. 4). The different parts of the detector
are supported by six carriages which can slide indepen-
dently on two rails (Fig. 5). From forward to backward
angles, the carriages support respectively ring 1, rings 2
and 3, rings 4 and 5, rings 6 and 7, rings 8 to 12 and rings
13 to 17. The target holder is inserted between these two
last carriages. The same assembling technique has been
adopted for rings 2 to 7 and is illustrated in Fig. 6 for rings
4 and 5. The ionization chamber structure can be easily
removed from its support. Each ionization chamber cell is
followed by a silicon wafer supporting 4 independent
detectors and a group of 4 CsI(T1) crystals each matching
in size the corresponding silicon detector. This configura-
tion optimizes the geometrical efficiency by minimizing
dead areas between detectors. For a given cell, the pream-
plifiers (1 for the ionization chamber and 4 for the silicon
detectors) are mounted on a single multilayer printed
circuit board located on the outside wall of the CsI(TI)
scintillator support, thus reducing the connection length to
the detectors. For rings 8 to 17 which surround the target
at a fixed distance of 12 cm, a different assembling
technique had to be used. The ionization chambers consist
of two independent mechanical structures of 36 cells and
24 cells for rings 8 to 12 and rings 13 to 17 respectively.
Obviously, the construction of these structures and the
connections to the electronics are more complex. Fig. 7
shows the detectors, the electronics and the connections of
rings 8 to 12. The 120 photomultiplier bases are placed as
close as possible to the photomultipliers. The 36 ionization
chamber preamplifiers by groups of 6 and the 6 calibration
telescope preamplifiers (rings 10 to 12) are located at
6=90°. The 48 preamplifiers associated with the silicon
detectors could not be placed as close to the detectors as in
the forward rings and were positioned at the edge of the

4

Preamplifiw

SILICON

IONIZATION

CHAMBER
Fig. 6. Detector assembly for rings 4 (7° < § < 10°) and 5 (10° < 6
< 14°). The ionization chamber is a 12 cell array. The 48 CsI(TI)
scintillators are assembled in 12 sets of 4 pieces each. The silicon
detectors have a geometry identical to the one of the scintillators:
4 pads are designed on the same wafer. The preamplifiers arc
located on the external wall of the CsI(T]) support.

gﬁ] PMT bases

A

CESIUM 100IDE

Preamplifiers

SILICON
IONIZATION

Fig. 7. Detector assembly for rings 8 to 12 (27°< 8 <88°). A
selected group of detectors covering A® = 30° and the associated
clectronics (10 PMT bases by groups of 2; 4 silicon detector
preamplifiers mounted on a unique multilayer printed circuit
board) arc shown removed from the mechanical support. The 36
ionization chamber preamplifiers are grouped by 6 and located at
6 =90°.

mechanical structure, 20 cm away from the detectors.
Strip-line printed circuit boards of 0.4 mm total thickness
insure the connections.

In order to avoid cross-talk between the photomultiplier
bases and the preamplifiers (particularly the high gain
preamplifiers of the ionization chambers), the latter have to
be shielded. The ground shields are also used to remove,
by water cooling, the excess heat (= 120 W) generated in
the 292 preamplifiers. Without cooling, temperature in
excess of 50°C are reached on the mechanical support of
the CsI(T1) crystals affecting their light output which
critically depends on the temperature [22]. After 10 hours
of water circulating at 10°C, the temperature stabilizes
around 20°C on the mechanical supports of the CsI(TI).

4. Detectors
4.1. The gas ionization chamber array

The first INDRA detection layer (3° < 6<176°) is
composed of 96 gas ionization chambers. Here, the diffi-
culties come from trying to cover the whole space with gas
cells with an efficiency close to 1 and ensuring an indepen-
dence of the signal with position. This was achieved by
choosing gas counters with a specific axial field design.
The ionization chambers are 5 cm thick and operate at low
gas pressure (less than 60 mbar).
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The mechanical structure of the gas ionization cham-
bers for rings 4 and 5 is shown in Fig. 8. The structure is
made in one piece by fiberglass casting. Each structure is
divided in twelve identical cells. Each cell has the shape of
a truncated pyramid, 5 cm high, with the entrance and exit
faces tangent to two spheres centered at the target position.
The inner and outer walls are 1 mm thick whereas the
partition walls are 0.8 mm thick. After casting, 0.1 mm
thick printed circuit boards bearing 1.5 mm broad copper
strips separated by 2.5 mm are glued on the 4 side-walls of
each cell in order to obtain 11 rings for field shaping. The
first and last rings are located at 4.25 mm from the
entrance and the exit of the cell respectively. The last ring
is connected to a grid which is common to all cells. This
grid located at 5 mm from the exit of the cells is made of
50 wm Cu-Be wires which are placed every 5 mm and
thus ensures a 99% transparency. Before weaving the grid.
two holes were drilled in all but one of the partition walls
in order to ensure gas circulating between cells. Gas inlet
and outlet are located on the two adjacent cells with a
non-bored partition-wall. In each cell, the first field shap-
ing ring is connected to the cathode through a 10 M} chip
resistor, rings 1 to 9 are interconnected through 10 M{}
chip resistors whereas a 20 M chip resistor connects ring
9 to ring 10 which in turn is connected to ring 11 (the grid)
through a 51 M} chip resistor. The grid itself is grounded
through a 10 M resistor and a 10 nF capacitor. The most
delicate part in the assembling process was to mount the
electrodes on the mechanical structures. The cathode (en-
trance window) which is common to all cells is made of a
2.5 pm mylar foil aluminized on one side and glued onto
the entrance face of the structure. Each cell required an
anode electrically insulated from its neighbours. In order to
achieve this, a brass mask was cut out by chemical etching
and matched the 12 cells on the exit face. This mask was
then used to make the twelve anodes simultaneously by

CATHODE

Fig. 8. The ionization chamber array (12 cells) of rings 4 and 5. A
part of the anode foil is removed to show the grid and the field
shaping rings inside the cells.

CATHODE

Fig. 9. The ionization chamber array (24 cells) of rings 13-17.
The two separated structures supporting the anodes and the cath-
odes are presented before mounting. Foils are removed to show
the mechanical structures and the inside of the cells.

evaporating aluminum on a 2.5 pm mylar foil. This foil,
after a careful positioning, was glued on the exit face of
the mechanical structure. The anodes were then connected
cell by cell, using conducting glue, to a microconnector in
order to facilitate the coupling to the preamplifiers PCB
(printed circuit board) (see Fig. 6). The same technique
was applied in the construction of the ionization chambers
for rings 2 and 3 and rings 6 and 7.

Fig. 9 shows the composition of mechanical structures
used in the ionization chamber array for rings 13—17. Two
separate structures supporting the anodes and the cathodes
of the ionization chambers before mounting are presented.
The anode structure contains the walls which separate the
24 cells. Due to the complexity of these structures, casting
seemed impracticable and they were made by using multi-
layer PCBs glued together. Each PCB was constructed
with a precision of 0.01 mm and its placement was accu-
rate to 0.1 mm. These boards are used to carry the signals
from the anode to the back of the structure where they can
be connected to the preamplifiers. The field shaping rings
are interconnected between cells and thus, a single resistor
chain gives the same field distribution as in rings 4 and 5.
As there is only one gas inlet and outlet, particular care
was taken in positioning the holes in the partition walls to
ensure a good circulation of the gas. Contrary to rings 2
and 3, 4 and 5, and 6 and 7, the electrodes could not be
glued on in one piece and had to be split into 8 slices. The
ionization chamber array of rings 8—12 was built along the
same lines.

The operating conditions were defined using test cells
of the same design as those of INDRA. First attempts were
made to operate cells without the grid in order to avoid
particle scattering from the grid wires. Although such cells
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had a good resolution locally, it was found that the anode
signal increased by about 10% when the trajectories of the
impinging particles moved from the axis of the cell to-
wards its edges, and so deteriorating its overall resolution.
Calculations of the electric field within the cell showed
that the field was non-uniform and distorted in the vicinity
of the anode. To correct these effects, a grid as previously
described was introduced to render the response uniform
within 1% over the whole cell. To avoid unsticking of the
electrodes from the structure, the operating pressure is
limited to about 60 mbar for the three forward arrays
(rings 2 to 7) and to about 50 mbar for the two others
(rings 8 to 17). Typically, the ionization chambers of rings
2 to 7 are operated at SO mbar and those of rings 8 to 17 at
30 mbar of high purity perfluoropropane (C;Fy). Apart
from being nonflammable and nontoxic, this gas was
chosen for its high molecular weight (A = 188). Under the
same operating conditions, it delivers pulses twice as large
as CF, with a collection time for the electrons being about
twice as long [23]. In order to maintain its properties, the
gas circulates continuously and is entirely renewed every
20 minutes. Full charge collection is attained for electric
field strengths of 0.9 V cm 'mbar™' and 7 V
cm ™ 'mbar ™! in the cathode-grid and grid—anode spaces
respectively. These electric fields are sufficiently low so as
to avoid any high voltage breakdown. The anodes are
directly connected to very high sensitivity charge pream-
plifiers (0.25 pF feedback capacitor equivalent to 200
mV /MeV for silicon detectors). With C,F, gas, these
preamplifiers deliver pulses with amplitude of 20
mV /MeV.

4.2. The silicon detectors

As previously discussed, 180 silicon detectors, 300 pm
thick, are placed on rings 2 to 9 (3° < 6 < 45°) (see Table
1). In order to minimize the dead zones resulting from the
mechanical supports, 3 or 4 pads were designed on the
same wafer whose external dimensions correspond to the
ionization chamber cell. This results in 48 wafers which
are classified in 4 groups of 12 elements. Each has a
trapezoidal shape whose total active area and number of
pads depend on the rings: 14 cm* (3 pads), 19.8 cm? (4
pads), 34.5 cm? (4 pads) and 26.8 cm? (4 pads) for rings 2
and 3, 4 and 5, 6 and 7, and 8 and Y respectively. The
silicon detectors were made by Intertechnique [24] using
the planar process. The photolithography of the process
[25] provides the possibility of extending the sensitive area
of the detector up to the edges of the wafer. Nevertheless,
a border, 0.7 mm wide, was preserved on the outside of
the pads in order to avoid large current flows and break-
down effects on the wafer edges when the detectors are
biased.

In order to avoid cross-talk effects due to the capacitive
coupling between the ionization chamber anode and the
silicon detectors placed just behind (and bearing in mind

that 6 mm corresponds to a few pF depending on the
detector area), the side of these detectors facing the ioniza-
tion chamber must be grounded. As the pads are necessar-
ily designed on the p* side, the grounded side must be the
n® one and consequently the particles enter the detectors
by the low electric-field side. Evidently, the detector must
be fully depleted and, if possible, overbiased. The field
strength of an overbiased detector varies linearly from a
minimum F,. on the n* side to a maximum F,+ on the
p* side: F, =10V, ~Vy)/d and F,«=10(V, + V,)/d
where V, (in V) is the bias voltage, V,, (in V) is the
depletion voltage and 4 (in wm) is the detector thickness,
F is then in units of kV/cm. A high value of F,+ is
obtained with a low depletion voltage V|, and a high bias
V,. The use of high resistivity silicon provides low values
for V, since the depletion voltage can be expressed by
V,=4x 1073 d%/p where p is the silicon resistivity in
k€ cm. A high resistivity also gives a smooth variation of
the electric field strength across the detector and, overall,
the moderate maximum field reached on the p* side is still
compatible with a thin edge detector design.

Studies making use of radioactive sources (6.05 MeV
and 8.78 MeV « particles from 2'>Bi/ 2'?Po and fission
fragments from 2CH) were performed on a first set of 4
detectors to determine the effects of overbiasing [26].
Unfortunately, all the INDRA detectors could not be largely
overbiased and the effects of the bias voltage on the
energy measurements had to be tested. The detectors of
ring 2 were checked by using elastically scattered 8 Kr
ions of 35 A MeV on a gold target. These ions deposit
1250 MeV in the silicon detector. The bias voltage was
varied around the depletion value (40 V) from 20 to 80 V.
The charge preamplifier rise times were observed for a set
of 4 detectors while energy measurements were performed
on the & other ones. Fig. 10a presents the rise time
(10%-90%) versus the detector bias voltage. The four
detectors tested give similar results. The pulse rise at the
preamplifier output was approximated by an exponential
variation with respect to time: 1 — exp(—t/7). The values
of 7 are also given in Fig. 10a. The energy measurements
were performed with the INDRA electronics [16]. The
energies measured with a detector bias of 80 V are taken
as the reference points. Fig. 10b gives the relative variation
tfor the two detectors which presented the most extreme
variations as a function of the bias voltage. The ballistic
deficit of the electronics calculated for the rise time ob-
served is also presented in the same figure. To within the
exponential approximation, the results of these calculations
are consistent with the experimental data. The low ballistic
deficit of the INDRA electronics which is around ten times
better than the one of the chains based on spectroscopy
amplifiers and peak sensing ADCs [16], explains the obset-
vation that the energy measurements are little affected by
the slow collection times (up to 1 ps and even more).
Hence, the ‘*charge collection’” must be relatively impor-
tant, even for detectors which are not fully depleted. The
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Fig. 10. (a) Charge preamplifier rise times (10%-90%) of an
INDRA silicon detector (ring 2} irradiated by 35 A MeV krypton
jons (1250 MeV deposited in the detector) for different detector
bias voltages. The depletion voltage is 40 V and 7 is the time
constant derived from an exponential time variation assumption.
(b) Relative variations of the energy mecasured with the INDRA
clectronic chain. The energy measured at 80 V bias is taken as the
reference. The measurements have been performed on 8 detectors
of ring 2. Circles and squares show the results for the detectors
which have presented the smallest and the largest variations.
Crosses (+) refer to the electronic ballistic deficit calculated for
the observed rise times assuming an exponential time variation.

detector responses were evaluated at very low bias voli-
ages by observation of the preamplifier pulse amplitudes.
The ‘‘charge collection™ is around 87% (with a rise time
of 4 us) and more than 60% (with a rise time of 15 ws) of
the one observed at V, = 80 V, respectively for V, = 10 V
and V|, = 0 V. These results cannot be explained by mod-
els in which the “*charge collection’” relies mainly on the
density distribution of the ionized track in relation to the
field strength in the detector. In the hyperpure silicon used
in planar technology, the minority carrier lifetime is greater
than a few milliseconds [27] and other mechanisms, such
as carrier diffusion, must be considered. Moreover, the
resistivity given by the manufacturer is only a mean value
and resistivity variations in the detector bulk [27] could

give different results for detectors having the same nomi-
nal characteristics [28]. Nevertheless, a relatively fast col-
lection (15 ws) of more than 60% of the charge is still
difficult to understand and certainly implies that dynamical
effects, in relation to the primary ionization in the wake of
the impinging ion, need to be introduced. The literature on
field-free transport (charge funnelling and charge migra-
tion in quasi-neutral silicon) is critically reviewed in Ref.
[29] and a new mechanism based on the action of the
high—-low (n*n") junction is suggested to explain the
surprisingly fast charge collection for particles impinging
the detector by the n* side. Whatever the explanation may
be, our experiments show that the measurement of the
energy deposited by krypton ions can be performed even if
the detector is not overbiased, provided they are not stopped
within the detector. Conversely, a pulse height defect
(PHD) [30] still exists for heavy ions which stop in the
detector, even if reduced by the quality of the silicon and
of the electronics (low ballistic deficit). Energy calibration
and PHD results are given in Section 6. In summary: i) we
use high resistivity silicon of around 10 k{} cm, or more,
with a long carrier lifetime of a few ms, ii) when possible,
the detectors are overbiased to 2 or 3 times the depletion
voltage, iii) the electronics have a low ballistic deficit in
order to obtain energy measurements that are nearly inde-
pendent of the large rise-time variations in the detector
signals.

Fig. 6 shows how the detectors in rings 4 and 5 are
mounted. The silicon wafer is held by a support made of
four multilayer PCB glued together. Three of the sides are
0.8 mm thick. As it does not introduce geometrical cuts,
the side nearest the preamplifiers is thicker (6 mm) and
ensures the rigidity of the support. Two PCB complete the
support and are screwed on the preamplifier motherboard.
The assembly is the same for rings 2 and 3, and 6 and 7,
but slightly different for rings 8 and 9 where 20 cm long
strip-line circuit boards had to be implemented (Fig. 7).
The preamplifiers are located as close as possible to the
detectors: a few centimeters on rings 2 to 7 and 20 cm on
the rings 8 and 9. The main characteristics of the charge
preamplifiers are: a sensitivity of 2 mV /MeV, an output
dynamic range of 10 V and an intrinsic resolution of 14
keV for a 200 pF detector capacitance. The preamplifiers
have been studied and individually checked in order to
have the same gain within + 1%, an interesting feature for
energy response comparisons and calibration purposes.

4.3. The CsI(TD scintillators

For the 324 CsKTD) crystals, 30 different shapes are
used. The front and back faces of the crystals are polished.
The sides and the free part of the back face are wrapped
first of all with a diffusing material (120 wm white teflon
tape) and then with an aluminized mylar foil (5 wm mylar
and 20 pg/cm® aluminum) to avoid light leakage. The
front face of each scintillator is covered with a very thin
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evaporated aluminum layer (30pg /cm?) and the back face
is glued (with optical EPO-TEK 302) to the front window
of the photomultiplier tube (PMT). To simplify the me-
chanical assembly, we decided not to use light guides
between crystals and PMTs. The effects of the absence of
light guides were checked through measurements and sim-
ulations. The response of a prototype detector (8 cm long)
to collimated protons of various energies (21, 141 and 159
MeV) impinging on two different areas was studied (Fig.
11). Protons of 21 MeV were delivered by the CYCLONE
cyclotron at Louvain-la-Neuve and protons of 141 and 159
MeV by the ORSAY Synchrocyclotron using a magnetic
spectrometer. Fig. 11b shows the evolution of the light
response for region 2 normalized to the light for region 1.
We observe a decrease of the light response only when
protons of 159 MeV, which have a 7.1 cm range in
CsI(TI), are detected. The result of a simulation performed
with the GUIDE7 program [31] is also indicated and
agrees rather well with the experimental results. From
these results and from simulations for different PMT diam-
eters and positions on different back faces, an increase of
the length initially proposed was decided in order to mimic
a light guide. Depending on the ring, 1.7 to 2 cm were
added. Table 2 gives the maximum energy of light parti-
cles stopped in the crystals and the maximum energy of
particles whose range is equal to the crystal length minus
two centimeters. The second set of values can be consid-
ered as the maximum light charged particle energies for
which the CsI(TI) crystals give energy measurements inde-
pendent of position.

Special care was taken to select CsI(TI) crystals of
uniform scintillation efficiency. This was done by scan-
ning, in air, each crystal along its length (3 to 7 measure-
ments, dePending on the length) with collimated ~v-rays
from a '*’'Cs source. For these tests, the sides of the
CsI(TD) crystals were wrapped with their final materials
and the front face was covered with an aluminized mylar
foil. The back face of the crystal was located 3 mm from
the front window of a PMT of 76 mm diameter (Philips
XP 3461B). The collimated source was arranged $0 as to
irradiate less than 1 cm along the length. Standard elec-
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Fig. 11. Light rcsponse as a function of proton tracks for a
prototype CsK(T1) detector, 8 cm long. (a) Back face of the crystal;
the dashed circle delimits the PMT position (diameter: 38 mm)
and regions 1 and 2 are the projected zones (diameter: 15 mm) of
collimated proton tracks. (b) Evolution of the light response for
protons of different energies impinging on region 2 (normalized to
the light for region 1). Experimental results correspond to full
circles. Open circles refer to simulations (GUIDE 7 program):
error bars from simulations are deduced from a sampling which
mimics the collimated region.

tronics {an amplifier with 2 ps shaping constants and a
peak sensing ADC) was used to analyze the PMT signal.
In order to estimate the variation of light outputs with the

Maximum detected energy of light particles in the CsI(TD detectors. The values in brackets give the energy of particles whose range is equal

to the crystal length minus 2 ¢m (see text)

CsI(TD) detectors Maximum energy [MeV]
Rings Thickness "H “H 'H *He *He
[mm]

2105 138 237(215) 313(285) 370 (337) 847 (770) 948 (862)
6and 7 97 192 (167) 255(223) 300 (263) 683 (594) 766 (668)
8and 9 90 183 (158) 244 (210) 288 (249) 654 (552) 733 (632)
10 and 11 76 166 (138) 221 (185) 262 (220) 591 (493) 664 (554)
12 48 126 (92) 169 (123) 199 (143) 448 (328) 504 (368)
13 60 144 (113) 192(152) 228 (180) 512 (404) 577 (453)
141017 50 129 (96) 173 (128) 205 (152) 460 (340) 517(384)




J. Pouthas et al. / Nucl. Instr. and Meth. in Phys. Res. A 357 (1995) 418—442 429

different crystal shapes. simulations of the measurements
were performed with the GUIDE7 program. Selected crys-
tals had to satisfy the following specifications:

—a very low phosphorescence after exposition to nor-
mal daylight. The height of the 662 keV photoelectric peak
of a cesium source had to exceed the background level by
a factor 40 after 10 min in obscurity.

— a scintillation efficiency constant to within 5% along
the whole length.

— average light outputs within a 15% tolerance for all
the crystals of the same ring.

— an average light output varying from 70% (ring 2) to

170% (ring 15), taking ring 5 as a reference.
Using two identical set-ups for the measurements, all of
these specifications were independently checked by both
the manufacturer [32] and the laboratory in charge of the
CsI(TI) detectors.

A good match to the geometrical shapes of different
crystal back faces was obtained by using PMTs with four
different diameters: 19, 29, 38 and 51 mm. These PMTs
were chosen for their high stability and linearity. Specifica-
tion requirements are summarized in Table 3. To meet
these requirements, Philips Photonics [33] proposed the
10-stage models XP2081 (38 mm) and XP2201 (51 mm)
and developed for the INDRA project two new 8-stage
models: XP1981 (19 mm) and XP2961 (29 mm). The
manufacturer checked dark current, luminous sensitivity
and linearity and all the stability tests were performed at
reception on a semi-automatic computer controlled test-be-
nch. All PMTs, grouped in batches of 12, were tested for
stability during two days, after 32 h ageing, and at a
temperature constant within 3°C. Light pulses (with rise
time = 500 ns and decay time = 1 wus) were provided by
LEDs (HP 5082-4950 green GaP) and a very stable PMT
was used to monitor the overall system stability. Typical
test results are shown in Fig. 12.

Each PMT is surrounded by a cylindrical p-metal
shield which is isolated from the photocathode and
grounded to avoid cross-talk with the neighbouring ioniza-
tion chamber preamplifiers. The photomuitiplier bases work
under vacuum and, in order to minimize power consump-
tion, specific bases were developed. Transistorized switches

Table 3
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Fig. 12. Example of a photomultiplier tube (XP1981, 19 mm
diameter) test result after ageing (32 h, (I,> =8 pA). Test runs
1-4 refer to stability, test runs 5-9 to rate stability and tests
10-12 to short term stability (see Table 3). Squares correspond to
the peak centroid position and triangles to sigma values.

ensure a fast replenishment of the capacitors associated
with the last dynodes. These transistorized bases dissipate
10 times less power and recover 30 times faster than their
resistor-only (or RC) counterparts [16]. In rings 2 and 3,
where elastically scattered heavy ions of a few GeV can be
expected, the base current is 150 wA while an average
current of 75 wA is enough in the PMT bases of the other
rings. Such low currents lead to a power consumption
which does not need a specific base cooling system.

4.4. The NE102 / NE115 scintillators

The first ring (2° < 6 < 3°) is composed of 12 plastic
phoswich detectors [34]: a fast plastic (NE102, 7= 2.4 ns)
[35] with a thickness of 500 um and a slow plastic
(NE115, 7= 240 ns) [36] with a thickness of 25 cm. The
two plastics are glued together with optical cement [35].
The PMTs (Philips Photonics XP2982, 29 mm diameter)
are directly glued on the back face of the slow plastic. To
improve the light collection, an aluminized mylar foil
(0.15 mg/cm?®) covers the front face of each phoswich
detector, and the polished tapered sides are wrapped with
white teflon tape and aluminum foils. The PMTs are
surrounded by a cylindrical p-metal shield. Typical gain

Characteristics required for the photomultiplier tubes associated with the CsI(T1) crystals

Gain range for the different PMT diameters

19 mm: 3.10%-3.10°
29 mm: 3.10%-3.10°
38 mm: 7.10*-7.10°
51 mm: 10°-10°

Dark current at gain 10° and 20°C <50 nA
Luminous sensitivity (green extended photocathode) > 100 nA/Im
Linearity deviations, over the range 0-60 mA, {(/,) = 0-3 p A at minimum values of the gain range <2%

(pulse width: 500 ns)
Stability, maximum variation of gain during 10 h, {1,> =8 pA <3%
Rate stability, maximum variation of gain when (7, ) changes from 1.5 wA to 15 pA <5%

Short term stability, maximum variation of gain during a series of 25 s cycles (20's: {1,> =8 pA; 55, {[,) =0) <5%
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values are around 5 X 10°. The transistorized photomulti-
plier bases specifically developed for INDRA are used to
reduce power consumption. For this ring, the base current
is =200 pnA.

Tests have been performed with fast scintillators of
different thicknesses and the thickness of 500 pm was
selected [37]. It allows a good Z identification with moder-
ate thresholds: 6.3 A MeV for Z=1 and 2 particles, 20
A MeV for *’Ca ions and 23 A MeV for *Kr ions. The
slow scintillator, 25 cm in length, stops protons up to 200
MeV. Since the transverse section of the scintillator is
small compared to its length, it was checked that losses
due to angular straggling remained at a low level. Assum-
ing a uniform energy distribution up to 200 MeV, simula-
tions performed with the GEANT code [38] showed that
the fraction of H nuclei escaping from one detector is less
than 1.3%.

4.5. The calibration telescopes

It is well known that the energy calibration of CsI(TI)
scintillators is a difficult task, since, for a given energy,
their light response is Z and A dependent and moreover is
non-linear for a given species [10]. A direct calibration of
INDRA scintillators is possible for light charged particles
by using elastically scattered secondary proton and alpha
beams (see Section 6). However, in the case of heavier
fragments, this method is unmanageable. It was therefore
decided to use the energy loss in the 300 pm silicon
detectors at forward angles and to equip rings 10 to 17
with calibration silicon detector telescopes inserted be-
tween the ionization chamber and the scintillator. Due to
the axial symmetry of INDRA, one telescope per ring is
sufficient to obtain reference spectra provided the chosen
trigger does not break the symmetry. The calibration tele-
scopes comprise a 80 pwm thick silicon detector followed
by a 2 mm thick Si(Li) (lithium ion-drift silicon detector).
These detectors were manufactured at the IPN Orsay labo-
ratory. They are all 1 in. diameter circular wafers and
therefore smaller than the CsI(T1) crystal located behind
them.

The 80 pm detectors are of the surface barrier type
[39]. A tin oxide layer, 20 nm thick, is deposited on the
wafer surface before the 35 nm gold electrode evaporation.
This ensures stability against changing ambient conditions
while avoiding the use of varnish or epoxy for edge
protection. The back aluminum electrode is 100 or 200 nm
thick, depending on the detector. The active area of the
detectors is 380 mm-”. This corresponds 1o a dead zone of
1.7 mm at the edges. The bias applied to these detectors
was chosen on charge collection criteria. It was increased
up to the point where the response of the detectors to
*"Am o saturates. The bias thus obtained is 12 V larger
than the value calculated for full depletion (8 V).

The Si(Li) detectors, 2 mm thick, do not stop energetic
protons and o particles. To obtain correct energy measure-

ments for such particles, it is necessary to minimize the Li
window located at the back face of the detectors. Windows
as thin as 40 wm were obtained. The thickness of this dead
layer was measured in two ways:

— Firstly by using 8.78 MeV « from a ““Po source
impinging successively on the front and the back face of
the detector; the difference in the energy response gives
the thickness of the Li layer.

— Secondly by means of energetic protons: one INDRA
detector and a 4 mm Si(Li) detector were separately
calibrated with 10 and 15 MeV protons delivered by the
CYCLONE cyclotron at Louvain-la-Neuve. A precision
pulser monitored the stability of the electronic chains. The
INDRA detector was mounted in front of the 4 mm Si(Li)
and irradiated by 30 MeV protons. The sum of the energies
measured in the two detectors amounted to 29.81 MeV.
The missing 190 keV were attributed to the rear dead layer
of the 2 mm detector which was evaluated at a thickness of
43 + 11 wm. This value is in excellent agreement with the
44.2 pum found with the previous method on the same
detector.

With the same proton beam, we measured the residual
energy in the second detector while moving a 5 mm
collimator in front of the telescope. This gave the thickness
of the 2 mm wafer along a diameter. The homogeneity is
excellent, the thickness of the detector was found to be
equal to 2247 um with a dispersion, o=3 pm. The
second constraint for these detectors, used in a 47 envi-
ronment, is the minimization of the inactive zone on the
edges of the wafer. A careful study of this problem
allowed us to reduce this zone to 0.7-1 mm (this corre-
sponds to the difference between the wafer and the Li
window radii). Both the front and back electrodes are gold
layers of 35 nm thickness (barrier face) and 20 nm (back).

The mechanical frame of the telescope is constrained
by minimal shadowing of the 47 geometry. Fig. 13 pre-
sents the mechanical assembly of the 8 telescopes and their
position in front of the CsI(TD) crystals. Both detectors are
fixed on a 0.5 mm thick aluminum oxide ring. The inner
ring diameter between the two detectors is 23.6 mm and
determines the Si(Li) solid angle. Each ring is equipped
with 4 pins for electrical contacts welded on *‘lorgnettes”,
made of printed circuit. Measurements with an o source
indicated that the total efficiency of the module equipped
with the calibration telescope amounted to 70% (ring 17)
to 86% (ring 14) relative to the other modules of the same
ring. The electronic chains used for the calibration detec-
tors are identical to those of the other silicon detectors.
The preamplifier gains however are increased to 5
mV /MeV.

212

4.6. Elimination of background from scattered electrons

It is well known that a large number of electrons are
emitted in the interaction of heavy ion beams with targets.
Rejection of these electrons is absolutely necessary in
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order to get satisfactory working conditions for the ioniza-
tion chambers. The low energy thresholds required in
INDRA and the 47 geometry exclude the possibility of
using foils or magnets. The only practical way to reduce
the noise created by the electrons relies on biasing the
target with a positive high voltage. This is a very difficult
task due to the short distance separating the target and the
gas detectors (12 cm for rings 8 to 17). The target is
mounted at the top of a 80 cm long tubular quartz rod
(B, = 15 mm, @;,, =5 mm) which can be moved verti-
cally (see Fig. 13). Various methods were tested to achieve
the voltage transmission inside the tube. Different 80 cm
long metallic wires were tested and rejected. An electri-
cally conductive deposit on the inner wall was found to
give the best results. The inner surface was frosted and
covered with a thin layer of silver filled epoxy (EPO-TEK
H20E-175 from Epoxy Technology). The polymerization
of this two component epoxy was obtained in one hour at
150°C. The adhesion on the surface is much better than
that of the silver deposit obtained through chemical meth-
ods.

The target holder allows several weeks use at 35 kV
bias without breakdown. During test experiments, a maxi-
mum voltage of 55 kV was reached. However, the very
high sensitivity of the ionization chamber preamplifiers is
not compatible with the standard regulation of the high
voltage power supply. At 40 kV, the residual signal (4 V,
17 kHz) induces a 250 mV noise (peak to peak) at the
output of the ionization chamber preamplifiers. A low pass
filter was introduced between the power supply and the
target holder. This filter, composed of a chain of 10
resistors of 1 M} each and the high voltage cable capaci-
tance (= 300 pF for 3 m in length), has a cut-off frequency
of = 50 Hz. Thus, the 17 kHz noise emission is reduced

- 10 cm

Fig. 13. Mechanical assembly of the 8 calibration telescopes and
their position in front of the CsKTI) for rings 10 to 17. Each
telescope comprises an 80 wm thick silicon detector followed by a
2 mm thick Si(Li). The target holder is also presented. The target
is fixed on a thin brass plate mounted at the top of a tubular quartz
rod.

Relative resolution (R/Ro)

Fig. 14. Relative resolutions (R /R,)) of the ionization chambers
in the presence of a 35 A MeV Kr beam (10* pps) on a gold
target (200 ug/cm?) and for different target bias voltages. Reso-
lutions ( R) are measured from the widths of generator pulses sent
to the preamplifiers. References (R,)) correspond to measurements
without beam.

by a factor of more than 300 and the nominal resolution of
the ionization chambers is recovered.

In order to get information on the target bias efficiency,
we checked the ionization chamber resolutions for typical
experimental conditions, i.e. a 35 A MeV krypton beam of
10® pps impinging on a gold target (200 ng/cm?). Refer-
ence resolutions are taken, in the absence of beam, from
the width of the peaks obtained with a pulse generator on
the preamplifiers. Fig. 14 presents the evolution of the
resolution (normalized to the references) for different tar-
get biases in the presence of a Kr beam. The maximum
degradation of the resolution is observed on the ionization
chamber preamplifiers of rings 6 and 7. Even if the real
yield of electrons is still unknown, this could be explained
by the relatively large solid angle of these ionization
chambers located at forward angles (14° < 6 < 27°). Nev-
ertheless, the resolution measurements in presence of 35
A MeV Kr beam show that the target bias reduces the
noise due to scattered electrons down to proportions which
are compatible with the energy resolutions required for the
ionization chambers.

S. Electronics and data acquisition

The detector modules have the intrinsic capacity of
satisfying the required specifications concerning nucleus
identifications and energy resolutions as long as a large
dynamic range in energy measurements can be achieved.
Furthermore, the complexity of the electronics associated
with the large number of channels raises some difficulties
related to its tuning, control and overall management.
Consequently, a number of complementary requirements
were placed on the design of the INDRA electronics and
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data acquisition: i) a very low noise level and a large
dynamic range, ii) a close proximity to the detector, iii) a
minimum number of connectors, iv) a full software control
of settings, v) a compatibility with the VME based GANIL
acquisition and vi) an easy visualization of the relevant
signals.

To meet these requirements the electronics had to be
adapted to the specifics of the detectors and so, most of the
electronic modules were designed and constructed by the
collaborating laboratories. Among the particular features
which contribute to the final performance level, the follow-
ing should be pointed out. A particular effort was invested
in the design of the reaction chamber, the detectors, the
front end electronics and connections, with special care
being paid to the ground reference in order to avoid
crosstalk and ground loop effects. Requirements i) and ii)
imply that the front end electronics (preamplifiers and
PMT bases) are located inside the reaction chamber, as
close as possible to the detectors. In order to fulfill these
requirements, it was decided that all the electronics should
be placed in the beam cave which in conjunction with
items iv) and v) had important consequences concerning
the choice of a new standard: the VXIbus (VME extension
for instrumentation). The VXIbus [40] has been developed
by a consortium of manufacturers for high quality elec-
tronic applications and compatibility with the VME com-
puter bus. It allowed us to considerably reduce the number
of modules and connections (item iii) by grouping many
functions in the same module (D size: 14.4 in. X 13.4 in.).
This choice also has the additional advantage of allowing
the development of an easy to use and remotely controlled
visualization of the signals (item vi) without cable discon-
nections.

This section presents the main features of the electron-
ics and data acquisition system. A more detailed descrip-
tion can be found in Ref. [16].

Fig. 15 presents a general view of the electronic lay-
out. Signals coming from the detectors are processed by
two different electronic systems: one dedicated to the
ionization chambers and silicon detectors, the other to
scintillators. The large dynamic energy range required for
the ionization chambers and silicon detectors is obtained
by means of a new method. The preamplifier signal is
shaped in an amplifier (consisting of 1.5 s CR-RLC
filters followed by a clamp circuit) giving a negative
unipolar signal with a width (3.5 ws) which is practically
independent of amplitude. The amplifiers are housed in 8
input CAMAC modules. The gain on each channel can be
varied through CAMAC commands (from 0.45 to 4.7 in
steps of X 1.4). The analog to digital conversion is achieved
by double charge encoding: two integrators with gains in
the ratio 1:16 and two multiplexed 12 bit converters. The
“‘low gain’’ data are obtained on the full dynamic range
and the ‘‘high gain’’ ones are provided for low energies
only (1/16 of the dynamic range). These encoding func-
tions are implemented in 32 input VXIbus modules. The
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Fig. 15. Schematic representation of the main electronics func-
tions.

CAMAC amplifier modules also deliver 8 fast outputs.
These are fed to constant fraction discriminators (48 input
VXIbus modules) which deliver time reference signals to
the “trigger and time-marker’’ system and to the ADCs. In
order to control the stability of the electronics, 8 output
CAMAC pulse generators, including software command of
amplitude, rise time and individual inhibition of the chan-
nels, were developed. The CsI(TI) PMT signals are fed to
24 input VXIbus modules containing all the necessary
processing functions. Each channel comprises a constant
fraction discriminator, two integrators for fast and slow
components with accompanying delay and gate generators.
The analog to digital conversion is performed by two
multiplexed 12 bit ADCs. All the commands are software
controlled. The usual settings are: a 400 ns gate for the fast
component and a 1.5 ps gate delayed by 1.6 ps for the
slow one. A similar VXIbus electronic module with 16
inputs is used for the phoswich detectors. The signal is
charge integrated in two different time gates: a short one
(30 ns) during which the light of the fast plastic scintillator
is measured and a larger one (800 ns) for the total signal.

The large number of detectors (628) imposes a specific
choice for the triggering system. The standard type of
trigger (master decision allowing a subsequent opening of
the encoding gates) is precluded because of the requested
long delays on every channel and, consequently, the ana-
log signals may be deteriorated. A new method called
‘‘asynchronous mode’” was introduced: each tagged chan-
nel stores its own analog signal in the integrators and, after
a delay of 1 ps resets itself. If the event is accepted, the
reset is inhibited and the stored information is digitized.
The axial symmetry of INDRA led us to consider event
selections based on ring dependent multiplicity levels.
Each of the 336 detection cells delivers a 0.3 mA signal
per hit. These individual multiplicity currents are added to
form 8 independent multiplicity signals (rings 1, 2 and 3, 4



J. Pouthas et al. / Nucl. Instr. and Meth. in Phys. Res. A 357 (1995) 418—442 433

and 5,6 and 7,8 and 9, 10 and 11, 12 and 13, and 14-17).
The triggering configuration is selected by software con-
trolled switches on the 8 multiplicity signals. The final
total multiplicity level can be adjusted from 1 to > 15.
This configuration can be easily modified by software
through the VXIbus ‘‘selector’’. This module also ensures
the generation of test configurations for the laser system
and pulse generators which are used for stability controls
(see Section 6).

Since nucleus identification relies on energy measure-
ments, precise time measurements are not necessary. How-
ever, to estimate the importance of random coincidences,
we have to know which beam pulse is associated with the
trigger of any given detection cell. As at GANIL beam
pulses are separated by 80 to 120 ns, a 10 ns time
resolution is sufficient for this purpose. Time measure-
ments are performed on the 628 detectors in VXlIbus
“‘time marker’” modules (96 channels each) which make
use of the 100 MHz clock available on the backplane of
the VXIbus crate.

Except for the high voltage power supply system (8
CAEN model SY 403 crates, up to 64 independent chan-
nels per crate, [41]), the scalers (16 modules CAEN-V260),
16 channels each, [41]), the VME processors and drivers
and the VXlbus controllers (STR 8032, Slot 0 from
STRUCK Company, [42]), all the other electronic modules
were designed and constructed by the laboratories of the
INDRA collaboration. The standards were chosen in rela-
tion to software access: NIM (4 crates, no access), CA-
MAC (3 crates, commands only), VXIbus (4 D-size crates.
commands and acquisition readout). All the electronics
software accesses (commands and controls, data readout
and buffer packaging) are centralized in a master VME
crate.

The data acquisition rate depends on the events consid-
ered. For instance, a typical data acquisition rate of 400
events per second with a 20% dead time is obtained for
multiplicity 20 events (= 120 parameters). The data acqui-
sition system is the standard GANIL one [43] in which the
master VME crate is connected to a central VAX 6510
computer via an optical data link. The 6510 VAX com-
puter has a 128 megabyte central memory which allows
the storage of all the control spectra: 1800 one-dimen-
sional (512 channels each) and 1400 two-dimensional (128
X 128 channels). These spectra are displayed on VAX
workstations. Specific programs have been developed in
order to get fast access to this large number of spectra.
Depending upon their size, about 150 events per second
can be treated by the control task.

VXIbus permits a considerable reduction in the number
of electronic modules and, consequently, the reliability of
the system is greatly increased. Moreover, all the settings
(thresholds, gains, timing, - - - ) are computer controlled.
VXIlbus also provides the means to introduce a standard-
ized remote display of analog and logic signals. Under
software control, the signals inside the modules can be

multiplexed and accessed through 5 coaxial connectors on
the VXIbus Slot0 front panel and displayed on oscillo-
scopes. Graphical software packages have been developed
to set up parameters and select the signals to be visualized.
These operations are activated from dedicated worksta-
tions. The connections to the INDRA electronics are re-
duced to VME-computer links (Ethernet and data optical
fibers) and to a set of 20 coaxial cables (5 per VXIbus
crate) for remote visualization of signals.

6. Stability controls and energy calibrations

There is no time of flight measurement in INDRA and
the kinematical properties of the nuclear reactions are
derived from the energy of the detected nuclei. Thus, a
precise energy calibration of all detectors is mandatory.
The quality of the data also relies on the validity of these
calibrations over long periods of data taking, and therefore
on the stability of the detectors. In this section we will first
present the systems developed for stability controls, and
then we will discuss the various methods used to calibrate
the detectors. The calibrations take advantage of all the
GANIL facilities [44] for producing high and low energy
beams, as well as secondary beams of light particles and
fragments. They are performed without dismounting any of
the detectors.

6.1. Stability control of the silicon detectors and ionization
chambers

Each preamplifier attached to the ionization chambers
and to the silicon detectors is fed by signals coming from
pulse generators. There is one generator output for each
ionization chamber and calibration telescope channel (i.e.
96 + 16 = 112 generators). Each silicon wafer shares the
same generator signal, thus leading to 48 generator chan-
nels. During an experiment, these generators are regularly
enabled by the trigger following the time sharing of the
beams delivered by GANIL. In a typical arrangement, the
beam arrives in the INDRA cave during 90% of a time
cycle. For the remaining 10%, while the beam is directed
to another experimental area, the trigger enables the pulse
generators and the laser (see below) used for stability
controls. The detectors and their electronic chains were
found to be remarkably stable (better than 0.5%) during
the first series of experiments, which ran over a period of
two months.

6.2. Stability control of the scintillators

All the scintillators are connected to a laser system by
means of optical fibers (Ensign-Bickford) and optical
connectors (LEMO serie OB). A simplified description of
the light distribution system is presented in Fig. 16. The
nitrogen laser [45] is equipped with a sealed laser gas cell
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Fig. 16. Schematic lay-out of the laser distribution system.

delivering up to 20 pulses per second at a wavelength of
337 nm. The average pulse energy is 200 pJ and the peak
power 70 kW. The UV laser-light is focused using a
cylindrical quartz lens. From the image position the light
enters a bundle of nine UV-guartz fibers (600 wm core
diameter) and then traverses an attenuator (1 to 1/20)
allowing variations of pulse intensities. The laser light
amplitude is monitored by a PIN diode (Hamamatsu S1223)
illuminated by one of the nine fibers. The eight other fibers
enter the vacuum chamber and each one illuminates a
small cylindrical wavelength shifter and light splitter that
we call the *‘light distributor’’. A bundle of 6 quartz fibers
(600 p.m core diameter) is mounted on each opposite face
of the cylinder. Each of these fibers, except for those of
ring 1, splits up into four 200 wm core diameter individual
fibers by means of connectors. These 200 pwm fibers are
coupled perpendicularly to the back face of the scintillators
by means of small metallic connectors glued on the crys-
tals and they illuminate a 2.5 mm diameter surface. The
relative light output distribution varies within different
light distributors from 4% to 8% and the total spread, o, is
of the order of 15% for the final fibers. Two types of light
distributors are used. For the phoswich detectors (ring 1).
we use a cylinder of NE115 (3.1 cm long — 1.5 cm
diameter — optically polished) coated with a thin foil (50
wm) of NE102, which reproduces the two light compo-
nents of the phoswich. The light distributor is wrapped in
500 wm teflon and housed in an aluminum box. For the
other rings, the distributors are made of CsI(TI). However,
due to the large energy deposited by each laser pulse
(0.5-10 TeV) in the light distributor, not only do we see
the well known CsI(TI) light components but a faster one,
characteristic of the host crystal (=330 nm), is also
observed [43]. An optical filter is therefore placed between
the fiber bundles and the CsKTI) cylinder. This filter
reduces the 330 nm light component by a factor 10°.

The laser pulse amplitude is rather unstable: the largest
amplitude and the smallest fluctuations are obtained at 10
Hz. In these conditions, fluctuations up to 8.5% were
observed during a month long experiment. The stability
control of all the detectors is done by monitoring each
light distributor with a PIN diode which is illuminated by a
thirteenth quartz fiber added to one of the bundles. The
signals of the PIN diode preamplifiers are processed by the
same electronics as the one used for silicon detectors,
including electronic stability control by pulse generators.
The light supplied by each CsI(TI) distributor is found to
be much more stable (2% variations) than the laser light
itself. This is due to a saturation of the luminescence
centers produced by the presence of TI. Conversely, the
330 nm light from the host crystal, strongly suppressed by
the optical filter, was found to follow the laser variations.
During a two month period, 98% of the detectors were
found stable to within 5%.

6.3. Energy calibration of the silicon detectors

Energy calibration of the silicon detectors for light
fragments (Z < 12) and particles is obtained by the classi-
cal method, using precision pulse generators. The ampli-
tude of the pulser is converted into MeV by means of a
212Bi/ 212pg o source. For the Si(Li) detectors which are
not reached by the o particles of the source, the absolute
energy is obtained from the secondary proton and o beams
used for the calibration of the scintillators.

For heavier fragments, an absolute energy calibration of
the 300 wm silicon detectors is carried out by measuring
the elastic scattering of low energy (7-9 A MeV) heavy
ion beams from a gold target. The beams selected (Ar, Ni,
Xe) are those used in the high energy experiments, but the
second GANIL cyclotron is by-passed. All the silicon
detectors are thus calibrated simultaneously. In addition,
for detectors located at very forward angles (rings 2 and
3), some calibration data can also be obtained from the
elastic scattering of high energy heavy ion beams.

These measurements showed that for ions which punch
through the silicon detectors, including nuclei as heavy as
Gd, the energy is measured correctly: the pulse height
defect (PHD), if any, represents less than 1% of the
energy. For nuclei which stop in the silicon detectors, the
PHD remains low for nuclei with atomic numbers up to
20. For 9 A MeV Ni ions, a PHD of 0.5% to 7%,
depending on the wafer, is measured. These values reach
6% to 25% for 7.7 A MeV Xe ions. The PHD data are
fitted with a simple power law as used for surface barrier
detectors [47].

6.4. Energy calibration of the ionization chambers
Energy calibrations of the ionization chambers are per-

formed simultaneously with those of the silicon detectors:
the measurements described above (using sources and low
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energy beams) are made twice, first with empty chambers,
and then with the nominal gas pressures used during the
experiments. The difference in the energy response of the
silicon detectors gives the absolute energy lost in the
ionization chambers. These values are then coupled with
the data from the pulse generators which are used to obtain
the linearity of the electronic chains over the whole energy
range.

6.5. Energy calibration of the scintillators

The light response of scintillators is known to be
strongly dependent on the nature of the incident particle,
and is non-linear in energy. It is therefore necessary to
calibrate these detectors with particles and fragments of
well determined energies. For this purpose, secondary
beams of light particles (mainly H and He isotopes) can be
produced by the fragmentation of an intense '*0 beam (95
A MeV, 1.5 X 10'? pps) stopped in a thick carbon target.
After momentum selection carried out with the “‘alpha
magnetic spectrometer’” of GANIL [44], secondary parti-
cles are elastically and inelastically scattered on a thick C
or Ta target in the INDRA reaction chamber. The spec-
trometer is successively set to select magnetic rigidities
corresponding to proton energies ranging from 11 to 250
MeV.

Specific calibration procedures have been dedicated to
the scintillators, following their angular position in IN-
DRA:

i) For the phoswiches, the secondary light charged
particles beams are used as well as secondary beams of
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heavier nuclei obtained during the experiments from the
high energy beams.

ii) For CsI(TI) located below 45° (rings 2-9), the
energy range obtained with the scattered secondary parti-
cles is large enough, and the calibration of the scintillators
for light charged particles is thus achieved. For Z >3
fragments, the calibration is made by using the energy loss
of these nuclei in the 300 wm silicon detectors and the
range-energy tables [48] for the ridge line of each element
in AE-E maps.

iii) For the CsI(T1) located at backward angles, the
previous methods are no longer sufficient. The secondary
scattered beams of H, He only furnish low energy particles
(<30 MeV). Thus for all nuclei the calibration relies on
the calibration telescopes: the spectra obtained for each
scintillator, and each nuclear species, are adjusted to those
measured simultaneously on the telescopes during an ex-
periment. Evidently, severe constraints are put on these
adjustments by the few data obtained with the secondary
particle beams, and with the 2l2Bi/ 22Po « source.

7. Performances

INDRA is a combination of several types of detectors
designed to optimize nucleus identification over a broad
energy dynamic range. The general performances depend
obviously on the quality of the detectors and the associated
electronics but also on the homogeneity of their response
as well as on their stability over long periods of time.

A first example of the quality and uniformity of the
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detector response is illustrated in Fig. 17 which shows the
AE-E matrix (jonization chamber (50 mbar of C,F,)
versus the silicon detector) obtained by superimposing the
84 modules of rings 2 to 5. The gains of the 24 ionization
chambers and the 84 silicon detectors are adjusted using
only pulser information. In this figure, the nuclei which
punch through the 300 pwm silicon detectors are rejected.
Identification up to Z =27 is observed even at very low
energies. Events close to the A E axis correspond to ener-
gies of the order of 1 A MeV. Results at backward angles
(ionization chambers versus CsI(T1)) are shown in Fig. 18.
In this figure, the 24 modules of ring 12 are superimposed.
The gains for each module were renormalized using o
particles from a 212pg source. In this spectrum, low energy
He nuclei are clearly separated from the background.
These two examples emphasize not only the low energy
thresholds in charge identification provided by the ioniza-
tion chambers (= 1 A MeV) but also the high homogene-
ity of the detector responses and of the associated electron-
ics.

Fig. 19 shows the A E—E matrix (silicon versus CsI(T1))
obtained from one module of ring 2. Reaction products
from Xe + Sn at five bombarding energies are added. This
corresponds to 60 hours of data storage without any off
line gain adjustment. Excellent resolution and stability are
observed and nuclei up to Z = 54 are identified. The inset
in Fig. 19 shows the lower left corner of this matrix when
the “*high gain’ is used for the silicon detector. A clear
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separation between Z=1 and Z =2 is observed. In cer-
tain instances, the separation of low energy hydrogen
isotopes is also possible. Even if the mass identification of
light particles is mainly assumed by the CsI(TD (see
below), these results show that the identification can be
extended to very low energies through the silicon detector.
As the protons can lose less than 1 MeV in the silicon
detector and as the electronics is set to collect up to 5
GeV, a dynamic range of more than 1 to 5000 is achieved
with a resolution of 100 keV to 200 keV depending on the
detectors. These features are obtained because of i) the
very low background noise level (100 keV correspond to a
voltage step of less than 20 pV during the opening of the
ADC gate) and ii) the new method adopted for energy
measurements (a low gain and low noise unipolar ampli-
fier associated to a dual charge sensitive ADC which is
equivalent to a 16 bit converter). Such an important dy-
namic range indicates that INDRA can be used for the
study of systems with different projectile, target and inci-
dent energies without modifying the electronic settings.
Fig. 20 shows a scatter plot of the fast component as a
function of the total component for one of the phoswich
(NE102 /NE115) detectors. The data were obtained in the
measurement of the reaction *°Kr + Al at a bombarding
energy of 60 A.MeV. An elemental resolution up to Z = 37
is achieved. The steep line close to the vertical axis is the
locus of all charged products stopped in the fast NE102
plastic scintillator. As indicated in Section 4.4 and dis-
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of a phoswich detector. The inset shows the associated charge distribution obtained from identification
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cussed in Ref. [37], this corresponds to energy thresholds
which are higher than the ones encountered in the other
INDRA detection modules (from 6.3 A MeV for H and He
to 23 A MeV for Kr). The results with other beams and
energies show that the charge identification is preserved
even in the presence of an important flux of elastically
scattered ions.

Results of particle identification for the CsI(TI) detec-
tors, in the fast—slow representation, are shown in Figs. 21
and 22. The former shows the results obtained for ring 3
where mass and charge identifications up to Z=35 are
observed. The lower inset shows the improvement in the
isotopic separation for low energies when the high gain
signal of the associated silicon detector is added to the fast
component. For very thick detectors, as those used in the
forward rings, fast neutrons have a significant probability
of interacting with the medium through nuclear reactions.
The resulting charged particles, mostly slow protons and «
particles, are detected and can be identified by the absence
of an energy loss signal in the associated silicon detector.
The upper inset shows the identification function obtained
for this spectrurn when a signal in the associated silicon

J. Pouthas et al. / Nucl. Instr. and Meth. in Phys. Res. A 357 (1995) 418—442

detector is required. Ghost identification peaks are visible,
originating from the pile up of 2 protons and 2 « particles.
The second peak can mainly be attributed to the *Be
decay. Fig. 22 shows similar results for a CsI(TI) detector
of ring 10. The inset shows the excellent separation be-
tween particles close to the detection threshold and the
energy calibration obtained both for protons and « parti-
cles. The separation between Z=1 and Z=2 is per-
formed for energies greater than 2 MeV for H particles (4
MeV for He). The separation between protons and the
other H isotopes is obtained for an energy greater than 5
MeV. Due to the setting of the photomultiplier gain, the
energy thresholds for charge and mass identifications of
light particles with the CsI(T1) detectors vary from ring to
ring. In Figs. 21 and 22, although the totality of the spectra
are not presented (4096 X 4096 channels in the original
two-dimensional spectra), no problems are encountered for
high energy particles as the detector thicknesses are large
enough to stop nearly all the particles emitted (see Table
2).

Fig. 23 shows the resolution obtained with the calibra-
tion detectors (silicon 80 wm and Si(Li) 2 mm) of ring 10.
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Fig. 21. Fast—slow representation of a CsI(T1) detector of ring 3. The lower inset shows the improvement of the charge separation obtained
at low energies when the high gain signal of the associated silicon detector is added to the fast component. Upper inset shows the

identification function.
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The events punching through the Si(Li) detector have been
removed. Isotopic separation is achieved up to boron. The
inset of this figure shows the light particle identification
region where the sharpness of the ‘‘cuts’ indicates the
homogeneity of the thickness of the Si(Li) detector. The
quality of the telescope allows to perform an energy
calibration of the corresponding CsI(TI) detector. The ex-
tension to the other detectors of the same ring relies on
their uniformity. Fig. 24 shows the dispersion in counting
rate obtained for protons in ring 10. The shaded area
corresponds to a fluctuation of +5% and the dip for
module no. 2 corresponds to the presence of the calibration
detector. This example clearly shows that the counting rate
is the same for all the detectors in the ring.

A more general result is given by Fig. 25 in which the
charged product multiplicity distributions obtained for the
reactions “CAr +°Ni and '*Xe +™°Sn are presented.
Multiplicities up to 50 are measured and, correcting for
efficiency and multi-hit probability, these would corre-
spond to an initial multiplicity of about 55. The possibility
to record efficiently events with such high charged product
multiplicities comes from the excellent spatial coverage
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(90% of the 4 solid angle) as well as from an appropriate
angular segmentation (see Sections 2 and 3).

All the results presented in this section are extracted
from the data recorded in March and April 1993 during the
first set of experiments performed with argon, krypton,
xenon and gadolinium beams bombarding various targets.
They can be considered as the typical results of the
INDRA set up, which is thus one of the most efficient
detectors of its type. Some features are also important as
they permit simplification of the data analysis. For in-
stance, the large energy dynamic range allows us to run all
the experiments without changing the electronic gains of
the amplifiers (ionization chambers and silicon detectors)
and the high voltage bias of the photomultipliers (scintilla-
tors). Thus, the comparison and simultaneous analysis of
the results with different beams, targets and incident ener-
gies are largely facilitated. However, the number of detec-
tion cells, and hence the variety of identification matrices
to consider, remains important and a significant effort has
been made in data analysis. Automatic or semi-automatic
identification procedures, such as the ones presented in
Ref. [49], have been developed. This was possible only
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Fig. 22. Fast—slow representation of a CsI(T1) of ring 10. The inset shows the isotopic separation achieved at low energies and calibrations

corresponding to protons and o particles.
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because of the quality, the stability and the uniformity of
the detectors and the associated electronics.
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