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INTRODUCTION 7

Introduction

Thorough investigations carried out over many years revealed, that the
hadronic matter is certainly much richer than the simple constituent quark
model expectation with only three quark and quark - antiquark hadrons.
The QCD theory predicts the existence of hadronic objects, other than the
" known baryons and mesons, like glueballs and hybrids (¢gg). Presently
available data, however, does not provide sufficient information to judge,
for instance, whether £,(975) and a,(980) mesons reveal ¢7, gggq or KK
molecular structure . Their small two-photon partial width I, and a very
narrow full width [2] still remain unexplained. Further, there exists some
recent theoretical predictions [1] that s3 quarks constitute only 50% of the
¢(1020) meson, which is generally regarded to possess pure s3 structure.
However, so far this is not confirmed experimentally. Equally interesting
is a discussion of the gluon content of eg. the 1 (958) meson [1}. A few
attempts were made to predict theoretical glueball masses, but the results
are model dependant [2]. Thus, investigations which can prove the ex-
istence of the exotic guark states are presently of significant interest in
medium energy physics.

In order to find an answer to some of the above mentioned problems
the detection system, sketched in Fig. 0.1, has been designed. Soon it is
to be installed in the cooler synchrotron ring (COSY) at Jiilich, which will
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provide a high quality proton beam with proton momenta up to 3.3 GeV/c.
Experiments are planned to allow the study of the structure of resonances
in pp — ppM° and pp — pnM™ reactions with meson masses up to the
meson ¢{1020) and also investigations on meson — meson or meson —
nucleon final state interaction via reactions of the type pp — ppM; M,.

The aim of this work is to test the response of a scintillation detector
(indicated in Fig. 0.1 as 51) to ionizing particles. This counter, consisting
of sixteen detection modules, will serve as a trigger of the whole detection
system. Thus the time resolution as well as a signal amplitude variation
with respect to a hit position is of a special interest. The former because
this detector will be used as a start counter for the time of flight mea-
surement, the latter as it will provide energy loss measurements of the
particles.

The present work is divided into two parts. In the first one the main
stages of a signal production by scintillation counters are considered. In
the second one the first chapter presents measurements of the charactens-
tics of the photomultiplier, whereas the second one contains a description
of the experimental set-ups as well as the method of data evaluation. The
final chapter in turn presents the main characteristics of the considered

detector.
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Figure 0.1 Schematic drawing of the COSY - 11 (E-5) experimental set-up.
The trajectories shown are for the pp—ppK* K~ reaction,
at a beam momentumn 2MeV above a threshold.

Di,D2 ... ... drift chambers with an active area of 43x168cm?,
$1,52,83,84 ...l scintillation counters with an active area of,

45% 160 cm?, 46x21.6cm?, 150x 200cm?, 6x 110 cm?, respectively,
) S silicon pad array with an active area of 5.8 x 105 cm?,
Moo monitor detector (silicon pad array - 5.8 x 21 cm?),
5 claster target,

(Courtesy M. Rook and D. Grzonka)



120 cm

Figure 0.2 Schematic diagram of a separate module of the 51 detector.

} scintillator BC - 404 of dimensions 450 x 100 x 4 mm?,
y.1: S twisted strip light quide made of GS5233 Rohm plexiglass,
D e cylindrical light guide,
e photomultiplier EMT 99548,
4 photomultiplier base (voltage divider network) type 4244,
5 P capton foil,
B e e e mu metal,
L N plastic housing,
B iron protective shield
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Chapter 1

The detection module operation

There exists a certain kind of matenal, scintillator, which emits flashes
of light when exposed to radiation. This peculiarity enables to make use
of such materials in particle and radiation detection. The very early tech-
nique, first applied by Crooks in 1903, was based on the observation of
light flashes by means of a microscope in a darkened room. This, how-
ever, was exeedingly laborious and thus not very popular. In 1944 the
photomultiplier replaced the human eye making very eflicient and reliable
particle detection possible. Since that time for almost fifty years scintilla-
tion counters have been successfully used in a very wide range of nuclear
and particle physics experiments.

The basic processes involved in the particle detection are as follows :
A charged particle, when hitting the scintillator, deposits therein a part
of its energy, through the ionization or excitation of the electrons to the
higher molecular levels. Subsequent deexcitation processes result in pho-
ton production. A fraction of emitted photons travels to the edge of the
scintillator, from where they are transported via the light guide to the
photomultiplier. The photomultiplier first converts the light into a weak
photoelectron current, and afterwards amplifies it, so that the output sig-
nal can be analyzed by the electronics system.

It
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1.1 Mechanism of the light pulse production in a

plastic scintillator

Table 1. Some physical properties of BC-404 plastic scintillator [3]

Density | Relractive Light output Wavelength Base
[g/cm?] index (% Anthracene) | of maximum
emission [nin|
1.032 1.581 68 408 PVT
Rise | Pulse width | Decay constant Bulk light | Softening
time FWHM main component | attenuation point
[ns] [ns] [11s] femn] °C]
0.7 2.2 1.8 120 75

The fluorescence process in organic scintillators arises from radiative
transitions in a single molecule and does not depend on the physical state
of the material. In such a molecule the valence electron orbitals combine
to form 7 - electron energy levels. The radiative transitions among them
account for the scintillations. The m - clectron system is schematically
shown in Fig. 1.1. Dashed lines indicate vibrational sub-levels superim-

posed on each of the electro-magnetic levels.
Sy o —nm—" —
SZ
T SEA i 1 I — - %
0.15eV 5::2_‘“["' JEIN N . ]Nr&_? ,
T 1 £ w Srep— — 2
= 9 M
E § QGSSING T,
3 - 4oV = %
e 2 : PHOSPHORE SCENCE
St
— Sy S
Figure 1.1  r - Electronic energy levels of an organic molecule.

Ssy ground state. S|, S, excited singlet states. 7;, T,, excited

triplet states. Sy, Sy ... etc. vibrational sub-levels [4]




CHAPTER 1. THE DETECTION MODULE OPERATION t3

BC - 404 is a ternary plastic scintillator. Ternary means that two
admixtures are dissolved in the base material. The base of this scintillator
is polyvinyltoluene. It scintillates as pure material, but its light output is
relatively low. This is considerably improved by dissolving therein a small
amount (a few percent) of an aromatic compound called primary solute.
However, such a solution can not be used in large quantities, because
of a strong light absorption. Second additive (secondary solute) allows
to get rid of this disadvantage by shifting the emitted light to a longer
wavelength.

In ternary scintillators the concentration of the admixtures is so small,
that their excitation by an ionizing particle can be neglected. Thus, at
first, the particle deposit its cnergy in the base. Next this encrgy may be
transferred to the solute, both radiatively and non-radiatively. However,
becaiise of the very low concentration of the secondary solute, this transfer
occurs mostly between the base molecule and primary admixture. The
additive is chosen, so that the energy of its first excited level i1s lower than
the energy of the first excited level of the basc molecule. (sece Fig. 1.2)
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Figure 1.2 The scintillation process in a ternary organic solution scintillator.
(X = solvent(base), Y = primary solute, Z = secondary solute}. Continuous
Iines — radintive transitions, dashed lines - non-radiative ftransitions [4]

Further , the excitation energy from the primary solute is transferred
to the secondary solute called wavelength shifter. A proper choice of the
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latter allows to match the scintillator emission spectrum to the sensitive-
ness of the photomultiplier. The energy of the photons emitted by the
secondary solute is very low in comparison with the first excited state in
polyvinyltoluene. Thus, these photous are not able to excite the molecules
of the base. This makes the ternary solution transparent to its own radi-
ation, and allows to use samples of large dimensions. The light emission
spectrum of the BC-404 scintillator is shown in Figure 1.3

100w emgpgmpmmmmp = mmpmmmmp
t ' t '

. nEn
5 804--- SR VU SV S
o 1 ¢ : :
o] ¥ ] § 3
S o
i B0F-i-
I ' 1 1 i
[ 4] € H 1 '
3 A
w 40T+
= E £ £
*:}; : : :
3 20] /-
o i T
S S T S e

385300 430 440 440 440 500

WAVELENGTH (nm)

Figure 1.3 Normalized emission spectrum
of the BC-404 scintillator [3]

The radiationless processes such as the internal conversion from the
higher excited states of the solvent, or non-radiative intermolecular en-
ergy transfer are much faster then the radiative processes [5]. For that
reason the signal shape is determined by the light emission from a wave-
length shifter and by the radiative encrgy transfers. M. Moszynski and
H. Bengston [6] proposed the following equation to describe the light pulse
shape from the ternary scintillator :

i(4) = folt,o,m) - (77— et (1.1)

where i(t) is the light intensity, f¢(t) is a Gaussian function describing the
rate of the energy transfer from a detected particle to the primary solute,
this term reflects the final rise time of the signal. Term e™/™ describes

the energy transfer to the wavelength shifter and e~ describes the final
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light emission. Therefore the pulse is characterized by four parameters
1,0, 7,7y, which can be found by fitting the equation to the measured sig-
nal. Of course the photomultiplier response has to be taken into account.

However, equation 1.1 may be applied only to small samples, where the
light pulse shape depends only on the composition of the scintillator. In
large scintillators the pulse shape is affected by the light collection, the
self-absorbtion and re-emision processes. Their influence manifests mainly
in shifting the light to the longer wavelength and in increasing the decay
time constant. Thus equation 1.1 is modified as follows:

i(t) = 1,(2) - e e7Hm (1.2)

where 7,(t) is the light pulse from a small sample (eq. 1.1), e7*/? is associ-
ated with photon transit time in a scintillator, and the term et accouts

for the self-absorbtion and re-emission process [7].

1.2 The light collection process

Table 2. Physical properties of GS233 Rohm plexiglass 8]
Madterial Refractive | Bulk light attenuation | Density
index length [cm] lg/cm]
Polymethyvlmethacrylat 1.491 600 1.18

In a scintillator the photon emission is isotropic in all directions. For
photon angles above the Brewster angle all photons are totally reflected.
The remainder leaves the scintillator or is partially reflected according to
the Fresnel’s rules. The Brewster angle is given by

8y = arc sin{—2) (1.3)

scini

with n,un - refrective index of the scintillator and n,y - refrective index

of the surrounding medium.
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In a symmetrical scintillator the totally reflected photon may reach each
surface, provided that it is not absorbed within the material. Thus, con-
necting a chosen scintillator edge to another body of comparable reflective
index onc can guide the light to the required place. Among the presently
used light guides a so called twisted strips one (see Fig. 0.2) possesses
optimum light collection property [9]. It consists of separate strips glued
on to the edge of the scintillator and twisted 90° so that they can fit the
cylindrical photomultiplier shape.

Two practical rules allow to minimize the photons loss. Firstly, the
cross sectional area of the light guide should never decrease. If it is the
case then only a fraction of light, equals to the ratio of output to the
input area, can be transferred. Secondly, a bend radius should be at least
ten times larger than the thickness of the body. Equally important is the
light guide transmission of the fluorescence light from the scintillator. The
transmission of the G5233 plexiglass together with the BC-404 scintillator
emission spectrum is shown below.

100 -
— BOHA
®
z continuous line :
o 604 . .
i : transmission spectrum
2 40+ f
= ' ' -
2 / : . dashed line :
= 204 / BC-404 emission spectrum

/“\w/ 5 o ,
843 400 500 500

WAVELENGTH (nm)

Figure 1.4 Transmission spectrum of the (G5233 plexiglass [10]
versus emission spectrum of the BC-404 scintillator

The whole scintillator module has to be enclosed in a light-tight enve-
lope. The suitable covering may improve the collection property. However,
the best would be to leave a layer of air surrounding the scintillator in or-
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der to maximize the total internal reflections. In the present case the
scintillator and the light gnides are wrappod in aluminium foil, whose re-
flectivity for the light emitted by BC-404 material amounts to ~ 930% (sce
Fig. 1.5). Taking into account that on the average photons make 10 to
20 reflections before reaching the photocathode one can roughly estimate
that only a few per cent of the photons, collected at the photocathode,

originte from the external reflections.

100 -
80—/;4;”’_’

€ ! . :

~ 60 Pt continnous line :

3 aluminivm reflectivity

£

§ 40 ;

i : s dashed line :

¥ 20 : ; BC-404 emission spectrum

450 400 5600 800

WAVELENGTH (am)

Figure 1.5 The aluminium reflectivity [13]

Thus primarily three factors influence the hight collection efficiency.
These are: the total internal reflection angle, the quality of the surfaces
and the bulk light attenuation length, where the last 1s defined as the
iength after which the number of photons is diminished by a factor ¢™ %

The longer the scintillator, the larger are the variations in the signal
height over its volume. However, from this fact one can make a rough

determination of the hit position of the detected particle.

1.3 Photomultiplier

Table 3. Characteristics of the 99543 EMI photomultiplier [11]

Photocathode | QE% | Dynode | Transit time | Typical gain
type peak | material [ns]
bialkali 26 BeCu 41 6 10°
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The photomultiplier serves as a converter of the weak scintillation pulse
into an electrical signal. Its operation may be considered as three subse-
quent processes. The photon convertion into a weak photoelectron current,
the collection of the photoelectrons on the first multiplier dynode and the
signal amplification by the multiplier structure.

1.3.1 The photoemission and electron collection processes

The incident light is partially absorbed in the photosensitive material
deposited on the inside of the photomultiplier glass window. The captured
photon transfers its entire cnergy to an encountercd electron. Travelling
to the boundary this electron will suffer an energy loss due to electron
- electron collisions. In order to leave the photocathode it has to reach
the surface with sufficient encrgy to overcome the poteutial barrier, which
always exists at any interface between material and vacuum. The finite
potential barrier imposes a minimum energy on the incoming photons.
This is reflected in the long wavelenght cutoff of the photocathode effi-
ciency (see Fig. 1.6). The cut in the short wavclenght is caused by the

window material.
30 : e

[
[&4]
1
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i

continnious line :
photocathode Q.E.
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dashed line :
BC-404 emission spectrum

QUANTUM EFFICIENCY (%)
"
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00 300 460 500 600 700
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Figure 1.6 Quantum efficiency of a Bialkali photocathode [11]
versus BC-404 emission spectrum

For some semiconductor material the "work function” is as low as
1.5eV. The energy of the fluorescence light is about 3 - 4 eV (see Fig. 1.1).
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Therefore, the depth at which electrons may originate and still escape from
the material is about 25nm [12]. A photocathode of this thickness may
absorb no more than half of the madent hght.

A number of large significance in scintillation counting 1s the photo-
cathode gquantum cfficiency. It is defined as the ratio of the number of
photoelecctrons produced to the number of incident photons, The quantum
efficiency is a function, which 1s strongly dependent ou the light encrgy
(see Fig. 1.6).

After emission from the photocathode the electrons travel, in a smitably
designed clectric field, towards the first dynode of the multiplier section.
The time of flight of photoelectrons depends on the point in the photo-
cathode, in which they originated (sce Fig. 1.7). These differences are the
main source of the spread of a transit time through the photormultiplier.
Their are minimized, to some extent, by large distance and very high volt-
age between the photocathode and the first dynode 1 comparison with
interdyvnode distances and voltages, respectively.

Semitransparent
plicdocathode

Typical photoeleciron
Lrajeclories

HL

Tncident ]
Hahi :ﬂ?{b’g\‘\
RN
i r]
t T

L ¥ !

T
Photocathode Elociron
to dynode No. | mulliplier
efeciron aptics

Figure 1.7 Basic elements of a photomultiplier tube {From [12]}
1~ 12 — Dynodes, 13 — Anode,
14 — Focusing electrodes, 15 — Photocathode
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1.3.2 The electron multiplication

The first multiplier dynode is held at a positive potential of several
hundered volts with respect to the photocathode. Thus the electron im-
pinging onto it may create in the order of one hundered new electrons.
However, only a few of them manage to escape.

Ryl s o~ (B
ok 3 P S T

e

i

0 100 200 300 400 500 600 700
INTERGYNODE WL TAGE (V)

SECONDARY EMISSION COEFFICIENT

O

Figure 1.8 Secondary emission coefficient versus energy
of the primary electron for BeCu material [13]

The secondary electrons, leaving the first dynode, are guided by an
electrostatic field to the second one, where the process is repeated. The
overall photomultiplier gain depends essentially on the munber of dynodes
and the secondary emission coefficient.

G=6 -8y 6, . (1.4)

where 6 - secondary emission factor, with typical & value of ~ 5,
n - number of dynodes.
The & is determined by the incident electron energy, which is propor-
tional to the potential difference between the dynodes.
b=k -V
Assuming that the voltage is equally divided among the dyuodes, the
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overall gain is then given by:

¢ =(k-viyr = (2 Ly (1.5)

with V being the overall supplied voltage.
The expression

G _ - i (1.6)
G V
derived from equation 1.5 shows the gain variation with respect to the
applied voltage. One can see that this is a very strong dependence. A one
per cent change in voltage may cause more than a ten per cent change in
gain depending on the number of dynodes.

The signal outgoing from the photomultiplier, may be regarded as a
superposition of many signals caused by single photoelectron incident on
- to the first dynode. The distribution of these electrons is described by
equation 1.2. Therefore, the outgoing signal is an integral convolution of
a scintillator pulse and a photomultiplier response to the single electron.

I(t) = jz‘(t —t)y  SER(t) - dt’ (1.7)

0

where SER(t) - the single electron response
i(t) - the light pulse

One of the important guantities characterizing the photomultiplier is
the gain variance. In a simple minded model the production of the sec-
ondary electrons at a dynode can be assumed to be governed by a Poisson
distribution. Hence, the number of electrons created on the first dynode
has a mean value §, a standard deviation v/8 and a relative variance 1 /8,
and so on. It could be pointed out, from the properties of the Poisson
statistic, that the relative variance of the mean number of electrons col-
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lected at the anode is represented by the following expression: [12]

vg 1 1 L1

e R Rl e
Thus, the spread in the pulse amplitude 1s dominated by the § fluctuation
from the first dynode. This is the next reason why higher voltage is applied
between the photocathode and the first dynode than between the following

dynodes.

(1.8)




Chapter 2

The photomultiplier

2.1 Plateau

In almost all experiments with scintillation caunters the PM signal is
followed by a discriminator. If the scintillator is irradiated, and the signal
after the discriminator is input into a scaler, one can observe the counting
rate change with the applied voltage for a specific discriminator threshold.
The higher the supplied voltage, the larger the counting rate. However,
one or more plateaus can be observed according to the type of the source.

Threshotd Counts
i
H
‘ low voltage
H
E
E Pulse height Gain
i
| intermediate voltage
/\5/\ [ Figure 2.1 Steps leading
to the scintillator counting
: plateau, taken from [13]
3
;
‘ high voltage

23
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The left side of Fig. 2.1 shows a sketch of a *"Bi spectrum. At a
very low voltage the entire spectrum lies below the threshold value and
no counts are observed. With increasing voltage more and more parts of
the energy spectrum pass the threshold and are counted. Figure 2.2 shows
the measured plateau for the tested detector.

107
L_L_; 3
L
g 10 %y HW
= 10 ®
= ]
B 10 * PM | PM
v 3 SOORCE
Z 107 f
= 5 DISCR f—FHCALER
8 10 2! 1 J
0
1400 1600 1800 2000 2200
VOLTAGE (V)
Figure 2.2 Plateou curve Set-up used in
measured using a *"Bi the measurement

source
2.2 Measurement of the single electron response

If only one clectron hits the first dynode then the electric signal col-
lected on the anode is called the single electron response. By measuring
the charge in such signal one can deduce the photomultiplier gain. At
room temperature typically thousand electrons may escape from the pho-
tocathode per second (dark current) This suggest that it would be enough
to measure a photomultiplier noise charge spectrum, which should consist
of one big peak from one incident electron and further much smaller peaks
due to two or more electrons. However this is not the case. One is not
able to distinguish any peak in such a spectrum. Unfortunately there is
too large noise caused by the multiplier section. The only way to get rid
of this is to trigger the electronics when a real signal is expected, even if it
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B
by )

is only one photoelectron. This can be performed by means of very weak
light, produced by the light emitting diode [14].

IFIER
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// @ rok

LEI} connection

I

20mvf}l CH

10ns ICH

The signal from the gene-
rator registered by the
digital oscilloscope

Figure 2.3 Block diagram of the electronic system used
in the single electron response measurement.

ADC - analog (charge) to digital converter

The very short pulse from a generator switches on the diode and si-
multaneously triggers the charge to digital converter. The signal reflected
from the open end of a clip cable switches the diode off. Thus the num-
ber of photons in one pulse can be established by the amplitude of the
generator signal as well as by the clip cable length. The signal from the
photomultiplier first is amplified and then analized by the charge to digital

converter.
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In the case of the absence of the diode signal one observes in the charge
spectrum a sharp peak caused by the noise of the amplifier. If a low signal
is inserted into the diode producing only a fow photons, a separate peak

appears in the charge spectrum.

900+ S
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= SPECTRIUN
=
<
o
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0 100 2 400
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ADC CHANNEL

Figure 2.4 The single eleciron spectrum

Figure 2.4 shows a measurement with such a low diode voltage that
only a single clectron spectrum was observed, whereas in Fig. 2.5 the
voltage was increased and a clear two-clectrons peak is seen.
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Figure 2.5 Single and two-electrons peaks

As expected, the average charge in the signals resulting from two photo-




CHAPTER 2. THE PHOTOMULTIPLIER 27

electrons is two times larger than the charge in the single electron signal.
Actually, the spectrum shown in Figure 2.5 is a superposition of a few
peaks, however only the first two are clearly wvisible, the others have too

large width to be distingnishable.

2.3 The gain variation

The number of sccondary electrons emitted from the dynode depends on
the energy of the clectron impinging onto it. This energy is proportional to
the inter-dynode potential. For that reason the gain of a photomultiplier
reveals a dependence on the overall applied voltage. Measurements of

i 1000 5 10 %
% 1803 vV 1
800 3 ]
T 3 - o
© 3 . o
o 60073 -
fad 3 P . e
& < 10 K
¢ 400 : e
bee ] P
% 3 1890 V s
8 2085 1850 v /
O5 SR S - P —— b — . 10 B A A A A Tt
0 100 200 300 400 1700 1800 1200 2000 2100 2200
ADC CHANNEL NUMBER VOLTAGE (V)
Figure 2.6 Single eleciron peaks Figure 2.7 Photomultiplier gain
measured for various supplied versus supplied voltage
voltages

the single elcctron charge spectrum for different voltages allow to find this
dependence quantitatively. To cach spectrum a Gaussian function was
fitted. The extracted mean value divided by the signal amplification gives
directly the PM gain.

The gamm vanation with respect to the supplied voltage is shown in
Fig. 2.7. The experimental points were fitted by a polynomal of second
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degree and the following coefficients were evaluated:
Log(Gain) = ~2.7 - 107° - V? 4+ 14.1072.V - 94 (2.1)

where voltage is expressed in Volts.




Chapter 3

Methods of the detector
examination

‘This chapter contains the description of different experimental arrange-
ments used for measurements of the detector response. Methods of data
evaluation are presented as well.

The output signal of the detector contains information concerning the
registered particle. Usually the energy, the time when the particle passes
through the detector and the hit position are of main interest. These
quantities can be determined, provided the relations between them and the
relevant characteristics of the pulse are known. These relations are referred
to as the detector response. A method to find the specific detector response
i1s to measure the charge and the time spectrum due to monoenergetic
particles bombarding the detector at a fixed position. In large modules,
as in the present case, the response function changes drastically over the
detector volume. Thus, it is necessary to scan the whole detection area,

In order to examine the detection module two measuremants were per-
formed. In the first one a collimated °Sr electron source was used, and
the second was carried out at a monoenergetic proton/pion test beam of
2 GeV /c momentum.

29
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3.1 Experimental set-up used in measurements with
the "’Sr source

The response of a scintillation counter of dimensions 450 x 100 x 4 mm”
was examined. For the measurements an additional scintillation detector
(see Fig. 3.2} was used, which served as a start counter and analyzer of the
electron energy. An electron, in order to be registered in the present elec-
tronic logic, has to have enough energy to pass through the tested detoctor
and to produce a signal, in a start counter, higher than the threshold in
the discriminator-2 and smaller than the threshold in the discriminator-1,
see the electronic diagram in Fig. 3.2. In this manner clectrons from a nar-

row energy strip were sclected from a continuous 3 spectrum. This allows
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Figure 3.1 The emission specirum of a %Sy f - source

to study the rclative pulse charge changes along the scintillator surface.
After leading edge discrimination the timing of the pulscs is arranged
as shown in Fig. 3.2. The signal from the start detector is delayed so much
that its leading edge comes as the last one, but has an timing overlap with
the broader signals from the tested module. Therefore it is correlated, in
time, with a coincidence pulse. Such an adjustment provide that the TDC
unit 15 always started at the same time with respect to the hit moment.

The simultaneous registration of charge and timing of a signal enables
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K]

to reduce shifts in the time spectra caused by the “time walk” of the
discriminators (see section 3.4).
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Figure 3.2

The experimental set-up tegether with the block diagram
of the electronic system.

ADC — analog (charge) to digital converter,

TDC - time to digital converter
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3.2 The experimental set-up used in the measure-
ment at a proton and pion beam

In this experiment the response of the detection module was tested with
minimuin ionizing pions and protons of the test beam T11 at CERN.

The event was accepted if a particle passed through the start and the
stop counier. The hit position was defined by means of two delay wire
chambers (D1,D2) with an active arca of 10 em x 10 em. The initial particle
momentum was 2GeV/e £20MeV /e, The difference in time of flight
between protons and pions equals to 4.36 ns, for the distance between the
start and stop counter. Tlis allowed to separate pions and protous by a

time of flight measurcment.

PM
R
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ST0 START
b2 I

M PM
— - — — (I
]

M

L.

12,8 m

Figure 3.3 Schematic view of the experimental nrrangement
D1,D2 — delay wire chambers
START - 4cmx4cm scintillation counter
STOP — 10cmx 10 cm scintillation counter
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The beam was incident normal to the tested connter with an angular
acceptance of ~ 6 mrad and ~ 20 mrad for horizontal and vertical direc-
tion, respectively. During the experiment the position of the detector was
changed a few times in order to investigate the entire scintillator area.
For cach photomultiplier output the integrated charge of the pulse and
the time of the pulse arrival were registered. The latter was measured in
reference to the common timing determined by the stop counter.

Bi EISCR__LLE )
r—TDC -
Da DISCR ﬂr

S TART PLiTTER DISCR. L?G]NCIBENC&;
UNIT -
STOP SPLITTER DISCR.L___
oM SPLITTER DISCR.
M R KPLITTER DISCR. .5
DELAY DELAY
P D
- OaTE
AT |«
- CENERATOR

Figure 3.4 Block diagram of the electronic system
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3.3 Hit position determination

Each delay wire chamber provides four timing signals (£, taoum, tes,
tright), Which carry information of the impact position of the particle [15].

The time differences t,, — f4ouy, and t.pp — tr,0, define vertical and hori-
rontal coordinates of the hit point relative to the center of the chamber,

respectively.
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Figure 3.5 The position determination by the delay wire chamber

In one of the measurements the scintillator was adjusted such that it
was covered by part of a beam only (sce Fig. 3.6). This allowed to define

the position of the tested detector with respect to the chambers.
Y & PIEL

bz b1

BEAM

P

SCINTIL.

SCINTILLATOR

Figure 3.6 The detector position determination

The active area of the chamber was off-line divided into clongated pixels
parallel to the scintillator side (see Fig 3.6). For each of them the number
of events were counted for both: 1) if a coincidence between chamber
and tested module was observed and i) if chambers independently of the
tested module had a signal. Further, the ratio of case i) to case ii) was




CHAPTER 3 METHODS OF 'THE DETECTOR EXAMINATION 35

extracted. Ideally unity was expected for pixels corresponding with the
area of the tested detector, and zero for the rest.
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Figure 3.7 Upper scintillator side in relation to the chamber D2

Thus, the scintillator edge is defined with an accuracy of + 1 mm (see
Fig. 3.7). The shifts of the detector during the experiment were done with
the same precision. As a result the overall resolution of the hit position
determination amounts to + 2mm (FWHM). The fact that an efficiency
of only ~ 80% is obscrved can be explained by accidental coincidences of

the chambeoers.
3.4 Time walk correction

An analog output pulse from a detector 1s converted into a logic signal
by a discriminator. The most common method for deriving a timing signal,
employed also in the present case, is leading edge triggering (Fig. 3.8). The
logic signal, in this technique, is generated at the moment the analog pulse
crosses the threshold (Fig. 3.8}). As one can sce, ont of two pulses having
the same rise tume, the higher crosses the threshold earlier. Thercfore,
even exactly coincident signals may trigger the discriminator at different

tirnes. This is refer to as a fime walk effect.
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Figure 3.8 Walk in a discriminator, taken from [13]

The variation in the amplitude of the incoming pulses is not the only
source of the discriminator walk, The other one is the finite amount of a
charge needed to trigger the discriminator, indicated by the shaded arcas
in Fig. 3.8.

(Quantitatively the time walk effect is represented by {16]:

1
At = const. + 3 - 7 (3.1)
q
where q is the amplitude of a pulse, and § is a coelficient determined by
the data. Thus the walk corrected time t is expressed by:

t =const. +t' — - jm (3.2)

NG

where ¢ is a measured time.

The walk 1s clearly seen in a scatter plot (Fig. 3.9a), which shows a
relation between 1 and w‘}; Here ¢ stands for the time of flight between the
stop and the tested counters, whercas q represents the integrated charge
of the signal from the tested detector. As expected, for pulses (from the
tested detector) with higher amplitude the discriminator generates the
logic signal earlier, hence the measured time of flight is longer.
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Figure 3.9 An example of the scatter plot t vs. ﬁ measured at the center

of the detector, A) before, B} after time walk correction

For long scintillation counters the shape and the amplitude of the pulses
depend on the hit position. Therefore the parameter 3 in equation 3.1 may
reveal position dependence. Table 4 shows this coefficient evaluated for a
few points on the scintillator.

Table 4.
/3 value [ns-pC!/?]
vé : PM R PM L position
Br Bt
: A . - -16.6 -16.1 A
Q R SYUURR B 5 = ol B e T e R T Yy B
T =205 -15.2 C
-19.5 -14.2 D

As no regularity can be found in [ variations, it is assumed to be
constant over the entire scintillator surface. In further considerations 3 is
taken as a mean value of the numbers in table 4, with the error being
a standard deviation of the mean. Evaluated /7 values amount to:
Br=-18.5+1.8 nspCY% and fB;=-14.6%1.3 ns-;pC"2 The inaccuracy
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in determining this coeflicient tinplics that the error of the walk correction
(car=05 - 1/,/7) is as high as 200 ps for low signals (sec Fig. 3.9).

3.5 Particle identification

Pions and protons, used in the experimnent had the same momentum of
2 GeV /e, However, because of different miasses, they had different veloci-
ties given by:

Pl ne

'TTE T i
where ¢ is the light velocity and mg,p are the rest mass and momentum of
a particle, respectively. This relation results in the tiine of flight difference
of the particles being considered as 341 ps per meter. Thus, the distance
of 7 m between the stop and the tested detector is equivalent to 2387 ps.

(3.3)
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Figure 3.10 Time of flight spectrum An example of ADC spectrum

for the tested detector

Figure 3.10A shows a walk corrected time of flight spectrum between
these counters. As expected, very well separated peaks are observable.

To complete the considerations concerning the data evaluation, a typ-
ical ADC spectrum is shown in Fig. 3.10B. Unlike in the TDC spectra,
here protons and pions are indistingnishable. This is becanse their energy

loss 18 nearly the same.




Chapter 4

The response of the detection
module

The coordinate system referrd to in the next sections is defined as:

\\é/ ‘

Ry
=
N
a._

LG SCINTILLATIR LG PM R

S |

(0,02

Figure 4.1 Definition of the coordinate system

4.1 The detector efliciency

Oue of the main detector characteristics is its efficiency. This is defined
as that fraction of events impinging on the detector, which is registered.
An efficiency is a function of radiation type, cnergy and of the detector
material. This is because no material is cqually sensitive to all radia-
tion kinds, and the sensitiveness of cach material changes with the given
radiation cnergy.

In order to be registered a particle has to produce a signal, which is high

39
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enough to exceed a necessary discriminator threshold. The signal height
1s associated with the number of photons generated in the scintillator,
which 1s proportional to the energy deposited by the particle. Thus the
efficiency can be expressed as the probability of producing enough photons
to generate a signal higher than the threshold.

For a monoenergetic beam the variations in the number of produced
photons is governed by the Poisson distribution. Consequently the effi-
ciency can be approximated by:

r=o0 y,r C e

E=3 ~— (4.1)

r=th

where th is the number of photons equivalent to the 'threshold pulse’ and
1t 18 the average number of produced photons.

Minimum ionizing particles deposit about 0.7 MeV in a 4 mm thick scin-
tillator. The average energy required to produce a scintillation photon is a
fixed number dependent only on the scintillator material. In plastic scin-
tillators it amounts to about 100 eV per produced photon [17]. Assuming
(in the worst case, see section 4.3) the light collection efficiency 7%, and
the photocathode efficiency 25% one can calculate that on the average 122
photoelectrons are generated.

5 santillation

7-10%V — ~ 710 » ~ 122 photoelectrons

photons

At normal parameters used for the photomultiplier one photoelectron gives
a signal with a height in the order of 40mV. Therefore, a signal caused
by 5 photoelectrons easily exeeds the discriminator threshold of typically
50mV. In the case being under consideration 5 photoelectrons are equiv-
alent to ~ 286 scintillation photons. Taking in equation 4.1 th =~ 286
and p =~ 7000 one obtains the efficiency better than 99.99%. Moreover,
the efficiency of the scintillation counters for minimum ionizing particles
detection remains constant down to a scintillator thickness of ~ 0.3 mm.

Then p is equal to ~ 525,




CHAPTER A THE RESPONSI QOF VIS DISTECTION MODULE A1

4.2 A pulse charge variation

Although in ternary scintillators sclf absorption is relatively small, for
long detectors it influences significantly the light collection process. There-
fore, for scintillators of dimensions comparable to the bulk light attenna-
tion length one observes a variation of the pulse height depending on the
irradiated position, even for monocenergetic particles.

In long santillators the photons normally make a lot of reflections be-
fore they reach the edge coupled to the light guide. Thus, the bulk light
attennation is not the ounly factor cansing changes of the signal height.
The other one is the reflection loss at a scintillator surfaces.

These factors result in a light attenuation described by:

N=~Ny-e % (4.2)

where Ay 15 called a technical light attenuation length, and Ny, N are
the number of collected photons when the scintillator is irradiated at
X =0 and x, respectively. Figure 4.2 shows the relative photomultiplier
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Figure 4.2  Relative variations in the signal charge
for 2 GeV /¢ pions and for electrons from a *"Sr source
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pulse charge variations according to the position along the line connecting
the photomultiplicrs. The signal charge was evaluated as a moean value of
a Gaussian distribution fitted to each ADC spectrum. By fitting a line
to the experimental points (shown in Fig. 4.2), without taking the data
at the ends of the scintillator into account, the technical light attenuation
length was found to be equal to 88 cm £ 5 cm.
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Figure 4.3 A rough Figure 4.4 Pulse charge de-
position determination pendence on the y-coordinate

The considerable variation of the charge from the pulse in the x-di-
rection allows to estimate roughly the x-coordinate of the hit position.
Figure 4.3 shows the signal charge expressed in ADC channels, together
with the estimated error of a single measurement (o of a Gaussian distri-
bution). From this figure one can derive that the error of determining the
hit position amounts to £ 13 cm. Taking into account, however, that in
the actual experiment the scintillator will be read out simultaneously by
two photomultipliers this value will reduce to 4+ 9 cm.

In contrast to the pulse height variation in the x-direction, there is
essentially no dependence ou the y-coordinate (see Fig. 4.4).

Similar tests of pulse charge changes with respect to the hit position
were performed with two other scintillation detectors, which are shown
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schematically in Fig. 4.5. As can be scen, a scintillator with read out on
both ends reveals, in one photomultiplier, much larger pulse height varia-
tions in comparison with those read out on one edge only. This is because
in the latter the light reflected from the sicintillator edge (opposite to the
end glued to the light quide) also contributes to the signal amplitude.
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Figure 4.5 Comparison of pulse charge changes for various detectors

4.3 Estimation of the light collection efficiency

The considerations in this section concern the measurements performed
with a *'Sr electron source.

Dividing the integrated charge of the signal by the photomultiplicr gain
one can calculate the mumnber of photoclectrons gencrated in the photo-
cathode (see Fig. 4.7), which allows to estimnate the number of photons
reaching the photomultiplier. On the other hand one can estimate the
number of photons produced by the regisicred particle in the scintillator.

Electrons when passing through matter suffer a collisional and radia-
tional energy loss. However, at energies of a few MeV or less the latter can
be neglected. Figure 4.6A shows the fonization energy loss per nnit length,
for clectrons in a scintillator material, derived from the Bethe-Bloch! for-

'coellicients for plastic scintillators can be found in [13] on page 26
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mula. This relation allows to caleulate (numerically) an average cnergy
loss from electrons within the scintiliator medinm of the tested detector.
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By a suitable threshold adjustment, from the continuous 3 spectrum,

only electrons of an cnergy about 2 MeV were registered. Due to the low

energy resolution of the scantillator the energy of the measured electrons

is not very well defined. However, the cnergy deposited by

clectrons of an
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energy larger than 1.9 MeV is nearly constant and amounts to ~ (.93 MeV
(see Fig. 4.613). Thus, on the average one clectron produces 9300 fluores-
cence photons. Hence, dividing the number of photoelectrons by 9300
and by the photocathode cfficiency (0.25) one obtains the light collection
efficiency (sce Fig. 4.7). For onc photomultiplier this varics, depending
on the hit position, from ~7% to ~ 13%. Consequently, the fraction of
fluorescence light seen by both photomultipliers amounts to ~ 20% inde-
pendently of the hit position in the scintillator.

4.4 The light pulse velocity

X o= 23 mm X = 420 mm
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pions pions
) 3001
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100+
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2(5 ''''' 5221 rrrrrrrrr 2‘8 30

Figure 4.8 Time of flight spectra beiween the stop and the tested counter,
for two different bemn positions, measured with 2 GeV protons and pions

Figure 4.8 shows that the time of the signal arrival at a TDC unit
depends on the x-coordinate of the impact position. Thus, in order to
establish the time when the particle strikes the detector, it is necessary
to know the hit position as well as the cffective veloeity of the light pulse
in the scintillator. In experiments at the COSY ring the former will be
provided by the drift chambers (sce Fig. 0.1).

The mean value of the Gaussian distribution fitted to each spectrum
is calculated with a very small error in the order of 7 ps, which is defined
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as Jv/n, where v is the variance of a distribution and n is a number of
events. Unfortunately, the TDC peaks are shifted because of the time walk
in the discriminator. This shift varics over the scintillator surface, since the
average signal height depends on the position. Thus, in order to measure
the real time differences between the TDC spectra originated in different
positions, the time walk has to be corrected. Inaceuracy of this correction
estimated in chapter 3.4 amounts to values as high as + 200 ps () for low

signals.
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Variation of the TDC peak with respect to the hit position.

A. For electrons before and after time walk correction,

B. For electrons and pions after correction

Time is measured in relation to the timing of the signal pro-

duced at x = 25mm for PM L

and at x=425mm for PM R

By fitting a line to the measured points the light signal velocity was

found to be:

Table 5.

Light pulse velocity [cm/ns| | Measurements with:
155+0.6 PM R MSr
1534+ 0.6 M L source
159408 PM R | pions and
123406 PM L protons
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The first three values in Table 5 are equal within the error limits,
whereas the velocity measured by means of PM L at p and #t beam differs
from the rest. This discrepancy might have been caused by a wrong TDC
calibration or by pedestal variations during the measurements. Since the
experimental set-up is dismounted further inspection is not possible.

T. Tanimori et al. [16] examined a similar scintillation detector. They
obtained the effective light velocity of 16.3 £ 0.2 cm/ns for 2 cm thick scin-
tillator and 16.7 4 0.2 cm/ns for the 3 cm thick one.

4.5 Time resolution

Fluctuations of the signal timing are caused mostly by a walk and a jit-
ter. The former can be corrected by the data analysis, conversely, the jitter
arising from the intrinsic detection processes can not be avoided. Because
of this even two exactly coincident signals do not give the same time. More
over, the accuracy of currently available TDC units is not better than 25 ps
per channel. Thus, to take advantage of the signal timing, the system (de-
tector + electronics) time resolution has to be estimated. This was done
by measuring the distribution of the time differences between signals from
PM-L and PM-R, generated by the same particle. Ideally it should be a
d-function, but obviously it is not the case, in fact its width changes with
irradiated position. A typical distribution for At =tg-1;, together with
the fitted Gaussian function, is shown in Fig. 4.10. The variance of this
distribution resulting from fluctuations of the signal timing from the two
photomultiplies is expressed by:

v=lol +af, (4.3)

where, o} and ¢} are the standard deviations in determining ¢y and
tr, respectively. In order to establish the overall time resolution of the

tested detector this variance has to be combined with the error of a walk
correction.
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Figure 4.10 An example of a At spectrum
measured at x =25 mm

The relation between the measured hit time and the actual one is as

follows:

x
fr, = tf;urrr.xnrrzri - Ati:n.fk + ( ) + const.
Vesg
L -z
— 4+ it
tn ™ tmnanured - Aiwa!k + ( n N ) + const. {44)

where, x is the hit position, and L is the scintillator length. The "start”
moment for the time of flight measurement between the S1 and S3 detec-
tors (see Fig. 0.1} in the COSY - 11 (E-5) experiment will be defined as

a mean value of ¢, and #5.

t:’; ‘i‘ f” — &tﬁ o Atﬁ
tsfa'ri — measured measureg walk walk + const. (45)
This implies that
2 2 2 2
2 \//U'f" + Tin + 6‘”5’;@:& T g‘{}“iuzk
= (4.6)

Uit{a?! 2
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Term a?L +crfn is equal to the variance of the At =1, -t distribution,
which reveals a dependence on the irradiated position. Similarly the stan-
dard deviation of a timne walk correction (oa,,,, ) 15 a function of a signal
height (see section 3.4), hence depends ou the hit position. Consequently,
the evaluated value of oy, (shown in Fig. 4.11) is not constant over the
scintillator surface.
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Figure 4.11 The overall time resclution of the tested detector for a few

points in the scintillator. The curve is drawn to guide the eye

This estimation shows that the error of determinig t,,. varies from

~ 160 ps at the scintillator edges to ~ 220 ps at the centre. Furthermore,

for the resolution of a time of flight set-up, this approximated o, has
to be folded with the time resolution of the stop counter.
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