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Abstract

The central part of the light-particle detection unit for the
GANIL multidetector is a spherical (80 cm radius) shell of 2 mm thick
NE. 102A plastic scintillator. It spans the range of polar angles from
8 - 30° - 150° and the azimuthal range <p - 0° - 360", and it is
segmented into 72 individual £B - 60° and Ap - 10° wide detection
"modules. Each module is viewed by a photomultiplier at each end which
provide information on the particle impact position, atomic number Z
and velocity. The performance of the modules was studied with an
a-source and during several experiments with heavy ion beams from 25
up to 85 MeV/amu.
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1. Introduction

The high-energy (E/A £ 200 MeV/amu) and the intermediate energy

(20 £ E/A £ 200 MeV/amu) heavy-ion (HI) beams presently available

allow the study of a vast field of reactions producing many particles

in the final channel. There is a need for new detectors capable of

providing complete information on all charged particles emitted in

each collision. A spherical geometry is best suited for such devices.

The segmentation into individual modules results from the requirement

that the double-hit probability should not exceed a fixed value

(usually a few percent), and the desired angular accuracy.

Such detectors have been built for high energy experiments, where

the high multiplicity values require several hundred independent

modules : an example is the Plastic Ball [1]. Several detectors of si-

milar design but more appropriate to intermediate energy experiments

and having an added sensitivity to massive fragments are under

construction or in operation at MSU [2], Chalk River [3], Oak Ridge

[4] and Catania [5].

This paper presents the design criteria and the results of beam

tests of the TONNEAU, built at GANIL, and in operation since the end

of 1986. It is based upon large area thin plastic scintillators. The

measured quantities (impact coordinates, time of flight, energy loss)

give access to the velocity vector and the atomic number of the

detected particle. An approach similar to ours, albeit on a smaller

scale, is represented by the family of Plastic-Box detectors developed

at LBL [6]. A Z-identifying detector of small area (26 mm diameter)

based on the velocity versus energy loss method (as described below)

has also been developed at MPI - Heidelberg [7].

2. The GANIL multidetectors

The GANIL multidetectors, shown schematically in Fig. 1, operate

in vacuum, inside the chamber NAUTILUS (3.2 m in diameter, 3.6 m in

length). They are made of two main detection layers, the first one for

intermediate and massive fragments (Z > 6), and the second one for

light charged particles and light fragments (Z < 8). The devices cove-

ring the polar angles (9) from 3" to 30° are XYZt [8] and MUR [9] and

those covering from 30" to 150° are DELF [10] and TONNEAU. They all

cover the full azimuthal angle (<p) from 0° to 360°.

TONNEAU is a spherical 80 cm radius shell of 2 mm thick NE 102A

plastic scintillator. The sphere is cut into two hemispheres in a ver-

tical plane. Each hemisphere is further divided into 36 Ap - 10° seg-

ments. Therefore the geometry of each individual module is a

half-stave. The sphere can be opened up, each hemisphere rolling apart



on tracks fixed on the floor of NAUTILUS.

Each scintillator is 83 cm long and its width increases from ~ 7

cm at the narrow end (30° and 150°) up to ~ 14 cm at the other side

(90°). It is bent along the 80 cm curvature radius in the polar direc-

tion, while it is flat in the azimuthal direction ; the effects of

this flatness on the velocity determination (± 0.2 X) are negligible

compared to the uncertainty in the time-of-flight measurement. The

light guides, bent ~ 30° relative to the radius of the module, are

twisted plastic strips connecting the scintillator to a cylindrical

light guide. The scintillators are loosely wrapped in an 18 urn thick

aluminum foil in order to avoid optical cross-talk between adjacent

modules and to minimize light losses.

3. Principles of 6. <p. 0 and TOF measurements

We require the following information on each particle :

i) the coordinates of the point of particle impact ;

ii) the integrated charges Q1, Q2 associated with the energy

loss in the scintillator ;

iii) the time of flight (TOF) of the particle on the 80 cm

path between the target and the impact point.

Two methods can be used for position determination in plastic

scintillators. The first one relies upon the measurement of the

difference between light propagation times from the impact point

absissa x to both ends of the detector, t,_2 . According to our

conventions (fig. 2a):

t, - (L/2 - x)/Ceff + T,, (la)

t2 - (L/2 + x)/Ceff + T 2, (lb)

t,_2 - 2x/Ceff + T 2 - T,, (2)

where L is the total length of the detector, Ceff the effective light

velocity and T,- a constant which accounts for all transit times from

the end of the scintillator to the time measuring device. The values

of C e f f, Tj and T 2 are determined by calibration.

The second method takes advantage of the light attenuation

between the impact point and the end of the counter. In an ideal

scintillator this attenuation is only governed by volume absorption,

which is small in the present case (the attenuation length, A, is 390

cm for NE 102A). Actual scintillators, however, have faults due to

fabrication processes, handling, etc, therefore the incidence angle

fluctuates, increasing the probability for light rays close to the



critical angle 9 c to be lost. The attenuation increases with the

number of reflections, i.e. to the length over thickness ratio, which

is large in our case. As a consequence, a parametrization has been

searched for in the measured charges Q1 and Qj as a function of the

impact point :

- G, Qt exp

i-o

Q2 - G2 Qt exp

S il-.)1

(3b)

where Gj are the light-to-charge conversion constants and Qt the light

yield produced by the particle energy loss. Owing to the left-right

asymmetry of the half-staves, both the coefficients (a,- and b k) and

the degrees of the polynomials (n and m) are different. According to

(3a) and (3b) the ratio of the measured charges is given by :

In (QZ/QT) - jT Aj x* (4)

The coefficients as well as the degrees of the polynomials in

(3a), (3b) and (4) are determined by least-square fits to the

experimental curves (see § 5.2 and 5.3).

Two specific questions had to be dealt with :

i) which method gives better resolution,

ii) to what extent the position resolution depends on the width of

the module.

4. Experimental set-up for the beam test

The test measurements were performed with an 2 4 1Am a-source and

with the reaction products of 60 MeV/amu 4 0Ca ions from the GANIL acce-

lerator impinging on a 4.9 mg/cm2 thick gold target. At this energy

the reaction 4 0Ca + 1 9 7Au produces light particles whose velocity spec-

tra extend up to 100 MeV/amu. The scintillator was hidden behind a

steel screen (hatched in fig. 2b) thick enough to absorb any reaction

product. Five windows of various areas selected discrete impact

positions (fig. 2a). Area 5, which were selecting a spot ~ 15 mm from

the contact between the scintillator and the light guide, allowed for

an estimate of the distorsions. Two Nal(Tl) detectors (denoted E1 and

E2 in fig. 2b) were also mounted to perform coincidence measuremements



providing particle identification.

5. Results

5.1. Position information from the t1_;spectrum

The relevant portion of the t^j spectrum is shown in fig. 3.

Here the inclusive t^.2 spectrum (open points) is compared to the one

in which only two portions of the area, near the symmetry axis, in

window 2 (crosses) and 4 (triangles) have been illuminated. There is

no significant broadening of the x-response due to the finite width in

the y-direction.

Fig. 4 displays the linear dependence of t^.2 vs x position, from

which we deduce an effective light velocity Ceff - 16.2 ± 0.3 cm/ns.

This value, which is ~ 15 X smaller than the calculated one (C/n — 19

cm/ns since the refractive index of NE 102A is n - 1.58), expresses

the fact that the light propagates through successive reflections from

the scintillator surface, therefore its real path is longer than the

distance x.

5.2 Position information from the Q1-02 spectrum

Events accumulated in a test run are presented as a scatter plot

in the Q 1-Q 2 plane (Fig. 5). They are grouped around five distinct

loci corresponding to the illuminated areas of the scintillator. From

these data and measurements with the a source, the curves of fig. 6

have been obtained. It appears that the light is attenuated by a fac-

tor ~ 8 after propagating through the full length of the detector from

the broad to the narrow end, and by a factor of ~ 3.5 in the opposite

direction. This asymmetry is associated with the narrowing of the

scintillator which enhances losses when the incidence angle of the

light becomes larger than the total reflection one.

The a{, \ , A: coefficients in expressions (3) and (4) were dedu-

ced from least-square fits to the data of fig. 6. We found that n - 2

and m - 3 give good fits to the data. As a result the logarithm of

charge ratio (4) is well approximated by a first order polynomial and

then the x position can be obtained via :

In (Q2/Q,) - Ao + A,x (5)

Besides a noticeable broadening, we observe in fig. 7 that the

average Q-position deviates from the t.,_2 one, especially near the

narrow end. These results are consistent with the conclusions of Geaga

et al. [18] who found that the position uncertainty deduced by the



pulse-ratio method is 1.8 times the uncertainty derived from the

time-difference method.

Despite this poorer accuracy, the pulse-ratio technique could be

used to identify multiple-hit events in one half-stave, because, in

such a case, the position values obtained by the two methods are

inconsistent.

5.3. Light oath and light attenuation corrections

It is always desirable to have a system maximally homogeneous in

terms of all its properties. A check on uniformity in the time-posi-

tion determination is the dispersion of C e f f values. Braunschweig et

al. (entry 8 in table 1) find, within errors, a constant value of C e f f

for the 62 modules of DASP [16], and their mean value 16.2 cm/ns is

comparable to ours. In table 1 it is also noteworthy that the C e f f

values lie mainly within ± 8 X of the global average (16.3 cm/ns)

despite the fact that the cross-sectional areas of the various

detectors differ by a factor of 30. Hence, this effective light

velocity seems to be independent of the scintillator thickness.

On the other hand, the test of uniformity in charge position

and light attenuation is given by the dispersion of coefficients in

expressions (3). For example the ARGUS system [17] (entry 9) has the

attenuation length of its 64 modules scattered over the range 150 ;& A

£ 275 cm, which demonstrates an extreme sensitivity of this parameter

to details of the fabrication of the individual scintillator. For the

TONNEAU we found that the A - I/a, coefficient varies between 15 and

49 cm for the 74 elements built up to now. These short attenuation

lengths are probably due to the thickness of the scintillators. As a

matter of fr.ct, we can note in Table 1 that A values decrease with

thickness.

5.4. v. Z and A information from the TOF -0tspectrum

The scatter plot TOF vs Ql is used to extract information on

the particle type and its velocity. Fig. 8a shows an example for

events selected in one hole. There are two intense loci, corresponding

t'o protons and alphas emitted in the *°Ca + 1 9 7Au reaction. The point

of maximum energy deposit, Q m a x, divides each locus into two branches.

To the left of QB)8X , particles are stopped within the scintillator,

while, for the right portion, they punch through with an energy loss

proportional to dE/dx. In fig: 8b an interpretation of the measured

loci is presented in terms of the finite energy loss inside the scin-

tillator, calculated by the code SPAR [19], and with the Birks formula



[20] to convert this energy into the light yield, Qt. The differential

light yield dQt/dx is a nonlinear function of dE/dx :

dQl S.(dE/dx)
(o)dx 1+kB(dE/dx)

Light quenching is accounted for by the denominator, which is a linear

function of dE/dx. The factor kB depends upon the scintillator

material and Z values. In the calculations we used the values of ref.

[21] : kB - 13.2 and 7.2 mg/cm2/MeV for Z - 1 and 2 respectively. The

numerical integration of eq. (6) leads to :

|* dE
Ql " S JAE l+kB(dE/dx)

 < 7 )

which was incorporated into the code SPAR.

The results of these calculations for p, d, t and a are shown

in fig. 8b. The normalization value S in (7) was chosen to make the

calculated %,ax for a's coincide with the experimental maximum. There

is a good agreement over most of the proton and a loci, in spite of a

tendency for the calculations to overestimate the light output at the

shortest TOF's (highest energies). On the basis of this agreement we

conclude that the weakly populated locus, whose total-E branch is

superimposed on a's, is due to slow deuterons, while the E-branch

above a's is populated by tritons. The dE/dx branches for the hydrogen

isotopes cannot be separated.

6. Monitoring

In order to check gain stability of the electronic chain and the

timing resolution, light pulsers are used. Each puiser triggers a

light emitting diode (LED). A light pulse with a ~ 10 ns rise-time is

obtained by applying 300 V for 30 ns. Each LED illuminates a bundle of

30 plastic fibers. Each fiber is fixed to a piece of plexiglass glued

at the center of each half-stave module. This location allows the

stability of the light, guides to the checked in addition to testing

the stability of the PM and electronic chain. After several trial, it

was found that a plexiglass cube with a ~ 8 mm side and a hole perpen-

dicular to the scintillator surface is able to inject enough amount of

light to control both ends of the modules.

7. Experimental procedures

Complete information about an event is deduced from the

measurements of t1 , t2 and Q2.



The (t1+t2)/2 value is the relative time-of-flight from the

target to the detector. Its actual value is obtained by adjusting the

time-of-flight position of the maximum energy deposit (see fig. 8a)

for p and a to the calculated one (cf. 5.4). So we have the velocity

of the detected particle.

The t1.2 - t2 - t,, value gives the polar angle value :

eî - fcf-tw + Pi <8>

where the coefficients r/{ and $,- are experimentally determined from

calibration for each half-stave module. The azimuthal angle <p,- is

directly related to the module number.

From the charge value Q2 we obtain the effective deposited

one Qt by using expression 3b. As these coefficients varies from one

module to another (cf 5.3), a different set of values has to be

experimentally defined for each half-stave. Thus the plot TOF vs Qj

gives access to Z (and A for Z » 1).

The electronic block diagram for the TONNEAU is quite similar

to the one used for the MUR [9], except that we have two photomul-

tipliers on each module.

8. Concluding remarks

Together with MUR, TONNEAU forms a multidetector system which

offers the following performance :

- coverage from 3.2° to 150° with a geometrical efficiency of 92 % for

MUR and 97 X for TONNEAU

- measurement of the velocity vector of each charged particle

• measurement of the nuclear charge.

It has some limitations :

- when the particle stops in the scintillator (i.e. below 13.5 MeV/amu

for Z - 1 or 2 up to 25 MeV/amu for Z - 8), the charge identification

is poor : alpha particles and deuterons are undistinguishable.

- the photomultiplier gains were chosen to obtain a sufficiently large

signal from particles producing a small amount of light, i.e. protons

above 100 MeV. This causes fragments with Z > 9 to saturate the QDC.

Thus to identify fragments above Z - 9, an additional QDC with a lower

sensitivity is required, which has not been installed yet.

- it has been necessary to mount aluminum foils in front of the detec-

tors to stop the electrons emitted from the target. A positive 70 kV

voltage, applied to the target, would remove these electrons for beams

up to ~ 40 MeV/amu. Sut at such a value micro-sparks and corona light

happen and disturb gas and photosensitive detectors. Since these

effects are not observed for voltage £45 kV, the two methods can be



used, depending on the experimental set up. The thickness of these

foils increases with the velocity and charge of the projectile. It can

be reduced at large angles (TONNEAU) with respect to the forward ones

(MUR). Typical thicknesses are 50, 100 and 200 um. For example a 200

urn foil stops slow particles up to 4.5 MeV/amu for Z - 1 and up to 12

MeV/amu for Z - 10.

The TONNEAU has been used in several experiments, together with

one or several of the other multidetectors installed in the NAUTILUS .

In these experiments, the trigger was either a condition on particles

detected by MUR and TONNEAU (mainly global multiplicity) [22] or an

extra-detector with a relatively small solid angle detecting a

specific reaction product (fusion evaporation residue, fission

fragment, projectile-like fragment, pion correlated particles at small

relative momentum) [23,24]. The mechanical structure and the ease of

adding or removing modules allows them to be set up in various

configurations : forward angles, on the side opposite to the trigger

detector, full coverage from 30 to 150°, etc...

We are pleased to thank all engineers and technicians who
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Fleure captions

Fig. 1. Schematic view of the GANIL charged-particle multidetector.
TONNEAU and MUR are plastic scintillation detectors for light particle
measurements. DELF and XYZt are gas filled counters for detection of
massive fragments.

Fig. 2. a) Half-stave module unfolded in a plane. The areas
illuminated by particles in our test are hatched. Particles detected
in the E2 detector punch through the scintillator within the mark in
area 2.

b) Top view of the set-up used in a test experiment. A steel
screen (hatched) defines the five windows.

Fig. 3. Position spectra resulting from the time-difference
measurement. Open circles denote the inclusive spectrum, triangles
(crosses) the spectrum in coincidence with the Ej(E2) detector. The
coincidence spectra are normalized to the peak values in the inclusive
.spectrum

Fig. 4. Variation of the time- difference t 1.2 as a function of
position x along the scintillator. The straight line corresponds to
Ceff - 16.2 ± 0.3 cm/nsec.

Fig. 5. Two-dimensional plot of Q1 versus Q 2• The numbers given to
loci are those of windows in fig. 2.

Fig. 6. Light attenuation in a NE 102A scintillator of 2 mm thickness
in direction of decreasing x (solid curves) and increasing x (dashed
curves). Open circles and crosses are the Q1 maximum light outputs for
a's and protons. Triangles and diamonds are the Q2 maximum light
outputs for the same particles. Full circles are the values obtained
with an a source. Curves are least-squares fits to the data points.

Fig. 7. Event by event time position versus charge position.

Fig. 8. a) Two-dimensional plot of t^.H(! versus Qi for the subset of
events in gate 4. The t1.HF value is the time between the detection of
a particle in our scintillator and the HF of the cyclotrons. So the
time-of-flight is derived from TOF - K-T.|.HF, where K is a constant
determined from calibration.

b) Calculated light output versus t^.Hf for p, d, t and a.
Indicated are the incident kinetic energies corresponding to the
maximum light output for each type of particle.
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TABLE 1

Effective light velocities (Ceff) and attenuation lengths (X) in some

position-sensitive plastic scintillators

ID

1
2

3
4
5

6

7
8

9

10

11

type of
scintillator

Pilot F

NE 110

SCSN-38

NE 102A

Pilot U

SCSN-38

SCSN-38

NE 110

NE 110

NE 102A

NE 102A

Dimensions

(cm 3)

317x15x5

200x15x4

150x20x3

200x10x5

75x25x2.5

150x20x2

150x20x2

172x20x2

218x9x2

38x5x0.6

83xvarx0.2

No of
modules

48

1

2

30

1

1
1
62

64

10

72

c.ff
(cm/ns)

16.5«>

19.4±0.07

16.7±0.2

17.1±0.1

16

16.3±0.2

16.3±0.2

16.2+0.25

15"

13.8±0.6

16.2±0.3

A
(cm)

25O±7Oc)

390

185±6

~220

129±5

173±6

480

209±60c)

80±25c)

15«49b>

Reference

[H]
[12]

[13]

[U]
[15]

[13]

[13]

[16]

[17]

[18]

Present work

The C e f f and X are given for a prototype module, unless otherwise stated.

a) average (and variance if noted) for the array of modules.

b) coefficient for the linear term in direction of increasing width (see

the text for further details).

c) range of values measured for the array of modules.
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