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Introduction

The "Commissariat à l'Energie Atomique" (CEA) is a governmental institution that deals with
electronuclear energy production and national defence. It is made of 7 operational directions,
each one being subdivided into departments.

Among them, the "DAPNIA" (Département d'Astrophysique, de Physique des Particules,
physique Nucléaire et d'Instrumentation Associée) of the "Direction des Sciences de la Matière"
(DSM) is involved in various activities, ranging from astrophysics to nuclear and particle
physics.

The "Service de Physique Nucléaire" (SPhN) of the DAPNIA has 3 principal points of
interest:

• the study of nuclear structure at low energies,

• the study of the stucture and dynamics of nucléons,

• the study of nuclear waste treatment.

The Parity Violation group is interested in probing the contribution of the strange quark
inside the nucléon using parity violation in electroweak interaction.

To do so, an experiment using a polarized electron beam will be built at the Thomas
Jefferson National Accelerator Facilities (Virginia, USA).

The apparatus that will measure the electron polarization is a Compton polarimeter which
requires the determination of the scattered photon energy. This is the purpose of the electro-
magnetic calorimeter.

The scintillator which has been chosen for the calorimeter is the lead tungstate, PbW04.
But this material is not characterized at the low energies produced at TJNAF and this is

the purpose of this study.

This report presents the results that I obtained within the 2 months during which I worked
at the SPhN.

I will firstly explain how to deduce the 5 quark contribution from the form factors of the
nucléon. Then I will present the main experimental features of the Compton polarimeter at
TJNAF. And eventually, I will treat the transmission, decay time and light yield of the PbW04
crystals.



Chapter 1

Parity violation to seek strangeness
inside the nucléon

1.1 Strangeness inside the nucléon

1.1.1 Experimental informations

The Gell-Mann quark-parton model states that a nucléon is exclusively made up of 3
constituant quarks, uud for the proton and udd for the neutron.

This model gives a description to the first order of approximation of the hadronic properties.
Différents experiments carried out since the 70's indeed showed that the contribution of the

s quark inside the nucléon is non-vanishing :

• 7T N scattering experiments gave :

< N | ss | N > ^ 0

(the s quark contributes up to 30 % to the nucléon mass [1].)

• deep inelastic polarized scattering showed that [2] :

< N | sy^s | N > = -10 % ± 2 %

Strangeness is consequently a fundamental parameter to explain strong interaction and the
contribution of the s quark to the nucléon must be measured.

Therefore, every matrix element of a current JM on a nucléon state N < N | JM | N >, must
be determined.

In particular, the term :

< N | s-y^s | N >

has never been measured yet and will be the point of our experiment.
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1.1.2 Electromagnetic form factors

The most general expression of an electromagnetic current ./£ ' on a nucléon state N is given
by the matrix element :

N(p) > = V{pi) foFi™) + iffafF^ U(p)

where N(pf) and N(p) represent respectively the final and initial states of the nucléon
V(pf) and V(p) the final and initial Dirac bispinors
MN the nucléon mass
F1J2 the electromagnetic form factors of the proton
and o^v is defined by :

Figure 1.1: Electromagnetic interaction of a nucléon.

The operator can be written as a function of the interaction of each quark q± involved inside
the nucléon :

< N(p/) I 4E) I N(p) > =

where \Pgi represents the wave-function of the quark çt- and Q(qi) its electric charge.

Each term of the sum can be expressed as a function of the quark form factors :

I N(p) > = V{pi) [^F™ + i^F!?*] U(p)

Therefore, in order to get the matrix element < N | 57^5 j N >, we have to determine the
2 form factors of the s quark i^ 2.

But it is experimentally impossible to perform such a measurement involving a single quark.
Therefore, we will measure the form factors of the nucléon and then deduce those of the quarks.



Rewritting the form factors of both the proton F\2
 a nd the neutron F^ using the isospin

symmetry, as a function of the form factors of the u, d and 5 quarks weighted by the electric
charge, we get :

EI(7.P) _ 2 ci(u) _ I p(d) _ I p(s)
r 1,2 — 3 rl ,2 3^1,2 3 rl ,2
Ci(7.»i) _ 2 ri(<i) 1 o(u) 1 ri(s)

rl,2 ~ 3rl,2 ~ 3rl,2 3rl,2

Note that we don't take into account the contribution of gluons (neutral, they indeed have
no electromagnetic interaction).

Furthermore, we also ignore the possible contribution of c, b and t quarks upon experimental
arguments (their probability of production inside the nucléon during a elastic scattering is
indeed negligible because of their high mass).

Experimentally, the electromagnetic form factors of the neutron and the proton have been
measured [2], but this is still unsufficient to deduce the form factors of the 3 quarks (2 equations,
and 3 unknowns).

To get rid of this problem, we will now consider another interaction in order to get more
relations between measurable quantities and the quark form factors. This will be done by using
the coupling of a nucléon with a neutral weak current.

1.1.3 Neutral weak form factors

Using the same formalism, we can write the expression of the interaction of a neutral weak
current j \ ' (involving the neutral weak boson Z°) on a nucléon state as a function of the weak
form factors of the nucléon:

U(p)

where F1]2 and G{ p represent the neutral weak form factors of the proton.

7P

Figure 1.2: Neutral weak interaction of a nucléon.



Using the electroweak unification, we can write the weak form factors of the proton as a
function of the those of the quarks, weighted by the weak charge, where 6w is the Weinberg
angle [3] :

Using the 3 main results we've collected so far :

_ 2 p(u) 1 p(d) I rp(s)
— 3 rl ,2 3 rl,2 3 rl,2

_ 2 i?{d) _ 1 p{u) I p(s)
— 3^1,2 3rl,2 3rl,2

we can deduce :

F(Z,p) _ 1 [/I _

where Fj -f a n ( i -fi 2™ a r e known quantities (experimentally measured).

We now have to measure the weak form factors of the proton F±2 to deduce the form

factors of the s quark F^ and eventually get the matrix element we are looking for :

< N | 57^5 I N >.

Moreover, we can also deduce the 2 form factors of the u and d quarks from the above
expression of F^ a n d F\2 w n e n w e know F ^ .



1.2 Parity violation in electron scattering

1.2.1 Why using parity violation?

Let us consider the elastic scattering of electrons off protons. It involves both an electro-
magnetic (figure 1.3.a) and a weak contribution (figure 1.3.b) whose cross-sections are :

1

1
• V£ (M2+q2)2

Knowing that Mzo = 92 MeV/c2 and q2 = 1 GeV2 (justified in the next section), we see
that the cross-section of the weak contribution is about 104 times lower as the electromagnetic
one. This means that the electromagnetic contribution will mainly be detected, whereas we are
interested in the weak one.

a:Weak b: Electromagnetic

Figure 1.3: Elastic scattering of electrons off protons.

To overcome this experimental difficulty, we will use the fact that the weak interaction does
violate the parity symmetry whereas the electromagnetic does not.

1.2.2 Parity violation asymmetry

The total cross-section of the elastic scattering e + p —>• e + p can be written as the sum of 3
independent terms (figure 1.4) :

• the electromagnetic process contribution (A),

• the weak process contribution (C),

• and an interference term (B).

where the first term only is symmetric under the parity transformation.



A
c

Figure 1.4: Elastic scattering ep —> ep cross-section.

The weak process cross-section is about 100 times smaller than the interference cross-section :

B ex

C oc
M.z°

and will be neglected.

Performing the same reaction with the 2 polarization states of the incoming electron, written
%" and ~ê~, yields 2 different cross-sections.

We are interested in the weak contribution. So in order to get rid of the electromagnetic
term, we will measure the cross-section asymmetry instead of measuring each cross-section.

The parity violation asymmetry Apy is defined as :

APV =

It can be expressed with the Feynman invariant amplitude A4, using the fact both
(A4*z)

2 and M-yA4*z are negligible compared to 2

Apv



We can now rewrite the asymmetry as a function of the weak and electromagnetic form factors
F{Z/] and F[J] [A] :

A -
PV ~

where Gp is the Fermi constant
q2 is the transferred momentum and Q2 — —q2

a is the weak coupling constant

and r is a kinematic factor : r = . ;-.,
4M2

The lGeV2 transferred momentum introduced in the previous section corresponds to the
optimal value of the asymmetry Apv(q2) weighted by the production cross-section cr(q2).

Experimentally, performing such a measurement is a difficult task because of the smallness
of the asymmetry :

% £ 2 =%£ 20 ppm, for q2 = 1 GeV2

yiira

But the purpose of the experiment is not only to measure an asymmetry on the order of
10~5, but also to reach a precision around 10 %.

1.2.3 Experimental asymmetry

Experimentally, we measure the counting rates (proportional to the cross-sections) of the elastic
scattering process for the 2 polarization states of the incoming electrons.

The experimental asymmetry is given by :

where N+/~ represent the counting rates of the 2 polarization states
i+/~ the 2 corresponding beam intensities.

It can be expressed as a function of the theoretical asymmetry and the polarization of the
electrons Pe :

Aexp = Pe.Apv

The measurements will be done at the Jefferson Laboratory.



Chapter 2

A Compton polarimeter at TJNAF

2.1 TJNAF
The Thomas Jefferson National Accelerator Facilities (TJNAF), formerly named CEBAF, is a
4 GeV-electron accelerator located at Newport News, Virginia (USA).
More than a 1,000 physicits from 23 countries use the accelerator facilities.

Jefferson Lab's research program is focused on bridging the hadronic and quark description
of nuclear matter.

The accelerator has been designed to provide independent beams to 3 experimental areas
simultaneously. Halls A,B and C have been equiped in order to have complementary capabilities
for probing nucléon and nuclear structure.

OAGeVlinac
(20 Cryomodules)

OAGeVlinac
(20 Cryomodules)45 MeV injector

114 Cd45 MeV injector
(2 114 Cryomodules)^\

Experimental .,
équipement ///

Figure 2.1: A schematic view of the accelerator at Jefferson Lab.



A shematic layout of the accelerator is given in figure 2.1.

Two anti-parallel 400 MeV superconducting linacs, connected in a "racetrack" configuration
by recirculation arcs, accelerate the electrons in 5 passes to a final energy of 4 GeV [5]. Each
linac consists of 20 cryomodules, and each cryomodule contains 4 pairs of 5-cell accelerating
cavities. The cavities, shown in the inset in figure 2.1, operate at 2 K, with cooling provided
by a 4.5 kW plant.

Two and one-quarter additional cryomodules are used in the 45 MeV injector linac, which
can deliver unpolarized electrons from a conventional thermionic gun, or polarized electrons
from a laser-driven photocathode source (figure 2.2).

Linear

polurizatl(m

AsGa crystal

Accelerator

Figure 2.2: Polarized electron source.

This source produces a polarized electron beam induced by the LASER beam and a strained
Arsenide Gallium crystal.

The machine accelerates electrons up to 4 GeV providing a 100 yuA current with a very high
frequency (1.5 GHz).

The beam characteristics are excellent : the emittance (s ~ 2 x 10~9 m.rad) and the measured
energy spread (-$• ~ 2.5 x 10~5) both exceed the accelerator design specifications.
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Our experiment is set in the hall A which is equiped with 2 High-Resolution Spectrometers

The polarized electron beam hits a target of liquid Hydrogen (figure 2.3). A dipole deviates
the charged particles (e and p) which will be characterized by the detectors. The 2 detectors
are made of alternative layers of lead, to produce electromagnetic showers, and glass, to collect
the energy.

Each spectrometer has a large solid angle (7 mSr) and a maximum momentum of 4 GeV/c.

resolution spectrometer

Target

Polarized electrons beam

53 m

Figure 2.3: A shematic view of the experiment hall A.
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2.2 Compton polarimeter

2.2.1 General presentation

The purpose of the polarimeter is to measure the polarization of the electrons. The main
requirements are :

• rapidity : an hour to measure a polarization within 1% statistics,

• accuracy : total error (systematic and statistics) less than 3 %,

• the experimental determination of this polarization must be non-destructive (the electron
beam must indeed remain unchanged to be used on other experiments in Hall A).

That is why the Compton polarimeter has been chosen : polarized electrons will scatter of
photons, both will be detected and characterized (energy, polarisation).

The electron beam, produced at TJNAF, whose polarization Pe is flipped over 60 times per
second, will interact with a LASER beam (figure 2.4), whose circular polarization is monitored.

incident photon

k,r!.2eV

incident electron

scattered electron

Figure 2.4: Kinematics of the Compton effect produced at TJNAF : a 4 GeV incident electron
interacts with a 1.2 eV photon.

The scattering angle of the photons is extremally small, so the first thing to do is to extract
them from the electron beam.

This is done using a magnetic chicane (4 dipoles producing a IT field), which separates the
(charged) electron beam and the (neutral) photon beam. The energy of the scattered photons
will be measured with the electromagnetic calorimeter.

But the chicane is also a spectrometer of the scattered electrons. The deviation of the
electron path is indeed inversely proportionaly to their energy. From their position, determined
by the electron detector (Silicium micro-strips), we can deduce their energy.

12



In order to get a short time measurement, the LASER photon flux must be very high.
A Fabry-Perot cavity, made of 2 multi-layers mirrors characterized by a high reflectivity, will
amplify the photon density more than a thousand times.

Electron
beam

FJecinttt detector

Electromagnetic
calorimeter

Fabry-Perot cavity

Figure 2.5: Shematic view of the Compton polarimeter.

2.2.2 Polarization measurement
The quantities which are experimentally measured are the counting rates corresponding to the
2 incident polarizations (N+ and N~).
The counting rate asymmetry is directly proportional to the 2 polarizations (Pe and P7) and
to the cross-section asymmetry (A*) :

(eh) -
Nt ~ N~

electron
P.

photon
P

v

"VWW

Figure 2.6: Schematic representation of the Compton interaction for the 2 electron polarizations.
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The cross-section asymmetry is defined by :

At = cr^ —

where the upper arrow represents the electron polarization and the lower arrow the photon
polarization (figure 2.6).

The interaction process (electron/photon) is described by the Quantum ElectroDynamics
(QED) : the cross-section of polarized electron scattering off polarized photons is a function of
their energies (&7 and Ee). The asymmetry is shown in figure 2.7.

0.14

0.12

0.1

0.08

0.06

0.04

0.02

0

-0.02

A.Y=1064nm
k?= 1.165 eV

; /

- //

: >̂** ' " " /

/ -

/ -

y' ;
y

*

7

_

0.2 0.4 0.6 0.8

Figure 2.7: Cross-section asymmetry of a Compton interaction as a function of the scattered
photon energy kt (kfmax is the maximum possible energy of the scattered photon, corresponding
to the Compton edge). For an electron beam of 8 GeV (solid line), 4 GeV (dashed line) and
1 GeV (dotted line) and an incident photon beam produced by a NdYAG LASER (A7 = 1064
nm, or k^ = 1.165 eV)

The photon polarization (P7) is measured by an optical device after the Fabry-Perot cavity.

For a given accuracy cr(Pe) on the polarization measurement, the total number of Compton
events N needed is given by :

N = 1
[Af

)

14



But À, the mean value of A does not have the same expression whether the energy of the
scattered photons is measured :

rklmaz

/ —A(k/)dk/
- Jo dki y ' uy

Jo

A = < A > = ^—rkimax J 5 ̂  ^ne energy °f photons is not measured,
(1(7

dkdkf

rki,

\ Ç-A2(kf)dkf
_ Jo dkf v ; .,• A = V< A2 > = ^—-jrj—-— , if the energy of the photons is measured.

/ ^ %-dkf
Jo dkf

Noting that < A2 > is greater than < A >2, we see that for a given precision, the number of
events needed if the photon energy is measured is less than the one needed if we don't measure
the photon energy.

As an example, knowing that for an electron of incident energy of 4 GeV , we have [7] :

• < A>= 1.60

• V< A2 > = 3.38

we find that the number of events needed is more than 4 times smaller if we measure the energy
of the scattered photons. Measuring the photons energy is therefore very important to reduce
the time needed for the polarization measurement.

Both measurements, energy and rate, will be done by the electromagnetic calorimeter.

2.2.3 Electromagnetic calorimeter

The electromagnetic calorimeter, or photon detector, must measure the rates and the energies
of the scattered photons. It is made of a scintillating material and photodetectors.

As radiation passes through the scintillator, it excites the atoms making up the crystal
causing scintillating light to be emitted. This light is transmitted to the photomultiplier (PM)
where it is converted into a weak current of photoelectrons and amplified [6].

15



The main requirements for the photon detector are [7] :

• rapidity : we plan to reach a high counting rate (~ 100 kHz),

• radiation hardness : it will indeed be close to the magnetic chicane which produces high
synchrotron radiation,

energy resolution : we aim to reach ^^- = 10 %,

• compactness : the transverse size available is fixed by the magnetic chicane.

Among the available scintillators, the lead tungstate (PbWO-i) has been chosen.
The main characteristics of the crystals which will be used for our experiment are as follows :

• density : 8.28 g/cm3

• refractive index : 2.2

• size : 2 cm x 2 cm x 23 cm (parallelepipedic shape),

• radiation length : 0.85 cm

• Molière radius : 2.19 cm

Tests of irradiation with gammas and neutrons showed that the induced absorption length is
small with respect to the crystal length [8] [9] and therefore the crystal can be used in high
radiation environment.
Its short irradiation length and small Molière radius lead a compact design.
But the temperature dependence of scintillation light production is high (2 % per C°) and
requires a temperature stabilisation and monitoring.

So the characteristics of the PbWC>4 crystal which have to be determined now in order to build
the photon detector using a 5 x 5 matrix are :

• the transmission in the wavelength region of the scintillating light,

• the decay time,

• and the light yield, that is the number of electrons produced via Compton effect inside
the crystal.

This will be the point of our study.

16



Figure 2.8: Schematic view of the electromagnetic calorimeter.
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Chapter 3

Characterization of the PbWC>4
crystals

3.1 Transmission

As we saw in the previous chapter, the electromagnetic calorimeter measures the energy
of the photons scattered during the Compton interaction in the optical cavity via the collection
of scintillation light.
It is therefore important to check that the crystal has a good transmission rate in the wavelength
region of the scintillation light.

100

300 400 500 600 700 800 900

Wavelength (nm)

Figure 3.1: Light transmission of a PDWO4 crystal as a function of the incident wavelength.
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In order to measure the transmission of the PbW04 crystals, we used a photospectrometer
sending 2 identical light beams of known intensity and wavelength. One beam passes trough
the crystal (parallel to its longer side) and the other beam will be used as a reference. The ratio
of the intensity of the beam emitted by the crystal over the intensity of the reference beam
gives the transmission.

The incident wavelength that we used is ranging from the ultra-violet to the visible region
(300 to 900 nm).

An example of transmission spectrum is given in figure 3.1.

We see that in the scintillation wavelength region of the PbWC>4 (about 500 nm, visible
green light) the transmission is about 60 % to 70 % for the different crystals.

Crystal nb

Wavelength

57

67

69

70

97

Transmission %

400 nm

11

25

23

20

25

500 nm

61

65

70

60

62

600 nm

68

72

75

71

71

Table 3.1: Light transmission of five PbWO4 crystals for 3 incident wavelengths 400, 500 and
600 nm.
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3.2 Decay time

We saw in the previous chapter that a fundamental quantity to know is the decay time of
the PbWO<i, that is the time necessary for the crystal to emit the photons produced after its
interaction with the incident radiation. It will indeed determine the rapidity of the calorimeter.

3.2.1 Experimental set up

In order to perform this decay time measurement, we built an experiment which is represented
in figure 3.2.

scintillator photomultiplier

Crystal

START
y

(0.5 U MeV)

y
(0.511 MeV)

photomultiplier

y
(visible) STOP

Figure 3.2: Experimental set up of the PbWO4 decay time measurement.

The radioactive source used for the decay time measurement is a sample of Sodium 22.
Na22 has been chosen because of the characteristics of the emitted radiations.

Sodium 22 decays into 2 photons, emitted back to back at the same time. One photon
will be immediately detected by a fast scintillator read by a photomultiplier to start the time
measurement. The other photon will interact with the crystal, producing visible photons. One
of them will be detected by another photomultiplier to end the measurement (figure 3.2). The
experiment is set in a black box to isolate it from the external light.

The time measured between the start and the stop signal is the decay time of the crystal.

The sodium sample we are using has a 1.26 104 Bq activity in 1997 and the photomultipliers
are connected to a high tension (~ 1700 V) to amplify the current signal.
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3.2.2 Data acquisition

We now have to analyze the signals emitted by the 2 photomultipliers. Figure 3.3 gives a
schematic view of the electronic layout that we made.

AMPLI. DISCRI.

START

STOP

Delay

-m m hibit

DISCRI.

it hibit

TIMER

r

COINC. TDC
start

stop

clear

Figure 3.3: Electronic layout of the PbWC>4 crystals decay time measurement.

The START signal, coming directly from the photomultiplier, is amplified. Then it starts
the time measurement of the Time Digital Converter (TDC) and open a 600 ns gate (upper
part of the TIMER). The time width of the gate corresponds to the time range of the TDC.
This gate inhibits (out) the upper discriminator (DISCRI) to avoid other START signals and
desinhibits (out) the lower discriminator which will receive the STOP signal.

If a STOP signal arrives within 600 ns, it is amplified, delayed and it closes the gate (reset
of the TIMER).
It stops the TDC measurement.
It desinhibits (out) the START discriminator and inhibits (out) the STOP discriminator.
A signal is given to the coincidence (COINC. in), but the STOP discriminator prevents it to
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clear the TDC (veto).

But we have to make sure that the acquisition system (a computer connected to the TDC)
has enough time to record the signal before performing another treatment.
This is done with the second gate (lower part of the TIMER). The STOP signal indeed opens
another gate of infinite range, which again inhibits the START discriminator. When the data
acquisition is completed, the computer stops the gate (reset of the TIMER) via the IMPULS.
box. This eventually desinhibits the START discriminator and another event can be treated.

But if no STOP signal arrives within 600 ns, the first gate closes.
It desinhibits (out) the START discriminator and inhibits (out) the STOP one, to get ready
for a new treatment.
A signal is given to the coincidence which resets the TDC (clear) for the next event.

Delaying the STOP signal before its acquisition allows us to know the behavior of the data
before the decay of the crystal (background of fortuitous coincidence events).

3.2.3 Data analysis

When recorded by the computer, the data are stored in the form of a spectrum representing
the number of a recorded events as function of the TDC channel (figure 3.4).

0 250 500 750 1000 1250 1500 1750 2000
TDC channels

Figure 3.4: Experimental decay time measurement of a PbW04 crystal : number of events
recorded as a function of the TDC channel.
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The first thing to do is to calibrate the Time Digital Converter, that is to find the conversion
factor between the TDC channel and the actual time.

To do so, we sent electrical signals separated by known time periods and determined the
correspondings TDC channels.

The relation found is :

t(ns) = 0.254n + 16.6

where t is the time expressed in nanoseconds and n is the TDC channel.

Some testings have already been performed on the PbW04 luminescence properties [10] and
we can expect 2, or 3 decay constants for the crystal.

Each decay follows a exponential law and can be parametrized as :

fi(n) = exp(Pi + nPi+l)

where Pi and P{+i are parameters to be determined

But we also have to take into account the background consisting of thermal, electronic
noises and fortuitous events (the photomultiplier can indeed detect photons emitted by the
source that did not interact with the crystal). This background is constant on average and will
be fitted by a constant term.

We can now fit the experimental spectra with a sum of a constant and 3 exponential functions
fi, using the CERN software PAW (Physics Analysis Workstation) [11]. Figure 3.5 shows the
graphical result of the fit for a PbWO4 crystal.

As can be seen on figure 3.5, the function that we use to fit the data has 8 outputs :

• the first term x2/n4f represents the quality of the fit,

• the parameters P1; P2 and Pz are the amplitudes of the 3 exponential functions,

• the parameters P2, P4 and P§ are the 3 decay constants,

• the last ouput P7 represents the constant background.
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Figure 3.5: Fit of the experimental spectrum of the crystal 57 decay time with 3 exponential
functions and a constant term using the software PAW. The inset gives a closer view of a
selected region of the spectrum where we can see the data and the fit.

We deduce the time constants from P^ using the conversion factor TDC channels/time :

Ti(n5) = -0.254

The results obtained for several crystals are listed in table 3.2.
We can see that the first 2 components are approximately constant for the different crystals

and consistent with the expected values given by other measurements [10].
But the third component does not seem to be very reliable. Its variations from one crystal

to another are enormous and the errors are huge. Obviously, we cannot fit our distributions
with a sum of 3 exponential functions and a constant.

25



Crystal

57

70

73

96

97

98

99

100

Decay time (ns)

Component 1

4.4 ± 0.3

4.1 ± 0.4

3.8 ± 0.3

3.9 ± 0.4

4.2 ± 0.4

4.2 ± 0.3

4.0 ± 0.2

4.6 ± 0.5

Component 2

19 ±3

15 ±4

13 ± 2

15 ±5

15 ±3

16 ±4

13 ±2

18 ±4

Component 3

135 ± 80

59 ± 35

76 ±25

95 ± 55

36 ± 25

72 ± 35

64 ±29

91 ±54

Table 3.2: Number of photoelectrons per MeV of PbWO4 crystals.
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3.2.4 A superslow decay
To understand this problem, we had the idea of delaying the signal to see what was happening
before the crystal decay. Figure 3.6 shows the experimental spectrum recorded with a 200 ns
delay.
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Figure 3.6: Experimental spectrum of a PbWÛ4 crystal decay time with a 200 ns delay.

We can see that the very end of the spectrum (n ~ 2000) has a amplitude higher than
the beginning (n ~ 150). This means that when our measurement stops, the recorded light
amplitude is still higher than the background.

In other words, after a time of 600 ns (width of the TDC gate), the crystal is still emitting
light.
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Knowing the approximate amplitudes and decay constants of the 3 contributions, we can
perform a quick calculation to determine the time necessary for each component to be negligible
(that is less than 5% of the background). We find that :

• the first component (rx ~ 5 ns) is negligible since 75 ns,

• the second component (r-i ~ 15 ns) is negligible since 150 ns,

• the third component (r3 ~ 100 ns) is negligible since 250 ns,

We can then see clearly that none of the 3 contributions that we found can yield light emission
after 600 ns.

This means that there must exist at least a fourth component of the PbWC>4 decay with a
higher time constant.

This also explains why we could not get accurately the third decay constant. We forced the
function to fit a sum of 3 exponentials and a constant, whereas there must be 4 ones. What
we get is probably a mixing of the third component and the so-called "superslow" component.

Taking into account this fourth decay, we then tried to fit our spectra. It indeed showed the
existence of another component (r4 <~ ljus) but the time range of our recordings is too short.
The decay time being very slow, the exponential funtion is very flat and thus very difficult to
fit on a small interval.

This means that the width of the Time Digital Converter that we used (600 ns) is unsuffi-
cient.

In order to isolate this fourth decay constant of the crystal, we have to do the same ex-
periment again with a longer TDC gate, on the order of a few microseconds. Fitting the data
recorded with a sum of 4 exponential functions and a constant background will hopefully give
the different contributions of the PbWC>4 decay :

• a fast component : TX ~ 5 ns,

• 2 slow components : r2 ~ 15 ns and r3 ~ 100 ns,

• and a superslow component : r^ ~ 1 (is.
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3.3 Light yield

The last quantity to determine to characterize the PbWC>4 is the light yield of the crystal.
This is an extremally important parameter as it determines the efficiency and resolution of the
scintillator.

As an incident radiation passes through the crystal, it deposes a certain amount of energy
which is proportional to the number of visible photons reemitted by the crystal. These pho-
tons will be detected by the photocathode with a certain efficiency and we can then express
the energy deposited by the incident radiation as a function of the number of photoelectrons
produced by the photomultiplier :

E = /? X Nphotoelectrons

The purpose of this section is to determine the /? coefficient.

3.3.1 Experimental set up

To do so, we built an experiment represented on figure 3.7. Four crystals are set horizontally
facing 4 photomultipliers. A radioactive source, fixed on a robot, moves above every crystal.
The photons emitted by the source interact with the scintillator which reemits photons detected
by the photomultipliers.

The crystals are wrapped with TYVEK, except the 2 ends, so that light is emitted towards
the photomultipliers.

signal

Photomultiplier

Figure 3.7: Experimental set up of the PbW04 light yield measurement.
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The radioactive source we are using is a sample of eoCo (activity : 41 /xCi). Cobalt emits 2
photons of energy 1.173 and 1.133 MeV at the same time.

The photomultipliers are connected to a high tension (~ 1500 V) to amplify the current
signal.

3.3.2 Data acquistion

We now have to analyze the signals emitted by the 4 photomultipliers. Figure 3.8 gives a
schematic view of the electronic layout that we made.

AMPLI. ATTENU. FIFO DISCRI. FIFO TIMER COINC.

Figure 3.8: Electronic layout for the PbWO4 light yield measurement.

We used 2 different thresholds for the 2 parts of the discriminator : the upper part has
a high threshold (~ 300 mV) in order to see the one photoelectron peak and the lower part
has a low threshold (~ 30 mV) to see the photopeak. The coincidence is used to choose the
threshold.

As a signal is emitted by the photomultiplier, it is amplified and attenuated so that the
photopeak can be seen in the Charge Digital Converter (QDC) range.

After the linear fan in/fan out (first FIFO), it passes through the discriminator either with
the high, or the low threshold. The logical FIFO then opens the 100 ns gate of the coincidence
if at least one of the four inputs received a signal.

The coincidence opens the QDC gate (100 ns) and the timer gate of infinite range. The
timer inhibits the discriminator to prevent other events treatment.
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Meanwhile the signal coming from the linear FIFO is delayed : the 50 ns delay corresponds
to the treatment time of the trigger system. It is connected to the QDC which can then perform
the integral of the charge received on each slot during 100 ns.

When the operation is completed, the QDC sends a LAM (Look At Me) signal to the acqui-
sition system. When the acquisition is done, the computer resets the timer via the IMPULS.
box. This desinhibits the discriminator : the system is ready for a new treatment.

We performed measurements on 10 points of each crystal along its longer side.It took about
17 hours to record 400,000 events per point on the four crystals.

3.3.3 Data analysis

The first thing to do is to calibrate the QDC, that is to convert QDC counts to numbers
of photoelectrons. To do so, we perform a measurement with the source far away from the
photomultipliers and with the low threshold of the discriminator. An example is given in figure
3.9.

We can see a first peak (n ~ 90), the piédestal, corresponding to random events. It is the
actual zero of the QDC.

The second one (n ~ 190) is the one photoelectron peak. It corresponds to the emission of
a electron from the photocathode due to thermal excitation, or cosmic rays. The peak width
is due to the finite resolution of the apparatus.

Fitting the piédestal and the photopeak with gaussians gives their mean values.
We can then find the number of QDC channels (C) corresponding to the emission of one

photoelectron for each photomultiplier :

C = M-P

where P and M are respectively the channels of the mean of the piédestal and the photo-
electric peak.

When exciting the crystal with the Cobalt sample, we store the data on the form of a
spectrum representing the number of recorded events as a function of the QDC channel. An
example is given in figure 3.10.

The first peak (n ~ 130) is the piédestal.
The second peak is due to the threshold of the discriminator. Some random events may

exceed this threshold and thus be detected.
The third peak (n ~ 250) is the photopeak. Because of the effect of limited number of

photoelectrons, it is spread around its central value with a Poisson distribution.

31



•2 2500

o
X!

2000

1500

1000

500

0 L

Photomultiplier 3

I. i , i I ,

0 200 400 600 800 1000
QDC channels

Figure 3.9: Calibration run of a photomultiplier (dark signal).
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Figure 3.10: Experimental spectrum of the PbW0 4 light yield measurement. The inset shows
a closer view of a selected region of the spectrum where we can see the photopeak.
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In order to determine the light yield of the crystals, the spectrum must be interpreted in
terms of photoelectrons and this requires to fit the experimental distribution in terms of QDC
channels.

As stated before, fitting the photopeak will require a Poissonian.
The tricky part is fitting the background.
Photons entering the crystal can be totally absorbed through photoelectric effect, contribut-

ing to the photopeak. But some of them can also undergo Compton scattering and may have
the chance to leave the scintillator before being completely absorbed, deposing only parts of
their energy. They contribute to the portion of the spectrum on the left of the photopeak. The
energy distribution of these events is almost flat and has an edge (the Compton edge) smeared
by the resolution effect.

But we can see on our recordings that the Compton background is not well separated from
the photopeak , it merges with it. Therefore, we must parametrize the Compton spectrum and
use this parametrization in the fit.

An analytic expression for the fitting function can be written as [12] :

c

The first term represents the Poisson function, while the second represent the Compton
background (Fermi-Dirac distribution). We indeed modelize the Compton background with a
flat distribution, but we also have to take into account the finite resolution of the detector.
This is done with the parameter Te.

The free parameters are four and are so defined :

• N is a, normalization factor that takes into account the integral of the photopeak,

• Npe represent the number of photoelectrons,

• Lc is the mean level of the Compton background,

• Te is the equivalent temperature of the Fermi-Dirac distribution.

The following table gives the results that we obtained by fitting the experimental distribu-
tions recorded on the same point (middle of the crystal length) for several crystals :
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Crystal 70

3.4

97

3.2

98

3.8

99

3.3

100

3.2

Table 3.3: Number of photoelectrons per MeV for several PbW04 crystals deduced from the
fit.

What we found seems to be too low as the constructor's measurements (Bogoroditsk, Russia)
that we received with the crystals gave about 10 photoelectrons per MeV for all crystals.

We then fitted the spectrum recorded on other points of the crystals, but the results re-
mained unchanged.

What we have to do now is try to understand this discrepancy.

3.3.4 Improvement
The first thing that we thought of is the wrapping of the crystals. As was already men-

tionned, the longer sides of the crystals are wrapped with TYVEK, but the 2 ends are not. So
we may be loosing light from the opening which does not face the photomultiplier.
So we wrapped this side of the crystals and did the measurements again.
After analysis, the results were very slighty improved : we got about half of photoelectron more
than previously.

The second thing that we thought of is reflectivity. There is indeed a few millimeters of
air between the end of the crystal and the photomultiplier. We have to take into account the
variations of refractive indices.
The reflection rate of the transition crystal to air is given by:

/ ^crystal
\ncrystai

14%

for a photon escaping the crystal perpendicularly to its side.

In the same way, the reflection rate of the transition air to glass (photomultiplier) is 4 %.
This means that the photomultiplier receives about 82 % of the light emitted by the crystal.
This loss of light due to reflectivity is obviously unsufficient to explain the discrepancy between
our results and the expected values of the light yield. But this approximate calculation does
not take into account the angle of incidence of the photon, and thus gives the minimum loss
that we can expect from reflectivity.
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Eventually, we thought of the superslow component that we discovered in the PbWO4 decay.
We indeed saw that within a time lapse of 600 ns the crystal is still radiating light.
But the width of the QDC gate that we are using is only 100 ns. We therefore cannot detect
all the light coming from the crystal.

Going back to the decay time results, we then performed a quick calculation to determine
the quantity of light radiated by PbWÛ4 within 100 ns.

The quantity of light emitted within a time interval of 100 ns, L(100), is defined as :

where A(t) represents the total amplitude.

We can then rewrite it as a function of the parameters found in the previous section :

L(100) = f0
100

Normalizing with the total quantity of light emitted L(oo) = /0°° A(t)dt, we find that :

• within 100 ns, 62 % of the light has been detected, that is for each component :

- 26 % for the first decay,

— 30 % for the second decay,

- 2 % for the third decay,

— 4 % for the fourth decay.

• within 1 fxs, 85 % of the light has been detected, that is :

— 26 % for the first decay,

— 30 % for the second decay,

- 4 % for the third decay,

- 25 % for the fourth decay.

This means that the QDC gate that we used is too short as it enables us to detect only 62
% of the light.

We then did the measurements again the QDC characterized by a 1 /xs gate.
The results obtained with this new QDC and the wrapping of the end of the crystal are

listed in the following table :
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Crystal 51

6.0

53

6.1

54

6.2

Table 3.4: Number of photoelectrons per MeV for several PbWÛ4 crystals deduced from the
fit with a 1 (Us QDC gate and the end of the crystal wrapping.

We see that the numbers of photoelectrons increased almost by a factor of 2, but they are
still lower as the ones predicted by the constructor even though we don't how they performed
their measurements.

We then compared our experimental distributions with the ones recorded at CERN by the
CMS team for PbWO4 crystals (figure 3.11). We can see that their Compton background is
fiat and well separated from the photopeak. This is not the case for our data.
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Figure 3.11: Experimental distribution of PbWC>4 crystals light yield recorded by the CMS
team at CERN.
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Eventually, we could not explain the discrepancy between our results and the expected ones.

What we may want to do now is to cover the crystal end with optical grease and make it
touch the photomultiplier. The reflective indices variations would be smoothed and this might
reduce the light loss.

This problem is not solved yet and it is still under study at Saclay.

3.3.5 Resolution and pile-up

Anyway, we can draw some conclusions from our results.

If the light yield of the crystals is about 6 photoelectrons per MeV, we can find the energy
threshold to have a 10 % resolution of the detector.

gi = —4 to the first order.

The energy detected is proportional to the the number of photoelectrons produced :

E = a.Npe

thus :

= 1

Rewritting Npe as a function of the number of photoelectrons (f3) that we found, we get :

a(E) _ i

So, in order to get a resolution of 10 %, we see that if (5 = 6, the energy threshold is about
17 MeV.

This means that for energies greater than 17 MeV, the resolution is better than 10 % and
for energies lower than 17 MeV, the resolution is lower than 10 %.

Knowing the incident energy of the electrons produced at TJNAF, we can determine the
energy range of the scattered photons [7]. We see that for a 4 GeV incident beam, the photons
energy lies between 0 and 250 MeV. The resolution of the detector is thus greater than 10 %
for most of energy range.

In comparaison, we determined the threshold with (3 = 10 photoelectrons per MeV which
is 10 MeV. We see that the difference is very little and negligible on the photons energy range.
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Another important phenomenon to analyze is the pile-up of events due to the superslow
component. The fourth decay is indeed very slow and we might record the end of an event
added to the next one. We will now determine the possible pile-up contribution.
Assuming that the frequency of events production is constant, the light signal emitted within
a time t is :

A /-A , f-t-At\ A (~t-1ùd\
S(t) = > Aiexpl — + Aiexpi + Aiexpi + ....

ir( \Ti J \ n J \ n J

—1 exp

(A
— exp

The time interval At is related to the frequency of Compton events production vc by : At = -^
N+1

If iV is big enough we can neglect ( exp [ ~^T ) ) , so we get :

5 ( i ) - • • • ' - * '

1 -exp

If we use a 100 ns gate for the acquisition, we know that :

• 100 % of the first 2 decays have been detected (ri and r2),

• 52 % of the third decay (r3) has been detected but this component will not yield pile-up
as we saw that it's negligible after 250 ns and the events production rate is 1 ̂ zs,

• 4 % only of the fourth decay has been detected and this component may produce pile-up.

Let's now consider the superslow component, that is :

S<(t) = A4exP(^y L _ -
1 — expI

The pile-up due to the fourth decay within 100 ns is :

/-100 / - A 1
L4(100) = / Aiexpi — ) , . . dt
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Knowing that :

/•loo / t \

/ A4exp{ — \dt = 0.04L(oo)

and At = 10 /us, r4 =1 ji s, we deduce the amplitude of the pile-up yield by the fourth decay :

P4(100) - 2.10~6L(oo)

This means that if we record the events, coming every 10 /zs, within 100 ns, we will detect
0.0002 % light more than the actual signal due to the pile-up of the superslow component. This
is extremally small and will have negligible consequence on the detector resolution.

The problem of the 100 ns gate is that it allows to detect only 62 % of the total quantity of
light emitted by the crystal.

We know that 83 % of the total light is seen with a lfis gate.
Performing the same calculation, we find that the pile-up within one lyus is also negligible

(~ 0.001 % of the total light). But detecting events within I/is yields the recording of an
enormous number of synchrotron events. It will therefore be a difficult task to isolate the signal
from the background.

The recording time range which will be used at TNJAF is not done yet , it is still under
study.
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Conclusion

This report presented the experimental characterization of the PbWC>4 crystals that we will be
used for the photon detector of the Compton polarimeter at the Jefferson laboratory.

We could draw 3 main features from this study.

The transmission rate of the crystals is about 60 % in the scintillation wavelength region.

From the decay time analysis, we deduced 3 decay components of the PbWO4, predicted
by other measurements :

• Ti ~ 5 ns,

• r2 ~ 20 ns,

• r3 ~ 100 ns,

taking respectively 26 %, 30 % and 4% of the total light amplitude emitted by the crystals.

Moreover, we showed the existence of a fourth decay constant (r4 ~ 1 fis) taking 40 %
of the total quantity of light which is responsible for the bad precision on the third constant
determination.

We could not characterize this component accurately because of the limited time range of
the recordings.

To improve the determination of the superslow component, we need to perform the mea-
surements again on a longer time scale, on the order of a few microseconds.

We eventually measured the light yield of the PbWC>4 crystals. With a first analysis, we
found about 3.5 photoelectrons per MeV whereas the constructors note gave abotit 10.

We then reduced the light loss in the experimental set up by wrapping the last open end of
the crystal. The results were very slighty improved.

Eventually, we increased the recording time, to take into account the superslow decay,and
found that the crystals yield about 6 photoelectrons per MeV which is still less than predicted.
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But we have no information on the way the measurements were realized by the constructors
and several factors can explain this discrepancy :

• the crystal wrapping and therefore the light loss may not be similar,

• the light loss due to the transition of light between the crystal and the photomultiplier is
different whether optical grease is used or not.

So the next step is to do the measurements again using optical grease to see if the results
are modified.

But we showed that the energy threshold to reach a 10 % resolution on the photon energy
varies very little wheter 6 or 10 photoelectrons per MeV are produced. Our results allow to
reach such a resolution for most of the scattered photons energies.

What is also important to know is that such measurements, decay time or light yield, had
never been performed at Saclay before and therefore everything had to be done for the first
time ever :

• the building of the experimental set up,

• the realization of the electronic layouts,

• the acquisition using the software LABVIEW,

• and the fit of the datas.

In short, this study gave a preliminary characterization of the PbWO4 crystals and showed
that the scintillator satisfies the requirements needed to be used in the photon detector at
TJNAF.

Some experimental changes should improve the results that we found, both for the deter-
mination of the slow decay constants and for the light yield measurements.
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