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Abstract

The production and spectroscopy of cold antihydrogen (H) is the aim of the ATHENA
experiment at the European Laboratory for Particle Physics (CERN). The group
from the University of Ziirich is involved in the design and construction of the
antihydrogen annihilation detector.

To detect the 511keV ~’s from et—e~ annihilation, 192 pure Csl crystals
coupled to photodiodes are integrated in the ATHENA detector. The expected
working temperature of the detector is around 120 K.

The purpose of this work was to measure the light yield of pure Csl as a
function of temperature and to investigate ways to improve the energy resolution
with wavelength shifters.

The first chapter gives a brief introduction to H production and spectroscopy
at ATHENA.

Fundamentals of scintillation light production and their detection by semicon-
ductor devices to be used in the ATHENA annihilation detector are discussed in
the second chapter.

In the third chapter measurements with photodiodes of the the light yield of
pure Csl as a function of temperature in the range between 77 K and 165K are
presented. It could be shown, that the light yield of pure Csl measured with a
photodiode had a strong dependence on temperature with a maximum at 120 K.
Furthermore, the light yield could be increased by 70 % at 120K and even 155 %
at 77 K, respectively, by using fluorescent dyes as wavelength shifters.

A setup to test the completely assembled detector at low temperature in the
laboratory before insertion into the experiment is presented in the fourth chapter
together with first results of the detector performance.

Conclusions and important implications for the ATHENA detector can be
found in the fifth chapter.
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Chapter 1
The ATHENA Experiment

The AnTi HydrogEN Apparatus' was designed to produce very slow antihydro-
gen atoms (kinetic energy below 0.1 meV) to study CPT invariance. If CPT inva-
riance is a fundamentally conserved physical property, the masses and lifetimes
of particles and their antiparticles should be the same. Also, the charges and ma-
gnetic moments should be the same but of opposite sign. If CPT invariance holds
true, the fine structure, hyperfine structure and Lamb shift of antiatoms are also
the same as for their matter counterparts. Therefore, the comparison of the energy
levels of atoms with the energy levels of the corresponding antiatoms allows a
test of CPT invariance for leptons and baryons. Since hydrogen is the simplest
atom, and since its properties are known with high accuracy, antihydrogen is very
suitable for testing CPT.

The transition 2s — 1s of the hydrogen atom is of special interest, because of
the long lifetime of the 2s state (122 ms). The natural line width Av /v is therefore
of the order of 5 x 1076, which allows a test of CPT with very high precision. This
theoretically achievable accuracy is by four orders of magnitude better than cur-
rent tests on CPT invariance for leptons which were done by comparing electrons
with positrons.

Once the production of a sufficient amount of antihydrogen will have been
accomplished, the electrically neutral H atoms could be confined by a strong ma-
gnetic gradient field, which interacts with the magnetic moments of the positrons.
The energy difference between the 1s and 2s levels will then be determined by 2~
recoilless spectroscopy. First the 1s state will be pumped to the metastable 2s state
by Dopplerfree 2+ laser absorption (2 x 243 nm). Then the 2s and 2p states could

' ATHENA is a collaboration between CERN, Universities of Genoa and Tokyo (antiproton
capture, external detectors and recombination), University of Swansea (positron accumulator),
Universities of Pavia and Ziirich (annihilation detector), University of Brescia (DAQ and slow
control), Massachussets Institute of Technology, Universities of Aarhus and Rio de Janeiro (laser
spectroscopy).



be mixed with a short electrical pulse, allowing a certain fraction of positrons to
flip their spin. The H atoms in the 2p state would quickly deexcite to the ground
state (the 2p state of the H atom has a lifetime of ~ 10! s). The H atoms in the 2s
state which flipped their spin would no longer be confined (only H atoms with an
et spin parallel to the magnetic gradient field can be confined), move to the wall
of the recombination trap, and annihilate there. The energy difference between the
Is and 2s states could then be determined by a measurement of the annihilation
rate of antihydrogen atoms as a function of the applied laser wavelength.

Another possible objective is a test on the weak equivalence principle (WEP).
The WEP predicts, that all free falling objects feel the same gravitational accelera-
tion, regardless of their composition. In particular, atoms and their corresponding
antiatoms or particles and their corresponding antiparticles feel the same gravita-
tional acceleration according to the WEP. The measurement of the gravitational
acceleration of electrically neutral objects is easier than performing the same mea-
surement with charged particles since they do not interact by electric forces. The
WEP could be tested by ballistic measurements of the gravitational acceleration
of antihydrogen in the gravitational field of the earth.

1.1 The Antiproton Decelerator

The antiprotons for the experiment are supplied by the Antiproton Decelerator
(AD). This machine was constructed for three experiments using slow antipro-
tons. The ASACUSA (Atomic Spectroscopy And Collisions USing Antiprotons)
collaboration studies antiprotonic helium (a helium atom in which an electron is
replaced by an antiproton) by laser spectroscopy, ATRAP (Antihydrogen TRAP)
and ATHENA both study cold antihydrogen.

Bunches of 1.5 x 10'* protons with momenta of 26 GeV/c are shot onto an
iridium target to produce antiprotons. At the momentum of the maximum yield
(3.5GeV/c) they are inserted in the AD. By stochastic cooling, the momentum
is reduced in two steps from 3.5 GeV/c to 2 GeV/c and then down to 0.3 GeV/c.
Before the antiprotons are extracted to the experiments, the momentum is further
decreased by electron cooling down to 100 MeV/c.

The AD provides ATHENA every two minutes with a 200 ns bunch of 3 x 107
antiprotons.

1.2 The Antihydrogen Apparatus

The goal of the first phase of the ATHENA experiment is the production of a suf-
ficient amount of antihydrogen atoms (~ 100 — 1000 s™!) for laser spectroscopy.
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To achieve this, the following steps are necessary:

e Trapping and cooling of antiprotons and positrons.

e Recombination of antiprotons and positrons to form antihydrogen.
e Detection of antihydrogen.

The two main components of the antihydrogen apparatus are the positron accu-
mulation trap and a superconducting solenoid which houses the positron and anti-
proton traps, the recombination trap and the annihilation detector (see figure 1.1).
The annihilation detector can be seen in more detail in figures 1.2, 1.4, 1.5 and
1.6.

Recombination
Antihydrogen Detector
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Figure 1.1: Overview of the ATHENA experiment. The inner part of the recom-
bination region, including the annihilation detector, is shown in the enlargement
at the bottom.

1.2.1 Cooling and Trapping
of Antiprotons and Positrons

After the antiprotons are extracted from the AD, they pass through a silicon beam
counter, which gives information on the position and size of the beam and allows
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Figure 1.2: Diagram of the
ATHENA detector showing the
16 rows of 12 pure Csl crystals
each on the outside and the two
layers of 16 double sided si-
licon microstrip detectors each
in the inner part.

14 cm

the adjustment of the beam fine steering. The beam is then degraded by an alu-
minum foil of ~ 40 ym thickness. Inside the trap, the antiprotons are reflected by
a potential barrier of —15kV. Once the antiprotons are inside the trap, an electric
potential of —15kV is applied at the entrance window. This way, the antiprotons
are captured between the two potential barriers. A cold electron gas of ~ 3 x 10®
electrons, which is inserted into the trap before injection of antiprotons, reduces
the kinetic energy of the antiprotons down to a few meV. Trapping takes place in
the magnetic field of the 3 T solenoid.

In recent times a good trapping efficiency could already be obtained. From
a bunch of 3 x 107 antiprotons that was supplied by the AD, 16 000 antiprotons
could be cooled down to kinetic energies below one eV and could then be stored
for a time of more than 10 hours.

The positrons are produced by a ?2Na source with an activity of about 2 x 10 Bq
(**Na decays by electron capture or 37 emission). The positrons are first modera-
ted by solid neon, then by nitrogen gas and by synchrotron radiation in a magnetic
field. Trapping and accumulation is very similar to the system used for the anti-
protons.

At present 4 x 107 positrons can be accumulated. However, it is not yet pos-
sible to transfer the positrons to the recombination trap.

1.2.2 Recombination of Antiprotons and Positrons

The two basic principles to form H are spontaneous radiative recombination and
three body recombination. The simplest way to form H is spontaneous radiative
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recombination:
et +p— H+ hv
Another way to form H is three body recombination:
et +et+p—H+e'

In both recombination processes the excess momentum and energy are carried
away by the photon and the positron, respectively. The temperature dependence
of these processes (o T~'/2 for spontaneous radiative recombination and oc T=47
for three body recombination) show that spontaneous radiative recombination will
dominate over three body recombination by more than two orders of magnitude
as the temperature in the recombination trap is ~ 4 K.

_ " _ + B

B > || )
Figure 1.3: The recombi- —‘_—i/
nation trap is a nested pen- 5 ot

ning trap. Antiprotons and
positrons can be held in
close contact for recombi-
nation.

Electric Field

The accumulated antiprotons and positrons will be guided by electric fields to
the recombination trap, which is a nested penning trap. This trap is built of cy-
lindrical electrodes, which are aligned axially and are held at alternating positive
and negative potentials as shown in figure 1.3. This design allows overlapping
antiproton and positron plasmas for recombination.

The H yield could be enhanced by laser stimulation:

et +p+khv — H+ (k + 1)hv
For this the recombination trap would have to be illuminated with short pulses of

a high frequency laser source. The enhancement would be in the order of one to
two orders of magnitude.

1.2.3 Detection of Antihydrogen

After the electrically neutral antihydrogen atom will have been formed, confine-
ment in the electric and magnetic field will cease and the antiatom will drift to the
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trap electrodes and annihilate. When the H atom will have reached the trap elec-
trodes the positron will annihilate with an electron producing two back—to—back
511keV «’s. The antiproton will annihilate with a nucleus and produce a num-
ber of charged and neutral pions. The neutral pions will decay instantaneously
(t ~ 107'7s) into two 7’s with an energy between 50 MeV and 500 MeV. On
average, three charged pions, three high energy +’s and two 511keV ~’s will be
produced [1].

To prove, that the annihilation stems from antihydrogen rather than from un-
bound or uncorrelated antiprotons and positrons, a time coincidence between the
annihilations of the antiproton and the positron has to be established. Further-
more we will require the two 511keV +’s to be emitted back—to—back from the
annihilation vertex of the antiproton.

For charged particle tracking and vertex reconstruction, the charged pions will
be detected by 32 silicon microstrip detectors, which are aligned in two cylindri-
cal layers of 16 each (see figures 1.2, 1.5 and 1.6). The front side of each strip
detector is divided into 384 strips along the detector axis (z coordinate) to mea-
sure the azimuthal angle. The back side of each strip detector is divided into 64
pads aligned perpendicular to the strips to measure the z coordinate. The position
resolution of the azimuthal angle has been measured to be better than 25 ym. The

Figure 1.4: The opened ATHENA annihilation detector. One row of 12 Csl cry-
stals wrapped into white teflon tape can be seen before installation into the detec-
tor.
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Figure 1.5: Detailed diagram of the annihilation detector.

resolution in the z direction is in the order of 300 pm.

192 scintillating pure Csl crystals are arranged in 16 rows of 12 crystals for the
detection of the 511 keV back—to—back +’s (see figures 1.2, 1.4, 1.5, and 1.6). The
scintillation light that will be produced by the 511keV ~’s in the crystals will be
read out by silicon photodiodes. The segmentation of each row into 12 individual

crystals allows a spatial resolution of ~ 1 cm.

The ~’s that are produced in the decay 7° — 2+ have energies in the range

between 50 MeV and 500 MeV. At these energies, v’s will cause electromagne-

Si Strip Detectors

Pure nt
Csl Crystals

Figure 1.6: Cross section
of the annihilation detec-
tor. As an example a
Np — 27727~ an-
nihilation is shown with
the two 511 keV back-to—
back 7’s from et —e~ an-
nihilation. The pions are
detected in the silicon mi-
crostrip detectors, the ~’s
in the Csl crystals (Monte
Carlo simulation).




tic showers in the Csl crystals and also in materials surrounding the detector. In
an electromagnetic shower the primary ~ creates electrons and positrons by pair
production. Both electrons and positrons create secondary +’s by bremsstrahlung.
The secondary v’s can then undergo the same interaction as the primary . This
way a cascade of v’s, electrons and positrons is produced. The shower will stop
when the energy loss by ionisation dominates over bremsstrahlung for the elec-
trons and positrons and when Compton scattering dominates over pair production
for the v’s. As the positrons loose their energy by bremsstrahlung and ionisation
losses they will eventually annihilate and produce two 511 keV back—to—back +’s,
which will contribute to the background in the CslI crystals.
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Chapter 2

Detection of v—Radiation

In this chapter the detection of y—radiation in the energy range of 10keV to 1 MeV
will be discussed. The focus of attention will be on pure Csl scintillation crystals
used for energy conversion of primary +’s and on silicon photodiodes for rea-
dout of the scintillation light. The photodiodes manufactured by SINTEF for the
ATHENA annihilation detector will be of particular interest.

The most important requirements that a detector of «—radiation has to fulfill,
are:

e Conversion of the v energy in kinetic energy of primary electrons by pho-
toelectric absorption, Compton scattering or pair production.

e Production of secondary electron—hole pairs, electron—ion pairs or the exci-
tation of atoms by the primary electrons.

e Collection of the secondary charge carriers or of the light that is produced
by recombination of the secondary charge carriers or by deexcitation of the
atoms.

For energies below 1 MeV only photoelectric absorption and Compton scattering
occur, while pair production is possible at energies above 1022 keV (two times the
rest mass of the electron) and only plays an important role at higher energies.

Because the detection of 511keV ~’s from e*—e™ annihilation is of high im-
portance for the ATHENA detector, a Monte Carlo simulation was done to esti-
mate the detection efficiency of 511keV +’s in pure Csl [2]. In this simulation a
point like source of monoenergetic 511keV +’s, which irradiates a cubic pure Csl
crystal was assumed. Two cases were distinguished in this Monte Carlo simula-
tion:

1. The ~’s give all their energy directly to an electron by photoelectric absorp-
tion.
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2. The ~’s are first Compton scattered, then they either give the rest of their
energy to an electron by photoelectric absorption or they are again Compton
scattered.

Further interactions of the remaining Compton scattered +’s were not taken into
account.

A simulation with 10000 primary 511keV +’s has shown that 57 % (5721
events) undergo an interaction in the crystal. Of these, 21 % (1194 events) by pho-
toelectric absorption and 79 % (4527 events) by Compton effect. Of the Compton
scattered v’s 56 % (2553 events) undergo a secondary interaction. 46 % (1174
events) by photoelectric absorption and 54 % (1379 events) by Compton scatte-
ring. The contribution of ~’s to the full energy peak which loose all their energy
directly by photoeffect is about one half. The other half comes from ~’s which
undergo a Compton scattering followed by photoelectric absorption. In this mo-
del, the probability, that a 511keV ~ contributes to the full energy peak, is about
24 % (2368 events).

The Csl calorimeter of the ATHENA detector covers a solid angle of approxi-
mately 66 % of 4m. This yields a detection efficiency of about 16 % for a single
511keV v and about 3.8 % for the detection of two 511 keV back—to—back ~’s.

2.1 Production of Scintillation Light

An ideal scintillator has a high light output for good energy resolution and fast
time characteristics to be able to deal with high particle fluxes.

Inorganic scintillators are known to have the highest light yield. One of the
most common inorganic scintillators, Caesium iodide activated with thallium (CsI(Tl)),
has almost 400 % total light output compared to one of the best organic scintillator
(Anthracene) [3].

However, most inorganics have a very slow response which can be in the order
of us, whereas the response for organics and plastics is from a few ns to several
tenths of ns.

The process of scintillation in inorganics involves energy transfer of the inco-
ming particle to valence electrons which are lifted in the conduction band. The so
created electron—hole pairs can then travel free in the crystal and emit scintillation
light by recombination.

In many materials the energy needed to create one electron—hole pair is roughly
the same energy that is released when the pair recombines. In this case all pro-
duced light is reabsorbed. To overcome this problem, many inorganic scintilla-
tors are impurified by certain substances (activators). For this, a small amount of
another substance is added to the pure scintillatior. By doing this, the bandgap
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between the valence band and the conduction band in the pure crystal is modified
around the activator atoms. The activator has to be chosen in such a way that it
creates possible energy states in the bandgap of the pure scintillator which can be
occupied by electrons. A created hole will then move to an activator atom and
ionize it, since the energy needed to ionize an activator atom is lower than for
ionizing the pure scintillation material. The electron is free to move in the crystal
and will preferably recombine at the ionized activator atoms by releasing a pho-
ton. Because this photon is not energetic enough to create another electron—hole
pair, it will contribute to the total light yield. CsI(TI) is often chosen because of
its high efficiency.

For a detailed discussion of the scintillation mechanisms in activated inorga-
nics and other materials see [3].

2.1.1 Scintillation in Pure CsI

Compared to the number of activated inorganics that is known to have scintillating
properties only a few inorganics are known to scintillate in their pure state. Also
the scintillation mechanisms in pure inorganics are much less understood. With
regard to the electromagnetic calorimeter of the ATHENA detector which is made
of pure CslI crystals with photodiode readout, some characteristic scintillation pro-
perties of pure CsI will be outlined.

1 90
{ 80
oo
. . .. 2 DDDDDDDDDDD 170 2
Figure 2.1: Emission E =59 GINTEF E
spectrum of pure Csl at = Photodiode 4 60 2
< Q
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plier R1464 and a SINTEF E:/[m;ﬂaﬁtj“ 1 50
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Atroom temperature, pure Csl has only about 6 % of the light output of CsI(T1)
[4, 5]. However, the fast component which has its maximum emission at a wave-

length of 305 nm has a decay time of only 2—-20ns. Most inorganics have decay
times of hundreds of ns up to several ps, with the exception of BaF; which has a
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decay time in the order of 1 ns (fast component). At low temperature the properties
of pure Csl change drastically. At 77 K the decay time of the slow component de-
creases by almost two orders of magnitude [3, 5]. Because of the low particle flux,
fast respond is not of primary concern for ATHENA. On the other hand, a high
light yield is of vital importance to achieve a good energy resolution. Measure-
ments of the light yield of pure CslI as a function of temperature using photodiodes
will be presented in chapter 3 along with methods to improve on the efficiency by
the use of wavelength shifters.

2.2 Silicon Photodiodes

The technology of the production of regular silicon crystals with low impurities
and the techniques to dope them in a well defined manner are highly advanced.
Silicon has a bandgap of about 1.1eV and on average 3.6 eV are necessary for
the creation of one electron—hole pair. This quantity is almost independent of the
energy and type of particle that passes the detector. In comparison to photomul-
tipliers, photodiodes are very small, have a high quantum efficiency, a low power
consumption and they are almost insensitive to magnetic fields. All of these qua-
lities are essential for the ATHENA detector.

T T
pt Implant Multi Gardering structure
Bias Supply 10 mm

L J

Figure 2.2: The SINTEF photodiode used for ATHENA. In the picture, the lower
two of the four aluminum coated pads are oxidized, whereas the oxide was scrat-
ched off from the upper two pads.

The SINTEF photodiodes for the ATHENA detector consist of n~ doped si-
licon with four separate p™ implants which are coated with aluminum for the
electrical contacts (see figure 2.2). If all p* implants are readout separately, the
diode works as if four independent diodes were used. The reason for this design
is the fact that the noise of the preamplifier as a function of the input capacitance
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Figure 2.3: Measured quantum efficiency of the photodiodes as a function of wa-
velength in the range of 250 nm to 650 nm. The errors are in the order of 1 %.

is proportional to the square root of the capacitance. Therefore, operating four
diodes separately leads to a signal/noise ratio that is twice as high compared to
operating four diodes in parallel (it turned out, however, that this theoretically
achievable figure could not be reached). On the other hand, triggering of the si-
gnals is much simpler when all pads are connected and it could be shown that an
energy resolution of better than 12 % can still be reached (see figure 3.6) which is
sufficient to separate the 511keV +’s from noise. For those reasons the four pads
are connected to each other in the current design.

A thin SiO; layer was applied onto the entrance window of the photodiode
to optimize its quantum efficiency for UV light at 340 nm, where the emission
spectrum of pure Csl has its maximum at a temperature of 77 K (see figure 2.1).
The thickness of the layer was chosen for UV light to undergo constructive in-
terference at the crossing of the SiO, layer to the n™ layer. Unfortunately, this
attempt was not successful. The quantum efficiency in the range between 250 nm
and 350 nm is below 20 % (see figure 2.3). The maximum at 320 nm is probably
due to oscillations of constructive interference in the SiO; layer.

The entrance window is on the n—side of the diode. Because depletion spreads
out beginning at the p—side, the diode has to be fully depleted to convert all inco-
ming light into electron-hole pairs. Full depletion can be reached at a bias voltage
of ~ 30 V.

To position the diode as directly as possible to the Csl crystal the surface of the
entrance side has to be as flat as possible. Therefore not only the signal readout
but also the bias supply is on the backside of the diode (see figure 2.2). There
are four bias connections which are coupled to a bias ring on the front side of the
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Figure 2.4: Setup for measuring the quantum efficiency of the photodiodes.

diode. A problem that arises from this design are surface currents between the
pads and the bias connections on the the backside of the diode. This can lead to
high leakage currents. To reduce those surface currents, a multi gardering struc-
ture which can be held at ground level, was applied between the the aluminum
covered p* implants and the edges of the photodiode.

The quantum efficiency of the photodiode as a function of wavelength was
measured with the apparatus shown in figure 2.4. A light beam of defined wave-
length was sent to a mirror where it was split into two separate beams. A reference
cell was then illuminated by one of these beams, the SINTEF photodiode with
the other one. The currents were then measured both in the reference cell and
in the SINTEF diode. Before comparing the two, their respective dark currents
were substracted. The reference cell was made out of three photodiodes, positio-
ned in such a way, that incoming light which was reflected at the surface of one
photodiode reached one of the other photodiodes. This ensured, that almost all
incoming light was converted into electron—hole pairs and in good approximation
the quantum efficiency of the reference cell could be taken as 100 %. Therefore,
normalizing the data of the photodiode to the data taken with the reference cell
directly yielded its quantum efficiency.

A piece of capton with electrical lines mounted on them was designed to pro-
vide for the electrical contacts of bias and signal lines. It was planned to glue it on
the back side of the diode and then to bond from these lines to the pads and bias
connections. This procedure resulted in very high ohmic contacs. It turned out
that the aluminum layer on the pads oxidizes very fast and therefore bonding was
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not successful to establish good contacs. This can be seen in figure 2.2 where the
lower two pads are oxidized, whereas the oxide was scratched off from the upper
two pads. To avoid this problem, now thin cables are glued onto the backside and
the side of the diode with a temperature resistant two component glue and then
contacted with a conductive silver paint after scratching away the oxide layer with
a toothpick. Another advantage is the fact, that the glued cables are mechanically
much more robust than the bonded lines.
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Chapter 3

Light Yield of Pure Csl
between 77 K and 165 K

As explained in chapter one, in the ATHENA experiment annihilating antihydro-
gen will produce a number of charged and neutral pions (from p—nucleus anni-
hilation) and two back—to—back +’s, each with an energy of 511 keV (fromet—e~
annihilation). These +’s will be detected by the measurement of scintillation light
in pure Csl crystals. To achieve this, the scintillation light is collected and directed
onto a photodiode, where the produced free charge carriers can be collected and
measured.

The objective of the measurements described in this chapter was to determine
the number of electron—hole pairs/MeV produced in the photodiode as a function
of temperature in the range between 77 K and 170 K.

First measurements were performed with a Csl crystal wrapped in white tef-
lon tape, followed by measurements using a wavelength shifter for the scintillation
light. Furthermore, the influence of coupling the diode to the crystal with or wi-
thout silicon grease and differences between individual diodes were investigated.

In order to be able to optimize the ATHENA detector, all tests were made
using the same type of diodes and pure Csl crystals which are being used in the
completed detector.

3.1 The Setup

The photodiodes (especially made for ATHENA by SINTEF, Norway) and the
pure CsI crystals (cuboids with dimensions of 13.0 x 17.1 x 17.6 mm?, obtained
from CRISMATEC) were wrapped into diffuse reflecting teflon tape to collect as
much scintillation light as possible. For the measurements at low temperature, the
crystal and diode were mounted inside a vacuum tight stainless steel box which
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Figure 3.1: y—rays from a radioactive source produce light in a scintillating cry-
stal. This light illuminates a photodiode. The collected free charge carriers are
read out by a charge sensitive preamplifier which creates a pulse. This pulse is
processed by a shaper and further amplified by a linear amplifier. The pulse is
then digitized by an analog to digital converter (ADC) for counting the pulses
with the multi channel analyzer. Temperature is read out by a PT2000 tempera-
ture sensor.

could be lowered into a dewar filled with liquid nitrogen. On top of the box a
pipe was installed to house the lines for signal readout and bias supply, the va-
cuum pump connection and a line for temperature readout with a PT2000 sensor.
Cooling the system was done with liquid nitrogen, warming up with a hair—dryer.
Annihilation 7’s with energies higher than 500keV pass through the photo-
diode with negligible interaction, depositing all their energy in the Csl crystal,
whereas the lower energy +’s of 22keV and 88 keV used for calibration, deposit
all their energy directly in the photodiode. A diagram of the setup can be seen in
figure 3.1, a photograph of the opened box with a mounted crystal in figure 3.2.

3.1.1 Amplification, Signal Shaping and Processing

For preamplification of the signal that came from the photodiode, a Canberra
2003 BT charge sensitive preamplifier was used. It was located outside the cryo-
stat. To achieve the maximum signal/noise ratio, this signal was then processed
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Figure 3.2: Housing of the Csl crystal (wrapped in white teflon tape) and the pho-
todiode used for the test. The larger pipe was used to insert radioactive sources,
the smaller (~ 0.7 m long) housed lines for temperature and signal readout and
for the bias supply. Also seen is the connection of the PT2000 temperature sensor
on top of the crystal.

by a Tennelec TC 205 A amplifier with 8 ps shaping time (semi gaussian shaper).
To adjust the pulse to a maximum voltage of 8 V an Ortec Multi linear amplifier
was used. 8 V was the voltage limit for the ADC (FAST 7070). By comparing
pulse height spectra taken at different threshold levels, the best setting to exclude
noise from the spectra was chosen for the ADC. The multichannel analyzer sy-
stem (Compe MCD/PC) had 512 channels and processed the pulse height spectra
with a PC. The system worked highly linear. This was previously shown by taking
pulse height spectra of test pulses created in a pulse generator.

The shaping time had to be selected carefully since it can strongly influence
the pulse height spectrum to be measured and even lead to meaningless measu-
rements. The two main features that are affected by the shaping time are peak
pile—up and noise.

Peak pile—up occurs when two pulses are so close together that the processing
unit is not able to distinguish them. This is the case, when the shaping time is set
too high or when the counting rates are too high, respectively. The result is a dis-
torted pulse which can lead to significant changes in the differential pulse height
spectrum, including the appearance of lines which have no physics meaning. The
probability P of two pulses being separated by at least the shaping time 7 is given
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by Poisson statistics:
Pt >71)=¢e"" 3.1

where n is the true event rate in the detector. Therefore, to reduce peak pile—
up, it is desirable to choose a short shaping time. The used °°Cd source caused
counting rates of ~ 50s™! in the detector, the *?Na source rates of 300—-600s~".
For these low rates equation (3.1) leads to P= 99.96 % for '°°Cd and P= 99.52 %
for ?2Na with a shaping time 7 of 8 us (this is longest shaping time to which the
Tennelec TC 205 A can be set). Therefore peak pile—up is negligible.

Regarding the shaping time, only two kinds of noise are of importance: Serial
noise (thermal noise) and parallel noise (leakage current). The dependence of
serial noise Ng from the shaping time 7 is:

T

For parallel noise Np holds true:

The total noise adds up quadratically. It falls with increasing shaping time due
to serial noise, undergoes a minimum and then increases due to parallel noise.
The best signal/noise ratio was determined experimentally by comparison of pulse
height spectra taken with different shaping times. The best energy resolution was
achieved with a shaping time of 8 us.

Detailed discussions on shaping time effects and noise sources can be found
in refs. [3, 6, 7].

3.2 Measurements

The objective of the measurements was to determine the number of electron—hole
pairs/MeV produced in the photodiode as a function of temperature in the range
between 77 K and 165 K.

A ??Na source was used for these measurements. 2?Na decays by 3+ emission
or electron capture (EC) to the first excited state of *2Ne. The positrons annihilate
with electrons and produce two 511keV back—-to—back +’s in the source itself.
The excited state of *?Ne decays by emission of a 1275keV ~v-ray to the ground
state. A pure Csl crystal was irradiated by these 511keV and 1275keV ~’s. The
scintillation light that was then produced in the crystal, reached the photodiode —
directly or after reflection on the teflon tape, in which the crystal was wrapped —
and the pulse height distribution was measured with the setup presented in figure
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3.1. The positions of the 511 keV and the 1275 keV peaks are a direct measure of
the number of electron—hole pairs produced in the photodiode.

The photodiode was coupled to the crystal with the Pate 7 silicon grease from
RHODORSIL SILICONES, France. This grease was chosen because it stays vis-
cous at low temperature, whereas others get hard and brake apart at low tempera-
ture. Two layers of diffuse reflecting white teflon foil were wrapped around each
side of the crystal to collect as much scintillation light as possible and also to hold
the diode firmly in the correct position. The crystal was fixed inside the box with
a clamp as shown in figure 3.2. To make the box vacuum tight an indium seal was
used. The vacuum pump was able to reach a vacuum of 0.02 —0.04 mbar.

Both diodes and crystals were thoroughly cleaned with aceton before each
measurement to remove dirt and grease residuum. For a good contact between
the photodiode and the crystal it was vital for the surface of the crystal to be
absolutely flat. This was ensured by polishing the crystal. Approximately 1 mm?®
of silicon grease was then applied onto the surface of the crystal. Excess grease
was squeezed out by pressing the diode against the crystal (see 3.2.6 for tests
without grease).

To stress the diode as little as possible, cooling down from room temperature
to 77 K was performed by lowering the box into the dewar just above the level
of liquid nitrogen. By avoiding direct contact of the box with liquid nitrogen,
cooling down was very gentle and took about two hours. As soon as the tempe-
rature stabilized at 77 K, the measurements were performed. To shorten the time
needed for warming up, hot air was blown into the dewar with a hair—dryer, rai-
sing the temperature by about 5 K for each point to measure. It was possible to
warm up in such a way that temperature stayed stable for a few minutes at each
measuring point (only one minute was needed to take one pulse height spectrum).
The covered temperature range was from 77 K to 165 K. The limit at 165 K was
predetermined by the used setup. For temperatures above 165 K the signal was so
low that it could not to be separated from noise anymore.

3.2.1 Energy Calibration

In order to get the number of electron—hole pairs from the measured peak posi-
tions, an absolute energy calibration was needed. A '°°Cd source was used for
this. '°°Cd decays by electron capture to an excited state of '?Ag which deex-
cites to the ground state by emission of a 88 keV X-ray. Recombination of the
109 Ag atom then results in the emission of a 22keV Ag K x-ray. At these ener-
gies, the incident +’s are absorbed completely in the photodiode. The photodiode
was positioned between the source and the crystal (see figure 3.1). Since the rela-
tive distance of the two peaks is known (the linearity of the electronic chain was
confirmed previously) and a 88 keV ~ has four times as much energy as a 22 keV
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Figure 3.3: Calibration spectra taken with a '°°Cd source at three different temperatures
with the fit parameters of the peaks. The two peaks are produced by energy deposit of
the 22 keV and 88 keV X-rays directly in the photodiode.
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~, the following is true:
4. (Chgz — Cho) = Chgg — Cho (34)

where chy; and chgg are the positions of the 22 keV peak and the 88 keV peak,
respectively and chy is the corresponding channel to O keV. chy is then given by:

. 4 - Chgg — Chgg

Cho 3

(3.5)
The calibration spectra seen in figure 3.3 lead to chy = 4.7 £ 1.7.

On average, the energy required to produce one electron—hole pair in Si is
3.6 eV [8]. Therefore 6100 electron—hole pairs can be produced by a 22 keV ~
and 24400 electron—hole pairs by a 88 keV +, which leads to the calibration factor

f:

6100
= ——  electron—hole pairs/channel (3.6)
chyy — chy

Using the 88 keV peak, f can also be derived by:

= 24400 electron—hole pairs/channel (3.7)
Chgg — Cho
Over a period of five months, calibration changed by no more than three channels.
Furthermore, the peak positions are found to be independent of temperature. They
change by only one channel for the 22 keV peak and by five channels for the
88 keV peak respectively, which is within the error limits (see figure 3.3).
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3.2.2 Light Yield of Pure Csl

As explained in section 3.2, the light yield of pure Csl was measured by irra-
diating the crystal with y—rays that had energies of 511keV and 1275keV and
were emitted by 2?Na source. Taking the calibration into account, the number of
electron—hole pairs/MeV produced in the photodiode could then be determined by
the peak positions of the 511 keV and 1275keV ~’s.

Using f from equation (3.6) and the 511 keV peak position chs;;, the number
of electron—hole pairs/MeV N5, is given by:
Ch511 — Cho)

(3.8)

N511 = f ( 0.511

Similarly, the number of produced electron—hole pairs/MeV Ny,75 is given by the
measured 1275 keV peak position chygzs:

chya75 — chy
Nigrs = f | ———— (3.9)
1.275
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Figure 3.4: 22Na pulse height spectra in the range between 78 K and 168 K
taken with a pure Csl crystal and photodiode readout. Pulse height (in
arbitrary units) is plotted against channel number.
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Figure 3.5: 22Na pulse height spectra at three different temperatures taken with a pure CsI
crystal and photodiode readout. Peak positions were fitted.
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Since the electronic system was linear in this energy range, Ns;; is equal to
Ny,75. For each temperature to be measured, a pulse height spectrum was taken.
From these pulse height spectra the number of produced electron—hole pairs/MeV
could be derived. In figure 3.4 pulse height spectra taken at 15 different tempera-
tures in the range between 78 K and 168 K are shown. It can be seen that the peak
position increases with increasing temperature up to 120 K and then falls again
with further increasing temperature. In figure 3.5 three pulse height spectra can
be seen in more detail. The low resolution (FWHM = 20-30 % for the 511 keV
peak and 10— 14 % for the 1275 keV peak) is mainly due to the long cables from
the photodiode to the preamplifier (>~ 0.8m) which introduce much noise to the
system. Using the final ATHENA setup, noise can be reduced, as can be seen in
figure 3.6, resulting in FWHM = 8.3 % for the 511keV peak and 8.3 % for the
1275 keV peak respectively.

The position of the Compton edge for a pulse height spectrum of mono ener-
getic y-rays with an energy £, is given by:

2.
Ec = E, (#) (3.10)

where moc® is the rest energy of the electron. For an energy of 1275keV the
Compton edge is at £ = 1060 keV, explaining the plateaus in the pulse height
spectra shown in figures 3.5 and 3.6.

2
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The number of produced electron—hole pairs/MeV as a function of temperature
is shown in figure 3.7. Beginning with 9000 + 600 electron-hole pairs/MeV at
78 K, this number rises with increasing temperature to a maximum of 12 5004600
electron—hole pairs/MeV at 120 K, then it falls again to 7 000 + 600 electron—hole
pairs/MeV at 165 K.

As temperature falls, the total light output of pure Csl rises [9] and the maxi-
mum of the emission spectrum shifts towards longer wavelengths (see figure 2.1
and ref. [4]). This explains the behavior between 120 K and 165 K since the quan-
tum efficiency of the SINTEF photodiodes is higher at longer wavelengths (see
figure 2.3).

1 o :
11k %%%% % % Hﬂ% |
o} | A
o o]
: o

Temperature[K]

Figure 3.7: Number of electron—hole pairs/MeV as a function of temperature
in the range between 77 K and 165 K. A pure Csl crystal with photodiode
readout was used for this measurement.

The reason for the 28 % drop in efficiency, when decreasing temperature from
120K down to 77 K, is not clear. Possibly it is due to variations of the maximum
of the emission spectrum, which is only known for temperatures of 77 K and for
room temperature [4]. Perhaps, measurements of the emission spectrum of pure
Csl as a function of temperature, covering the range between 77 K and room tem-
perature, could explain this behavior. It is also advisable to measure the quantum
efficiency of the photodiodes as a function of wavelength at different temperatu-
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res down to 77 K, since it is not clear if it stays constant (the quantum efficiency
shown in figure 2.3 was measured at room temperature).

This measurement was repeated with five other pure Csl crystals. As well as
the first one, these crystals were obtained from CRISMATEC and they all had the
same dimensions. No significant changes in the observed number of electron—
hole pairs/MeV could be observed. Moreover, all measurements (including the
ones presented in the following sections) could be reproduced after more than 25
cooling cycles and after a time of 7 months with a deviation less than 5 %.

3.2.3 The Performance of Wavelength Shifters

The maximum of the emission spectrum of pure Csl shifts towards longer wa-
velengths at lower temperatures [4]. At room temperature the maximum of the
spectrum is at 315 nm and increases to 345 nm at 77 K. The quantum efficiency
of the SINTEF photodiodes is below 20 % for these wavelengths, but rises from
20 % to 65 % between 370 nm and 450 nm and exceeds 70 % for wavelengths of
500 nm and higher (see figure 2.3).

Therefore the use of wavelength shifters was investigated to increase the num-
ber of electron—hole pairs produced in the photodiode. The crystal was painted
with a fluorescent dye which absorbs the blue UV light and reemits it at longer
wavelengths. The dyes were applied by spraying them onto the crystal. The inve-
stigated dyes were: Model Master Fluorescent Red <FS28915>, made by Italeri,
Italy; Sparvar Fluorescent Spray Paint Tango S.312, made by Domit AG, Switzer-
land; Keen Fluory, made in Italy.

The dyes were applied to all sides of the crystal, except for the side facing
the diode. Qualitatively, all dyes change their efficiency as a function of tempe-
rature in the same way. The maximum at 120 K disappears, instead efficiency is
constant between 77 K and 100 K, then falling with increasing temperature. Even
more important, the overall performance is much better with wavelength shifters
(compare figures 3.5 and 3.8). The dyes show rises up to 155 % (Sparvar), 130 %
(Model Master) and 70 % (Keen) at 77 K. At 120K the increases are still 70 %
(Sparvar), 50 % (Model Master) and 18 % (Keen). This leads to a maximum num-
ber of created electron—hole pairs/MeV of 23 000 + 600 (Sparvar), 21 000 4 600
(Model Master) and 15500 4 600 (Keen) as can be seen in figure 3.9.

The Sparvar spray paint started to flake off the crystal very quickly. After two
cooling cycles at most the crystal had to be repainted, whereas the Model Master
and Keen dyes stayed on the crystal undamaged for at least two cooling cycles,
sometimes for more than five cooling cycles.

Covering the crystal with either one, two or three layers of dye did not lead to
significant changes in light yield. Even a very thin layer of dye is sufficient for
wavelength shifting (light shining through the crystal when held against sunlight).
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Figure 3.8: 22Na pulse height spectra at three different temperatures including a fit of the
peaks. A new photodiode was used for readout. The Csl crystal was painted with the
Model Master dye.
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Figure 3.9: Upper Plot: Number of electron—hole pairs/MeV as a function of tem-
perature. Pure Csl crystals were painted with wavelength shifting fluorescent
dyes. For comparison, a measurement with a raw crystal is included. Lower
Plot: Relative increase of the light yield of pure Csl by using wavelength shifting
fluorescent dyes as compared to the raw crystal.

38



3.2.4 Comparison between Different Diodes

Photodiodes are very fragile devices and even little variations in the process of
production (thickness and purity of the waver, doping concentrations) can change
their quality significantly and can have great effect on their performance. Mo-
reover, by mechanical, thermal or electrical stress a diode can be damaged easily.
Therefore, even diodes which come from the same production cycle can vary grea-
tly in their performance.

To find out if higher numbers than 12 500 + 600 electron—hole pairs (raw cry-
stal) and 21 000 + 600 electron—hole pairs (crystal covered with Model Master
dye) can be achieved, further measurements were taken out with three different
SINTEF diodes. These diodes (diodes II-1V) were of the same type as the one
used before (diode I). Two tests were made with every diode. One time with a
pure Csl crystal without a wavelength shifter and one time with the Model Ma-
ster dye. It turned out that a number of 28 000 4 600 electron-hole pairs/MeV
can be reached with diodes II-IV in combination with the wavelength shifting
dye (see figures 3.8 and 3.10). Compared to that figure, the produced number of
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Figure 3.10: Comparison of two diodes in the number of electron—hole pairs/MeV
as a function of temperature. One time the crystal was painted with the Model
Master dye, the other time the crystal was unpainted.
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21000 +£ 600 electron—hole pairs/MeV as shown in figure 3.9 is very low and can
not be explained by normal fluctuations (all measurements were reproduceable,
having fluctuations of 5—10%). These figures could lead to the conclusion that
diode I has only three working pads. However, the two diodes show almost the
same temperature dependence when the crystal is used without a wavelength shif-
ter (see 3.10). This means that the the two diodes have a very different wavelength
dependency. Diode I must have a much smaller quantum efficiency in the red part
of the spectrum where the fluorescent dye emits light.

With other diodes up to 40 000 electron—hole pairs/MeV have been measured

[S].

3.2.5 Light Yield Measurement with a Photomultilpier

To ensure that the measured dependence of light yield as a function of temperature
is a unique characteristic of pure Csl, a different type of measurement has to be
done for comparison.
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A measurement of the total light yield of pure Csl as a function of tempera-
ture has been done previously with a Hamamatsu R1464 photomultiplier [2, 5].
To compare the two measurements both data sets were normalized to their ma-
xima (see figure 3.11). The measurements are in good agreement. Thus, the
observed light yield as a function of temperature seems to be a property of pure
Csl only. However, the photomultiplier was held at room temperature during the
measurement, whereas the photodiode was cooled down together with the crystal.
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Possibly the quantum efficiency of the photodiode changes with temperature. For
a direct comparison the photodiode either has to be kept at room temperature or
its quantum efficiency as a function of temperature has to be measured.

3.2.6 Coupling of the Photodiodes
to the CslI Crystal without Grease

In all previous measurements silicon grease was used to couple the photodiode
to the crystal. To determine the influence of this procedure on the number of
electron—hole pairs/MeV produced in the photodiode further tests were perfor-
med.

For this, the photodiode was layed directly on the polished surface of a Csl
crystal. A crystal covered with the Model Master wavelength shifting dye was
used for all measurements where no grease was used to couple the diode to the
crystal.

The plot in figure 3.12 shows that the maximum number of electron-hole
pairs/MeV at 77K is only 16 000 £ 600 compared to 21 000 4+ 600 if grease is
used. This corresponds to an increase of 33 + 6 %.

Figure 3.12: Number of 0 | 4 biiy 4} sao grease |
electron—hole pairs/MeV ] by by e

as a function of tempera- t

ture. The lower plot shows
a measurement where no
grease was used to couple
the diode to the crystal.
For comparison, a mea-
surement where grease
was used for coupling is
included. Both times the

crystal was painted with 80 90 100 110 120 130 140 150 160
the Model Master dye. Temperature[K]

electron—hole pairs/MeV [x 103

In the plot of figure 3.13 all data was normalized to the maximum value of
the measurements where no grease was used. Then the data without grease was
scaled by factor 1.33. The shape of the curve as a function of temperature stays
the same. The rise in efficiency is probably due to the reduced reflection on the
surfaces of the diode and the crystal.

41



Ry ity b . E?;Zase Figure 3.13: The relative
i Ty efficiency as a function of
JH%H 1 temperature. To compare

w § 1 the two coupling methods

++ 1 (with or without grease),

Y4 | all data points (from fi-

4 gure 3.12) were normali-
zed to the maximum value
of the number of electron—
hole pairs/MeV achieved
using no grease. The latter
were then scaled by factor
1.33.

O OO O O OO OO == = = =
— D W kA NN 0O O =N W R W

80 90 100 110 120 130 140 150 160
Temperature [K]

3.3 Parameter Fit for Peak Evaluation

All #?Na and '°°Cd pulse height spectra were fitted using the method of least
squares. This method is suitable, if the errors are gaussian distributed. To obtain
the best guess for the parameter vector @, x? has to be minimized:

\2(@) = Z v _fa(f“a)] G.11)

where f(x;; @) is the fit function, z; the channel number, y; the number of counts
in channel z;, @ the parameter vector and o; = ,/y; the error of y;.

2500 |
) | 511keV
2000 | ¢ Figure 3.14: x? fit of the
511keV line of a mea-
2 1500 sured ??Na pulse height
§ spectrum between chan-
1000 | nel 70 and 130, assu-
ming a gaussian peak (so-
500 | \ lid line) and a quadratic
Position=101.3£0.2 |~ ~ _ M background (dashed line).
FWHM = 16.34 0.2 % e estasadbarato
0760 70 80 90 100 110 120 130 140
Channel

The assumption, that the peaks are gaussian distributed and the background is
quadratic seems to be reasonable (see figures 3.3, 3.6, 3.5, 3.8 and 3.14). The fit
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function then reads:

2
a T —a
f:al—l—a2-1:+a3-a;2—|—m-exp[—0.5( o 5)] (3.12)

quadratic background

gaussian distribution

with a;, i=1,2,3 are the parameters of the quadratic background, a4 is the area
under the peak, a5 the peak position and a4 the standard deviation (FWHM/2.35).
Since (3.12) is not linear in all parameters a;, the algorithm of Marquardt, an
iteration procedure, is used. This is a numerical iteration procedure which uses a
linear Taylor expansion of x*(d). Details of this method can be found in [10].
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Chapter 4

Test of the ATHENA Annihilation

Detector

Before the completely assembled detector was inserted into the ATHENA expe-
riment, a test at low temperature and an energy calibration had to be done. For
this I designed a setup which is presented here together with first results of the
performance of the 192 scintillating pure Csl crystals.

4.1 The Setup

The main components of the test setup were
two steel pipes. The one with the larger dia-
meter (pipe # 1) housed the detector, the
lines for power supply and signal readout.
The pipe with the smaller diameter (pipe #
2) was closed at the bottom and had an open
end at the top. When it was inserted into
pipe # 1, the volume in which the detector
was placed was vacuum tight and radioac-
tive sources could be lowered from outside
close to the detector (see figure 4.1). A pres-
sure of 10~ mbar could be reached. To cool
the detector down, the system was set into a
dewar filled with liquid nitrogen.

A photograph of the setup including the
vacuum pump and the vacuum gauge can be
seen in figure 4.2.
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Figure 4.1: Test setup for
the completely assembled
ATHENA detector.



0.5m

Figure 4.2: Photograph of the test setup with the vacuum pump
and vacuum gauge. On the left hand side signal readout and
power supply was connected.
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4.2 Performance of the Detector

To test the performance of the scintillating CsI crystals of the detector a *Na
source was lowered into pipe # 2 (see figure 4.1). The thickness d of the pipe was
about 1 mm. With the density p ~ 7.9 gcm™ of Fe and the absorption length
A ~ 10gcem™2 for 511keV ~’s passing through Fe the v intensity I was still
sufficient:

I=1I-exp [—dﬂ ~ 92% (4.1)

The plot in figure 4.3 shows the positions of the 511keV peaks of each crystal
and the signal/noise ratio. The mean of the signal/noise ratio was 15.5 which is
sufficient to detect 511keV ~’s from e*—e~ annihilation. The measurements were
done at a temperature of 137 K. A table of the 511 keV peak positions for all 192
Csl crystals can be found in appendix A.
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Figure 4.3: 511keV peak position and signal/noise for each of the 192 pure CslI cry-
stals of the ATHENA annihilation detector taken with a 2?Na source at 137 K.

A histogram of the 511 keV peak position is shown in figure 4.4. It was fitted
with a Gaussian distribution:

z

(x — :130)2
y=1yo+ A-exp |———— “4.2)

with yo = offset, A = height, =y = center and z = width of the distribution.
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Figure 4.4: Histogram of the 511keV peak position.

Pulse height spectra of the first row of 12 crystals can be seen in figure 4.5.
The number of counts rises from crystal 1 to 5 and then decreases from crystal 6
to 12. Since all crystals were exposed to the v radiation for the same time and the
16 rows were positioned vertically this means that the source was located around
crystal 3-4.
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Figure 4.5: 2Na pulse height spectra from one row of the annihilation detector
taken at 137 K.
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Chapter 5

Conclusions

With photodiodes used for readout of scintillation light it could be shown that the
light yield of pure Csl increases with increasing temperature in the range between
77K and 120 K where it reaches a maximum before falling again with increasing
temperature in the range between 120K and 165 K. 9000 4+ 600 electron—hole
pairs/MeV could be measured at 77 K, 12500 + 600 at 120K and 7000 4+ 600
at 165 K. In contrast, it was observed earlier with photomultipliers that the light
yield of pure Csl increases with decreasing temperature [5, 2]. The light yield of
pure Csl as a function of temperature as measured with a photodiode in the range
between 120K and 165 K can be explained by the shift of the maximum of the
emission spectrum of pure Csl to longer wavelengths at low temperature since the
quantum efficiency of the SINTEF photodiodes is higher at longer wavelengths.
In order to fully understand the drop in efficiency below 120 K additional measu-
rements of the emission spectrum of pure Csl as a function of temperature have to
be done and the quantum efficiency of the SINTEF photodiodes as a function of
temperature has to be measured.

To better match the quantum efficiency of the photodiodes with the spectrum
of scintillation light the use of wavelength shifters was investigated. It could be
shown that fluorescent dyes are highly suitable for this purpose. Qualitatively all
dyes had the same influence on the efficiency of scintillating pure CsI with photo-
diode readout. Not only did they improve the total efficiency up to a factor of 2.5,
they also modified significantly the temperature characteristics. The maximum
at 120K disappeared. Instead, the highest efficiency was observed at 77 K and
stayed constant with increasing temperature up to 100 K. From that point on effi-
ciency decreased with increasing temperature. In conjunction with the Model Ma-
ster wavelength shifting dye and photodiode readout a maximum of 27 800 4 600
electron—hole pairs/MeV could be measured in the range between 77 K and 100 K.
At 120K the efficiency had dropped to 89 + 4 % of the maximum then it deacre-
ased linearly with increasing temperature down to 41 + 5 % at 165 K.
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Using silicon grease to couple the photodiode to the crystal increases the num-
ber of electron-hole pairs by 3346 %. The grease obviously has a refractive index
which prevents the scintillation light from being reflected at the crystal surface and
at the diode surface respectively.

Large fluctuations in the performance of different diodes were observed. The
diodes and crystals withstand many cooling cycles without changing their beha-
vior.

First tests of the completely assembled detector at low temperature were suc-
cessful. For 511keV ~’s an average signal/noise ratio of 15.5 could be reached,
which is sufficient to detect e —e~ annihilations.

The most important implications for the ATHENA annihilation detector are:

e Fluorescent dyes should be used to enhance the scintillation light yield of
pure Csl as seen by photodiodes.

e The Model Master dye is the most promising one. It withstood more cooling
cycles than all other dyes and led only to a 10 % lower number of electron—
hole pairs/MeV compared to the best dye (Sparvar).

¢ When wavelength shifters are used, the operating temperature is not critical
in the range between 77 K and 130 K since changes in light yield are rela-
tively low (at 130 K the measured light yield is still 85 % of the maximum
value at 77 K).

e Silicon grease should be used to couple the diodes to the crystals.

e The characteristics of both diodes and crystals stay constant for many coo-
ling cycles.
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Appendix A

Detector Performance

Positions of the 511 keV peaks listed for all 192 CsI crystals of the ATHENA an-
nihilation detector as achieved in a first test at 137 K using a 2Na source.

Row I Row II
Crystal # | 511keV Peak | Error Crystal # | 511keV Peak | Error
1 86 6 13 85 6
2 126 6 14 88 6
3 104 8 15 83 7
4 111 - 16 101 6
5 90 7 17 78 6
6 95 9 18 93 6
7 93 8 19 72 5
8 80 9 20 83 6
9 88 - 21 74 5
10 95 5 22 94 5
11 100 6 23 99 5
12 101 5 24 81 5
Row III Row IV
Crystal # | 511keV Peak | Error Crystal # | 511keV Peak | Error
25 90 6 37 69 5
26 49 4 38 81 5
27 87 6 39 92 5
28 85 6 40 80 6
29 76 6 41 110 6
30 86 6 42 107 9
31 86 6 43 85 5
32 84 5 44 100 5
33 82 5 45 86 7
34 89 - 46 83 6
35 70 5 47 80 6
36 68 4 48 69 5
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Row V Row VI

Crystal # | 511keV Peak | Error Crystal # | 511keV Peak | Error
49 105 6 61 98 7
50 103 6 62 67 6
51 62 5 63 110 8
52 110 8 64 105 8
53 84 - 65 97 8
54 66 4 66 105 7
55 124 7 67 58 5
56 110 6 68 98 6
57 103 5 69 83 -
58 106 - 70 109 5
59 98 5 71 - -
60 103 5 72 84 5

Row VII Row VIII

Crystal # | 511keV Peak | Error Crystal # | 511keV Peak | Error
73 78 6 85 139 7
74 60 6 86 106 6
75 83 6 87 104 6
76 84 6 88 97 7
77 74 6 89 102 7
78 80 6 90 58 -
79 71 5 91 67 12
80 55 4 92 57 8
81 76 6 93 91 5
82 87 5 94 88 5
83 47 4 95 112 6
84 75 5 96 87 5

Row IX Row X

Crystal # | 511keV Peak | Error Crystal # | 511keV Peak | Error
97 109 7 109 97 7
98 93 7 110 106 7
99 138 8 111 108 8
100 102 7 112 104 8
101 107 7 113 110 8
102 118 7 114 81 6
103 123 7 115 109 7
104 107 6 116 56 4
105 90 6 117 100 6
106 92 6 118 102 5
107 94 6 119 107 5
108 108 6 120 93 5
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Row XI Row XII
Crystal # | 511keV Peak | Error Crystal # | 511keV Peak | Error
121 108 7 133 146 7
122 87 6 134 117 7
123 108 8 135 119 8
124 101 7 136 126 8
125 99 7 137 97 7
126 80 6 138 122 7
127 91 8 139 109 6
128 89 7 140 106 7
129 103 6 141 - -
130 103 5 142 121 6
131 - - 143 107 6
132 78 5 144 136 6
Row XIII Row XIV
Crystal # | 511keV Peak | Error Crystal # | 511keV Peak | Error
145 84 6 157 114 7
146 76 5 158 89 6
147 76 6 159 105 7
148 114 6 160 103 7
149 91 6 161 95 7
150 95 6 162 108 7
151 89 5 163 79 6
152 89 5 164 94 5
153 98 5 165 91 6
154 58 4 166 96 5
155 75 5 167 105 5
156 58 5 168 47 4
Row XV Row XVI
Crystal # | 511keV Peak | Error Crystal # | 511keV Peak | Error
169 92 6 181 102 7
170 94 7 182 111 -
171 104 7 183 121 7
172 87 7 184 93 6
173 52 3 185 80 6
174 90 6 186 102 7
175 80 5 187 147 7
176 52 3 188 99 5
177 101 5 189 78 5
178 93 5 190 94 5
179 88 191 96 5
180 97 5 192 72 5
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