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Abstract

The AEgIS Collaboration at CERN intends to perform the world’s first direct measure-
ment of the Earth ‘s gravitational acceleration on antimatter, by sending an antihydrogen
beam through a classical Moiré deflectometer. The main goal is to test the principle of
the universality of free fall (Weak Equivalence Principle WEP) for antimatter, which has
never been done before.

This work presents a potential detector for a first measurement of the gravitational ef-
fects on an antimatter system. The detector consists of pure Caesium lodide crystals
(CsI) and commercially available Silicon Photomultipliers (SiPM) to measure the parti-
cles produced in the corresponding annihilation processes. The Csl crystals decay times
and spectra were characterized using a radioactive 2?Na source at room and at low tem-
peratures. Furthermore the behaviour of the SiPMs at low temperatures was examined.
The best connection at low temperatures between the scintillator and a SiPM was found
in optical glue. The final combined system of Csl and SiPM was tested in a measurement
at the GRACE Line at CERN using a beam of antiprotons.

Zusammenfassung

Die AEgIS Kollaboration am CERN beabsichtigt die erste direkte Messung der Erdbeschle-
unigung von Antimaterie durchfithren. Dies wird ermdglicht, indem man einen Anti-
wasserstoffstrahl durch ein klassisches Moiré Deflektometer sendet. Das Hauptziel ist es,
das schwache Aquivalenzprinzip fiir Antimaterie zu iiberpriifen.

Diese Arbeit wird einen Detektor fiir diese erste Messung der Gravitationseffekte an einem
Antimateriesystem vorstellen. Der Detektor besteht aus reinen Césiumiodidkristallen
(CsI) und kommerziell erhéltlichen Silizium-Photomultiplier (SiPM) um die produzierten
Teilchen aus den dazugehérigen Annihilationsprozessen zu messen. Die Zerfallszeiten und
Spektren des CsI wurden mit Hilfe einer radioaktiven ??Na-Quelle bei Raum- und tiefen
Temperaturen charakterisiert. Des Weiteren wurde das Verhalten der SiPMs bei tiefen
Temperaturen untersucht. Als beste Verbingung bei tiefen Temperaturen zwischen dem
Szintillator und einem SiPM wurde optischer Kleber ausgemacht. Das finale zusam-
mengefiigte System aus Csl und SiPM wurde in einer Messung mit Antiprotonen der
GRACE Line am CERN getestet.
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1 Motivation

It is believed that the comparison of the properties of antimatter and matter might lead
to insights into one of the biggest unsolved problems in modern physics: the Baryon
asymmetry. Many current experiments are now looking for differences in antimatter and
matter [1, 2, 3, 4, 5, 6]. Their results might lead to an explanation of this phenomenon.
One of them, trying to help understand the events of the early universe, is AEgIS [1].
The main goal of the AEgIS collaboration (Antihydrogen Experiment: Gravity, Interfer-
ometry, Spectroscopy) at CERN is the direct detection of the acceleration of an antihy-
drogen beam in Earth ‘s gravitational field. The beam will transverse a device, which is
highly sensitive for acceleration measurements: a Moiré deflectometer |7].

Up to now, only indirect experimental evidence and one direct measurement with antihy-
drogen done by ALPHA exists [8], which suggests that the Weak Equivalence Principle
also holds for antimatter, an direct experimental measurement for antimatter with higher
precision still needs to be carried out.

The AEglS experiment will measure the gravitational effects on an antimatter beam
passing through a Moiré deflectometer. By the use of an emulsion detector combined
with a silicon-strip detector, the goal is to determine g (the gravitational acceleration)
of antihydrogen atoms with an initial relative accuracy of 1% [1]. The experiment is
explained in more detail in the next section.

Since many experimental challenges lay on this way, a first and faster approach to mea-
sure the sign of the gravitational acceleration of antihydrogen was suggested. The result
of the measurement will have a relative precision of 30%), this way a null result is excluded
with 30. The concept still relies on a three-gratings Moiré deflectometer, the phase shift
of the antiatoms however, will be obtained via rotation of the deflectometer. This method
has already been used for the first direct detection of gravitational acceleration of neu-
trons in a neutron interferometer [9]. No time-of-flight information, no ultra cold, pulsed
antihydrogen beam, nor a position resolution is required for this measurement. A first
successful result would lead to a great step towards the long-term goal of AEgIS.

This diploma thesis introduces a possible cryogenic detector to measure the signals be-
hind the third grating in ultra high vacuum, which allows the determination of the sign
of antimatter 's gravitational acceleration.






2 Introduction

2.1 AEglS

AEgIS (Antihydrogen Experiment: Gravity, Interferometry, Spectroscopy) primary sci-
entific goal is the direct measurement of the Earth’s gravitational acceleration g on
antihydrogen. Representing the world “s first direct measurement of the Earth “s gravita-
tional effects on an antimatter system would make this result scientifically relevant. In
a first phase a gravity measurement with 1% precision is supposed to be carried out by
sending an antihydrogen beam through a classical deflectometer coupled to a position
sensitive detector. A second phase includes CPT spectroscopy in the long term scientific
goal and of course higher precision gravity measurements |[1].

The principle of universality of free fall has been tested for matter with very high pre-
cision [10, 11| but never before for antimatter. The principle (also known as Weak
Equivalence Principle, short WEP) states that all bodies, independent of their mass and
composition, fall with the same acceleration. Gravity, a classical theory which does not
imply the existence of antimatter, is described by General Relativity. It is widely ex-
pected that the gravitational interaction of matter and antimatter should be identical.
However, in literature a multitude of predictions appear, which are based on theoretical
assumptions or indirect tests. They show a relative difference of Ag/g between 107'3 and
200% (which would lead to antigravity g = —g) [12]. A difference between matter and
antimatter would of course violate the WEP, a cornerstone of General Relativity, but
would be consistent with CPT conservation. An experiment using charged antiparticles
would be very difficult because the gravitational force is much weaker than the Coulomb
force. That makes electrically neutral antihydrogen an ideal probe and a unique system,
with which the WEP can be directly tested.

Antihydrogen consists of an antiproton (p) and a positron (e™). The antiprotons will
be directly delivered from the Antiproton Decelerator (AD) [13, 14|, which is a unique
machine that produces low-energy antiprotons for studies of antimatter. A proton beam
from the Proton Synchrotron is fired into a block of metal. These collisions create a mul-
titude of secondary particles, including lots of antiprotons. The produced antiprotons
have too much energy to be of use to form antiatoms so the job of the AD is to tame
them and to turn them into a useful, low-energy (around a tenth of the speed of light)
beam.

The positrons on the other hand will be emitted by a ?2Na source and accumulated in
a trap. The accumulator traps and cools the continuous beam of positrons. In 200-300
seconds more than 10® positrons are expected to be accumulated [1].

A simple representation of the proposed scheme of the experiment can be seen in
Fig. 1.

The proposed production of antihydrogen in the experiment of the AEgIS collaboration



is based on the charge exchange reaction between antiprotons and Rydberg positronium
(Ps*) 1] :

Ps*+p—>H"+e”

One of the main advantages of this reaction is the very large cross section, which
scales with the power of four of the principal quantum number of the positronium (the
cross section would be smaller for direct antiproton positron mixing). Furthermore, the
expected distribution of the quantum states of the produced antihydrogen is known and
their range is reasonably narrow, because it is strictly related to that of the incoming
positronium. In addition, it is possible to form a beam thanks to the sensitivity of electric
field gradients of the produced Rydberg atoms by accelerating them in a time depended
inhomogeneous electric field.

positronium

iy converter
[ ] ..
e+
laser
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H beam
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Figure 1: Simple representation of the AEgIS scheme taken from the AEgIS collabora-
tion ‘s website.

The positronium for this reaction is usually produced by implanting positrons with
kinetic energies of the order of several hundred eV up to keV into a solid target. The
target chosen for AEgIS is a nanoporous insulator (pore sizes are typically of the size of
0.3 to 100 nm) [1]. The incident positrons will be slowed down in the target and under
certain conditions bond with a valence electron. The positronium produced this way
will lose more and more kinetic energy by collisions and eventually leave the target (or
annihilate).



The positroniums are now accumulated with the earlier accumulated antiprotons, which
should lead to the production of antihydrogen. However, this reaction alone has a very
low probability because the positronium is too tightly bound in the ground state. To re-
duce the binding energy the positronium is excited by lasers to higher quantum numbers,
to form a so called Rydberg state. Quantum numbers of 30 to 40 are desired because the
probability of antihydrogen production increases with the fourth power of the quantum
number as stated earlier.

Since the produced antihydrogen is not electrically charged, it might leave the trap in
any direction. Some of them towards the detector, where they are accelerated due to an
electric gradient (antihydrogen has an electric dipole moment). A beam of around vy ~
400 m/s is formed which is crucial for the final measurement.

The beam is now entering a classical Moiré deflectometer, which is a device with high
sensitivity for acceleration measurements. A classical deflectometer is usually made of
three gratings, but the slit widths are sufficiently large that diffraction can be neglected.
The motion of the atoms through the deflectometer is purely classical. A multitude of
theoretical analyses of the inertial sensitivity of matter wave interferometers have been
made, and all give the same result and predict a phase shift A¢, due to the acceleration
of gravity g equal to:

A(Z)g:kgTQ

where T is the time spent by the atom between consecutive diffraction gratings and k
is the grating wave vector. [1]
The system of gratings splits the antihydrogen beam and produces a periodical structure
in the number of the antihydrogen atoms N(x) arriving at the third grating, where they
will annihilate. x is pointing in the direction of the gravitational force. Gravity induces
a phase shift in N(x), which can be seen as the atom beam s deflection during the flight
between the two gratings, exactly given by the equation above.
The deflectometer ‘s significant advantage is that a perfectly collimated monoenergetic
beam is not needed for a gravity measurement.
Instead of the third grating the upgraded design proposes the use of a position sensitive
detector. The very precise position sensitive detector combines silicon strips and photo-
graphic emulsion plates. The silicon strips will allow to measure the approximate point
of annihilation of the antihydrogens together with the time of arrival of each atom. To
measure the annihilation points with an even higher precision, the photographic emulsion
plates will be used. By looking at the annihilation pattern, this combination of detectors
allows to simply measure the drop of the antihydrogen atoms of different velocities during
their horizontal flight (also relative to beams of light, which do not drop on this scale).
Therefore, it is simple to determine the strength of gravity between the antihydrogen
atoms and the Earth.



2.2 Introduction of the Detector Components
2.2.1 Caesium lodide

Caesium Todide (Csl) is the ionic compound between Caesium and Iodide . Csl’s most
important application at room temperature is the use in electromagnetic calorimeters at
high counting rates in experimental particle physics. The main advantage is that pure
Csl is a fast and dense material with good light yield. Undoped Csl has its emission
maximum at 310 nm at room temperature (and 340 nm at 77 K). The intensity is much
smaller (a tenth) than either of the activated types (CsI(T1) and CsI(Na)) of this ma-
terial, which are one of the brightest scintillators known [15]. However, the emission of
Csl is characterized in a short decay time (16 ns) which makes it useful for fast timing
applications. There is also a slower component with a decay time of around 1000 ns with
a maximum emission wavelength of 500 nm. This component represents only 20% of the
total light. Cooling of the Csl crystals to temperatures of around 80 K increases the
total light yield by about a factor of 10, however it reduces the faster component [16].
Due to the high density and the high atomic number, the crystalline solid material has
a very good stopping power. This fact, in combination with the quite good radiation
hardness makes Csl crystals very useful for high energy physics as well.

The temperature dependence of the light emission and the decay times for pure Csl
have been measured with silicon photomultipliers (Hamamatsu R1464) and photodiodes
(SINTEF) from 77 K - 295 K by Amsler et al. in [17]. Polished pure CsI crystals was
used by them, wrapped in white reflecting teflon tape (higher light output) and mounted
in a vacuum chamber where it was cooled down to liquid nitrogen temperatures (77 K).
The light yield measurements were made using the 511 keV and the 1275 keV v-rays from
a radioactive 22Na source. Fig. 2 shows the light yield dependence for a temperature
interval of 80 K - 300 K. The two curves represent the light detected by the photodiode
and the photomultiplier, respectively. It is easy to see that those are in good agreement.
By cooling down the crystal to 77 K an increase in light yield by a factor of 15.8 was
observed.

N, (77 K)

S 158+ 1.0
N,,(295 K)

Those light yields are comparable to the yields of activated types like CsI(T1) at room
temperature. In addition to the high light yield it is also important to mention that a
good energy resolution of AE(FWHM)/E = 8.3 % for 511 keV ~-rays was obtained.

The decay time of the light produced by the pure Csl was measured with the photo-
multipliers in the same temperature range as above. For high temperatures (192 - 295
K), two time components were observed. The main component (76 % of the total light
yield) with a decay time of 192 ns and the fast component (24 % of the total light yield)
with a decay time of 39 ns are shown (dashed curves) in Fig. 3a.

Below 192 K just one component with a long decay time of about 1 us was found (Fig.
3b). Fig. 4 shows the increase of decay time over decreasing temperature.
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Figure 2: Light yield of pure Csl crystals as a function of temperature read out by a
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Figure 3: Light emission waveform for a pure CsI crystal at 192 K (a) and 85 K (b),
measured with a photo-multiplier [17].
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Figure 4: Decay times of the light emission for a pure Csl crystal at different temperatures
[17] .

To sum up the Csl is, because of its two fast decay components, a fast scintillator at
room temperature. However, the light yield is only 5% of the light yield of CsI(T1) of
comparable size. By cooling down the Csl to temperatures of liquid nitrogen the crystals
become comparable in light yield of those of activated Csls. The energy resolution at
low temperatures are satisfying, however the decay time increases to 1 us.

2.2.2 Silicon Photomultiplier

The Silicon Photomultiplier (SiPM) is a semiconductor photodetector operated with a
reverse-bias voltage well above the breakdown voltage. This mode is also known as
Geiger mode and therefore the SiPM is also called a Geiger-mode avalanche photodiode
(G-APD). SiPMs operated in this mode have large, well-defined output pulses because
they reach intrinsic gains for single photoelectrons of 10°. This value is comparable to
that of vacuum phototubes (PMTs) and notably higher than the gain of an avalanche
photo-diode (APD). Therefore the SiPMs can be used for single photon counting.

A SiPM is a relatively inexpensive device consisting of an array of small (~ 20-30 pm)
independent pixels. Those pixels are arranged to form a macroscopic unit (500-4000
pixels/mm?) of 1-6 mm? size and are operated with a bias voltage Vs a few volts
above breakdown voltage Vippeakdown- 1he photoelectrons created are reaching the high
field region by diffusion or drift and start a discharge confined to that pixel. All of
the independently working pixels are connected to the same readout line. The outgoing
signal corresponds then to the sum of all fired pixels, which gives a measure for the light
flux [18].

The many advantages of a SiPM such as high gain at low bias voltage, single photon
response, high detection efficiency and very good timing properties make them of interest



for this work. The disadvantages are a high dark count rate at room temperature.
However, compared to PMTs, SiPMs are considerably more insensitive to magnetic fields,
which makes them a good detector for many modern experiments in high energy physics
which use calorimeters in strong magnetic fields, and also at a cheaper price available.

Characteristics Of A Silicon Photomultiplier
Photon Detection Efficiency

The efficiency of a SiPM to detect photons is characterized by the overall photon
detection efficiency (PDE). For SiPMs usually the quantum efficiency (QE) is used which
neglects other losses. The QE is defined as the probability that one photon creates one
electron-hole pair in the depleted layer of a semiconductor. Like most of the silicon
based detectors a SiPM has a QE close to 90-100% for optical photons depending on the
wavelength. The PDE takes a lot of other contributions into account and is a product
of the quantum efficiency of the active area, a geometric factor (e), and the probability
that an incoming photon triggers a breakdown (Pirigger).

PDE = QE - € - Pirigger

The geometric factor takes losses at the entrance window into account, which can be
minimized to more than 90% transmission by proper engineering of the window, as well
as the ratio between active area to total area (~80%), which is not a 100 % due to the
physical separation of the pixels.

The breakdown probability depends on the position where the electron-hole pair is gen-
erated and on the overvoltage (the electric field strength in the junction). Electrons have
a higher chance to trigger a breakdown in silicon.

The last contribution to the PDE is the recovery time. It is defined as the period of time
a pixel needs to recover and to be fully sensitive after a breakdown. Due to dark counts
and background light around 0.1 to 1% of all pixels in a SiPM are always in recovery,
which decreases the sensitive area of the detector. The recovery time depends on the
pixels size due to its capacity. However the recovery time should never reach values
higher than a few us, typical values are 25 to 250 ns.

The size of the active area has the biggest impact on the PDE from all the mentioned
effects. The highest reported PDEs are 40% [19]. Fig. 5 shows the PDE for present-state
SiPMs in comparison with the typical QE of APDs and PMTs. For blue light the PDE
for SiPMs is at the level of PMT s QE, but larger in the yellow-red wavelenght-region
of the spectrum [17].

Dark Counts
The electronics noise of SiPMs is very small (less than 10% of the total signal from

one photoelectron) due to a very high gain. This is in contrast to the APDs where the
gain is smaller. However, free charge carriers produced in the sensitive volume that reach
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Figure 5: Comparison of the photon detection efficiency of SiPM, PMT and APD [1§].

the high electric field region might lead to a breakdown. Those dark counts are mostly
produced by thermally generated electrons, which limits the performance of SiPMs at
room temperature for the detection of very small light signals. Current SiPMs show dark
count rates of 10°-10° per second and square millimetre of active area. By cooling of the
SiPM it is however possible to reduce dark counts since thermally generated electrons
will not be produced that easily. Dark counts are reduced by a factor of 2 every 8 °C.
Fig. 6 shows the temperature dependence of the decreasing SiPM dark count rate for
lower temperatures.
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Figure 6: Temperature dependence of the SiPM dark count rate for different pixel gains
[18].
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High Gain

The amplitude Aj, which corresponds to the accumulated charge in the pixel, of a
standard signal produced by a SiPM is proportional to the capacitance of the pixel times
the overvoltage.

Ai ~ C- (%ias - ‘/breakdown)

The overvoltage is usually of the order of a few volts and the capacitance C is typically
50 fF. A; is of the order of 150 fC or 10° electrons. And when many pixels are fired at
the same time the output is the sum of all the smaller signals.

A:ZAi

The gain is usually in the range of 10° — 107. On a 50 Q load the signal of one pixel
signal corresponds to a pulse with an amplitude of ~1 mV (for a typical 10-20 ns pulse
length) [18, 19].

Summary

The current development of SiPMs is advancing beyond belief. There has been a lot of
progress achieved in device performance, but there is still broad room for improvements.
Many propertires can be adjusted to optimize the devices and to make them useful for a
variety of applications.

At the end of the chapter a summary of the most important properties of SiPMs, which
make them such a powerful tool will be given [19]:

e Intrinsically fast response (less than 500 ps) due to a very thin depletion layer,
e short rise times,
e show little to no change when operated in a strong magnetic field,

e low operation voltage needed (<75 V), which makes it easy to design a system with
a large number of SiPMs (single coax cable is needed to supply bias voltage),

e typical dark current for a 1 mm? SiPM is about 1 pA. Corresponding power con-
sumption is therefore very small (~ 100 W),

e SiPMs with active areas of 6x6 mm? are already available (10x10 mm? are planned),
e compactness,

e long term studies showed no ageing over years and a relatively good radiation
hardness,

e high photon detection efficiency,

11



e large internal gain (<10°),

e temperature and bias fluctuations are low compared to APDs,

e single photon response,

e no damage from accidental light exposure,

e low nuclear counter effect (low response to passing ionizing particles),
e eagy production,

e cheap price.

The disadvantage of a high dark count rate is only a problem in applications with a
low single photon count rate and can be decreased by cooling of the SiPM.
Future developments will increase the photon detection efficiency over a larger range
of wavelengths even further and will also make the active areas of SiPM grow in size.
These prospects and the advantages listed above make the SiPM a very suitable photon
detector for a wide range of applications and in some of them it is even a better choice
than APDs or PMTs.

2.3 Detection of Antiprotons with a Caesium lodide Detector

The purpose of this chapter is to quickly summarize and present the work done before at
the Stefan Meyer Institute!, on which the following chapters and consequently this work
builds up.

The thesis describes the detection of antiprotons using Csl-crystals at room temperature
as scintillators as well as the electronics used such as filters and preamplifiers, which
produced well shaped signals and spectra. Furthermore, a simple analysis of annihilation
signals was carried out.

2.3.1 The Set-up

For the final set-up three CsI crystals (17x17x13 mm?) were used. The crystals were
obtained from Prof. Dr. Claude Amsler and were already used in other experiments
such as ATHENA at the CERN-AD. Originally the pure Caesium lodide crystals were
bought from Saint-Gobain. For the experiment all three of them were wrapped in white
reflecting thread seal tape (teflon, RS Pro White PTFE Tape, RS Stock No.512-238,
thickness: 0.075 mm) and on top of the teflon, aluminium for a maximal light output.
The produced light might leave the scintillator in any direction, the teflon tape helps
"trapping" some of the photons in the crystal and by reflecting them onto the SiPM
it increases the chances of finally detecting them. The same holds for the aluminium
wrapping.

To measure the produced amount of light six NUV-SiPMs (near-ultraviolet) with an

!Alen Lika BSc. ,The Detection of antiprotons with a CsI-Detector”, University of Vienna
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active area of 4x4 mm? from AdvanSiD (ASD-NUV4S-P) were used. Two SiPMs were
coupled to one of the 17x17 mm? sides of one Csl, respectively, using silicon grease (BC-
630 Silicone Grease from Saint-Gobain), which worked as a light guide to increase the
coupling between the scintillator and the SiPM. The opposite 17x17 mm? side will be
facing the antiproton beam.

The final measurements were carried out at the GRACE beam line at CERN, which
delivers low energy (1-8 keV) antiprotons to study annihilation signals in detectors [20].
To shape the signal produced by the SiPMs a simple highpass board was used (Fig. 7).
Since a lot of antiprotons are expected the signals should have a super-fast fall time, a
well-defined peak and to be in general narrow (small full width at half maximum). This
way a pile up or a merging of signals produced by the SiPMs is unlikely.

15pF

SiPM_ 1K
—] D

500 T 100nF

Figure 7: Schematic representation of the highpass board.

+ U{(Bias)

2.3.2 The Results

In Fig. 8 the waveforms recorded during a shot of antiprotons of the three SiPMs are
shown. It is interesting to mention that two of the three Csls were covered in a thin
aluminium foil with only the side facing the SiPM being free of foil (the aluminum
should not get in contact with the electronics of the SiPM). The third one however was
not covered in aluminium foil. The reason for this was to check if there will be a difference
in antiprotons detected with and without aluminium foil. The method chosen to evaluate
if one peak might be from light emitted by an annihilating antiproton or not was a simple
threshold and by looking at the FWHM of the corresponding peak. Narrow peaks above
that threshold were identified as antiprotons, if the peak was too wide it also might have
been from at least two pions due to antiproton annihilation (on average three charged
pions are produced each annihilation), which pass through the scintillators at the same
time. Those two cases can be seen in Fig. 8 respectively (red box and red circle).

After three antiproton beam extractions presumably 52 and 56 antiprotons were de-
tected at the two crystals covered in aluminium foil and 74 at the one without the
aluminium foil.

The work showed that this type of set-up gave a proof of principle for antiproton detec-
tion, but still leaves a lot of room for improvements. Since the final experiment will be
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Figure 8: The pulse-height spectra plotted for slow antiprotons, which arrived in a time

window between 2.0-2.6 us. The three lines (blue, orange, gray) correspond to
the three different SiPMs, respectively.
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operated at low temperatures, it would be of interest to characterize the behaviour of
the Csl crystals and the SiPMs at low temperatures as well. Also an advanced analysis
of the spectra like the ones shown in Fig. 8 will be crucial, as well as a presentation of
alternatives to Csl crystals. Furthermore, investigating thicker aluminium foils in front
of the Csls or even silicon wafers (since they are proposed for the deflectormeter) to stop
antiprotons in the foils in front of the Csl will be of interests for the final experiment.
With the right thickness of aluminium foil it should be possible to stop most of the
antiprotons. Comparing the signals produced with and without the shield blocking the
antiprotons, would make it simple to identify the real antiproton signals.
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3 Preparation for a first experimental Set-up for a cryogenic
Caesium lodide Detector

3.1 Silicon Photomultipliers, Preamplifiers and Filters

Silicon Photomultipliers

Three different commercially available silicon photomultipliers were used in this work.
In the following chapters they are only distinguished by the size of their active area.
From AdvanSiD (Advanced Silicon Detectors) the ASD-NUV4S-P was used, which is a
near ultraviolet (NUV) silicon photomultiplier with an active detection area of 4x4 mm?2.
From the KeTek GmbH the PM3350-EB and the PM6650-EB were used. Again two
near ultraviolet photon detectors with active areas of 3x3 mm? and 6x6 mm? respec-
tively. Worth mentioning is that their peak PDE is between 420-430 nm, so in a higher
wavelength range than the light produced by the Csls. The corresponding data sheets of

the SiPMs can be seen in the appendix.
Electronics

To shape and examine the signals produced by the SiPMs three different preampli-
fiers and filters described in the following section were used. The task and the desired
waveform decided the choice of the electronic component. The first filter was already
described in chapter 2.3 in Fig. 7 as a simple highpass board without any amplifiers and
shapers.

Amplifier Board

The amplifier board uses a differential input signal and two serially connected am-
plifiers to produce large negative signals. In addition to the produced analog aignal a
corresponding digital time signal, with a variable width, depending on the height of the
analog signal and the applied threshold will be delivered. The circuit diagram of the
amplifier board can be seen in Fig. 9. V=10 means that this board amplifies the signal
by a factor of 10.

Amplifier Board I1
The combination of a highpass followed by an amplifier allowed the production of
super short, large negative signals. It was hoped that the amplifier board II allows the

production of short signals even at low temperatures. The circuit diagram of the amplifier
board II can be seen in Fig. 10.
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Figure 9: Circuit diagram of the amplifier board. The two red circles on the left show
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Figure 10: Circuit diagram of the amplifier board II.
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3.2 Preparation and Set-up Components

The combined set-up is shown in the next section. The purpose of this chapter is to
summarize the individual components of the set-up.

For a first experimental low temperature test a DN160 ISO-K cross was used to fit the
set-up. Since the cooling of the Csls and their behaviour was now of interest one of
the flanges of the cross was needed to attach a cooling system and another one for the
vacuum pumps.

The cooling of the detector system is accomplished by the use of a CRYOTIGER®) I
cooling system [21], which uses a certain refrigerant (PT14) to cool a cold-end via the
Joule-Thomson-Effect. Fig. 11 shows the cooling capacity for the different refrigerants.
PT14 was used and it was possible to reach temperatures of around 100 K, with a good
heat conductivity even temperatures down to around 95 K.
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Figure 11: Cooling capacity map for the cooling system (PT14) used [21].

Only the operation of the set-up in a high vacuum enviroment would allow reaching
temperatures described in the last paragraph. To create a vacuum of the order of 1077
mbar a turbomolecular pump from Agilent (Vacuum Agilent Technologies, Twinstorr 84
Fs) was used and attached to the second flange of the DN160 cross.

One of the two flanges left was used for the electronics. Pins for the power sources to
operate the SiPMs and to pick up their signals or to measure the change in resistance of
Pt100s (used to determine the current temperature) were part of this flange. The signals
were analysed with a Lecroy oscilloscope (Lecroy, SDA 760Zi-A, 6 GHz).

A kapton window was attached to the last flange. By placing a radioactive ?2Na source
close to the outside of the window, it was possible to produce light in the cooled Csl
crystals on the inside of the cross. It is worth mentioning that the distance between the
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source and the scintillators was crucial. In an early set-up the crystals were placed in the
middle of the cross (distance from window roughly 15 cm). With this set-up no change
in count rates with and without the radioactive source were recorded. The radioactive
source is a low intensity source that radiates in 4m, therefore it was important to keep
the distance between the scintillator and the source as small as possible to achieve higher
count rates.

With the components described above it was possible to construct a first set-up. The
results and measurements of this low temperature Csl crystal detector are shown and
explained in the next section.
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4 Characterization of low Temperature Caesium lodide
Crystals with Room Temperature Silicon Photomultipliers

The behaviour of the silicon photomultipliers at low temperatures has not yet been ex-
amined and also the corresponding data sheets did not contain any information about
it. To characterize the scintillator at low temperatures a first approach would be to
keep the SiPMs at room temperature while cooling the Csl crystal separately. Therefore
contributions and changes in the behaviour of the SiPMs at low temperatures can be
avoided and solely the changes in properties of the Csl can be examined. To accomplish
this it was important to find a light guide that would guide the produced light from the
scintillator to the photon detectors, without conducting heat (which would result in a
cooling of the SiPMs).

4.1 Light Guides

Three different types of light guides were taken into consideration:

PMMA (Polymethyl methacrylate) Light Guide Pyramid/Cone

The base of the pyramid, as shown in Fig. 12, facing the bigger CslI crystal (blue
square) at low temperatures and the other side of the cut-off pyramid (light gray)
focussing the collected light onto the silicon photomultiplier at room temperatures
(dark gray) would have been an option worth testing, however it was not possible
to find an acryllic light guide operating at wavelengths below 400 nm. Below 360
nm the bulk absorption becomes dominant and the material does not transmit light
anymore (Fig. 13) [22]. Since the light produced by Csl is between 310 to 340 nm
depending on the temperature, PMMA does not work as a light guide for those
wavelengths.

Figure 12: Set-up idea for testing the PMMA light guide pyramid. The light gray pyra-
mid represents the PMMA.
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Figure 13: Transmission curve of a 2 mm thick PMMA sample in air [22].

Optical Fibers
More promising seemed the use of optical fibers (600 pm 0.22 NA UV/VIS Fiber)
from Edmund Optics. Not only are they applicable in a wide range of temperatures
(=190 °C to 390 °C), which makes them fit for use at low temperatures as well,
but also do they guide and transmit ultraviolet wavelengths (Fig. 14).
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Figure 14: Attenuation for ultraviolet wavelengths for the optical fibers used [23].

To test their light transmission the fibers were cut in nine identical 30 cm long
light guides. Arranged in a square, one side of the fibers (gray lines) was facing
the SiPM (3x3 mm? KeTek) and the other side a small 7x7x6 mm? CsI crystal
(little blue square) (Fig. 15). The diameter of the fibers including the cladding
was around one mm. The side facing the crystal was more spread out with spacing
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between the fibers to cover a larger surface of it. The side facing the SiPM however,
was focussed with no spacing between them, which nearly covered the whole active
area, of the detector. The scintillator was covered in teflon tape with only the side
facing the fibers being free of it. Silicon grease was used to connect the fibers to
the SiPMs as well as to the scintillator.

Figure 15: Set-up for optical fibers as light guides. The small blue square in the front
represents the Csl, the gray lines are the nine 30 cm long fibers guiding the
light to the SiPM in the back.

The whole set-up was put into a box to prohibit light from the surrounding from
oversaturating the silicon photomultiplier. '37Cs was used as a radioactive source
to produce scintillation light in the Csl, when placing it close to the end of the box
where the crystal was located. The SiPM was connected to the amplifier board
(with an amplification of V=10) and the count rates of the signals were measured by
the oscilloscope. After two ten-minute runs (~ 2.5 gA running through the SiPM)
the count rates between with and without a radioactive source near the scintillator
(1058.5 £+ 23.5 to 859.5 £ 6.5) were compared. The increase in count rates by 20%
showed that the optical fibers guided scintillation light to the photomultiplier. This
result makes them an approach of interest for the final set-up. A more quantitative
analysis was not taking into consideration, since the next candidate proved to be
the best and simplest option.

A Gap (Vacuum) between the Scintillator and the Photon Detector
Even though the optical fibers showed promising results a much simpler approach
was finally used to characterize the low temperature behaviour of Csl-crystals. A
1-mm gap between the scintillators and the photomultipliers in high vacuum was
expected to minimize the heat exchange while still having a large enough photon-
coupling between the two of them. The set-up is described in the next section.

4.2 Set-up for a Characterization of low Temperature Caesium lodide
Crystals

As described in chapter 3 the distance between the scintillator and the radioactive source
remained a problem. For this set-up the distance between the two of them was minimized
by placing the scintillators as close as possible to the kapton window in the DN160 cross.
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This made it possible to cool the scintillators on the inside of the cross while having the
radioactive source outside and therefore also removing the radioactive source was simple
now.

The set-up is shown in Fig. 16 and Fig. 17. Three big Csls (17x17x13 mm?) were
wrapped in teflon and aluminium with only the side facing the detectors being free of it.
The scintillators were put into an aluminium rectangle with a groove in the middle (big
enough to fit the three Csls) next to each other. One 17x13 mm? side was facing the
window (and the radioactive source) and the opposite side was facing the detectors. With
a thin copper sheet and plastic screws it was easy to secure them in the aluminium block,
to keep them from moving and to ensure a good heat contact between the scintillators
and the aluminium block.

The aluminium rectangle was connected to the cold-end via two thick copper wires on
the top and the bottom of the rectangle. To increase the heat exchange between the
copper wires and the aluminium rectangle a thermal conductive grease was used. So by
cooling the cold-end the heat from the rectangle and the Csls was slowly removed. The
SiPMs (three double 6x6 mm? KeTek, one for each Csl) however, were attached to the
rectangle via plastic screws and a plastic mounting with a 1 mm distance between them
and the cold Csls. They were attached to the plastic mount with a double-sided tape.
Two metal rods connected to the aluminium rectangle on the left and the right side via
two plastic mounds (almost no heat transfer) prevented the rectangle from getting into
contact with the DN160 cross. The other side of the metal rods was connected to the port
of the cross opposite to the window “s flange. The pins for the electronics were located
at this flange. Four Pt100 were used, one in contact with the cold-end and another one
in contact with the aluminium rectangle itself, monitoring the change in temperature of
the scintillators. To double check, the third Pt100 was in direct contact with one Csl
(the Pt100 was put on the top of the Csl between the teflon and the Csl itself) and the
last one was placed (in a later test run) at the position of one of the photomultipliers
(this SiPM was removed from the set-up and the Pt100 was able to display the change
in temperature of the SiPMs).

4.3 Results of the Characterization of low Temperature Caesium lodide
Crystals

4.3.1 Spectra of the radioactive 22Na Source taken with a cryogenic Caesium
lodide Detector

22Na decays by emitting a positron (87 decay) into excited ??Ne. The excited neon
state passes into the ground state whereby a 1275 keV v quantum is emitted. The an-
nihilation of the emitted positrons with electrons from the surrounding matter produces
the characteristic annihilation photons (two 511 keV photons). Plotting histograms of
the peak heights of the SiPM-signals over a certain period of time would give spectra,
characteristic for the decays of 2?Na. Even though the resolution of the oscilloscope was
high, the processing time was too long to resolve the 511 keV peak as well as the 1275 keV
peak. Therefore the signals were fed into an ADC (CAEN, DT5780, Dual Digital Multi
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Figure 16: The set-up used to check if a gap between the scintillators and the silicon
photomultipliers would guide a sufficient amount of light to the photomul-
tipliers. The front view shows the gray aluminum block containing the Csl
crystals in the middle. The copper wires on the bottom are connected to the
CRYOTIGER®) I cooling system, responsible for the heat transfer. The two
plastic mounts on the left and the right are connecting the whole set-up to
the metal rods. In the back the flange with the pins for the electronics” lines
can be seen.

Figure 17: Back view of Fig. 16. In the back the mount (beige) for the SiPMs can be
seen.
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Channel Analyzer) and with the corresponding software (MC2-Analyzer) it was possible
to plot the spectra with a good resolution. To process the SiPM signal the amplifier
board (with an amplification of V=3) was used.

After the cooling was started the change in temperature was recorded and is shown in
Fig. 18. While the scintillators cool down to temperatures of —150 °C the photon de-
tectors stay at around —10 °C. No drastic changes in properties are expected for the
silicon photomultipliers at those temperatures (only less dark counts). With calibrated
temperature sensors the temperature of the aluminium block (blue line) should be lower
than the temperature of the scintillators (green line). So the small difference of a few
degrees here is due to a lack of calibration. The temperatures were achieved in a high
vacuum of 5%10°7 mbar.

Temperature Change

25 A
0 -
_ =25
S}
o =501 —— Aluminium block
2 Cooltip
© —75 -
g C§I
£ —100 1 — SiPM
(O]
'_
—125 -
—150 -
=175 A
0 2 4 6 8 10

Time [h]

Figure 18: Change of temperature in the DN160 cross recorded at different positions.
While the scintillators cooled off the SiPMs stayed relatively warm.

The first recorded spectrum can be seen in Fig. 19. It was recorded overnight for
16.5 h and shows the characteristic decay spectrum of 2?Na. The big peak in the middle
corresponds to the full-energy peak of 511 keV annihilation photons and the smaller
(higher energy results in a smaller cross section for the photons, hence a longer compton
tail and a smaller full energy peak) one in the right of the figure corresponds to the
full-energy peak of 1275 keV photons emitted when Ne passes into the ground state. The
big peak on the left of the figure shows the compton edge of photons, that scatter in the
SiPM and do not deposit all of their energy there. A current of 0.56 pA was running
through the SiPM. It was possible to obtain similar spectra for all three Csl detectors.
The current applied to the SiPM changed the position of the peaks in the spectrum
(higher currents result in a higher gain, producing larger peak amplitudes, which shift
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the spectra to the right of the graph). There was no energy calibration carried out so
the x-axis shows arbitrary units (Channel numbers) instead of keV. A second 16.5 h
measurement under the same conditions was carried out and the exact same spectrum
was obtained, which showed that the results are reproducible. A drift in current would
have resulted in higher or smaller amplitudes which would have shifted the spectra to
lower /higher channels. This behaviour however was not observed, the current stayed
constant for a longer period of time.

Csl cold, SiPM warm
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Figure 19: First spectrum recorded with the ADC with a run time of 16.5 hours. The
bias voltage applied to the SiPM set the current to 0.56 pA.

4.3.2 Waveforms of a low Temperature Caesium lodide Detector using a
radioactive 22Na Source

The fast decay component, as mentioned in chapter 2.2.1, of the Csl crystals freezes out
at low temperatures. The waveforms recorded with the cooled off set-up from chapter
4.3.1 got significantly longer (around 10 times longer decay times). Going back to chapter
2.3.2 and looking at Fig. 8 shows that longer signals would have an undesired effect: the
peaks produced by the annihilation of antiprotons would overlap and there will not be a
clear separation of them anymore. For the final measurement this would not result in an
issue, because only five antihydrogen atoms will be expected per run (in contrast to the
huge amount of pions and antiprotons).

The amplifier board II described in 3.1, which produces very short signals, was believed
to narrow the cold CsI signals a little bit. In Fig. 20 a comparison of a warm (room
temperature) plastic scintillator (Bicron BC-408 Premium Plastic Scintillator) signal with
a cold Csl crystal signal is shown. Both signals were produced by the same SiPM and
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the amplifier board II using ?’Na.
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Figure 20: Comparison of a room temperature plastic scintillator signal (blue) and a cold
Csl signal (orange).

It is obvious that the signal produced by the cold Csl crystal has a longer decay time.
The SiPMs were still at a relatively warm temperature, so this long decay time is solely
an effect caused by the Csl crystal. As the amplifier board II was optimized for pulses
with fast decay times, the signal of the CsI got distorted (Fig. 20 orange line). Since
short pulses are desirable for the measurements at the GRACE beam line at CERN, it
is intersting to test alternatives to the Csl crystals. The next subsection introduces a
new crystal, which properties show a different low temperature behaviour than the Csl.
Additionally, waveforms are analysed in more detail.
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5 Comparison of low Temperature Waveforms and Spectra
of Csl and LYSO Crystals

LYSO (Lu!®Y2Si05Ce) is a Cerium doped Lutetium based scintillator with similar prop-
erties as a Csl scintillator [24]. It is a high density, short decay time (41 ns) scintillator
with an maximum emission wavelength at 420 nm, which makes it ideal for the SiPMs
used. The light output of a LYSO crystal is ten times higher than the light output of
the Csl crystals of comparable size.

The LYSOs used were again from Saint Gobain and had a total volume of 6x6x8 mm?3.
To make the comparison reasonable smaller Csls (7x7x6 mm? instead of the 17x17x13
mm?) were used. The set-up can be seen in Fig. 21. It shows a similar set-up to chapter
4.2, but instead of three Csls it contains one LYSO crystal and one Csl crystal. Both
scintillators were wrapped in aluminium and teflon tape with only the sides facing the
SiPMs being free of it. One of the LYSO s 6x6 mm? was facing the SiPM. Since the
crystals are now smaller, only single 6x6 mm? photon detectors from KeTek were used
(instead of the double 6x6 mm? in the previous chapter). Those were sufficient to cover
nearly all of the crystal s surface, which was facing the SiPM. Again the gray block
in the middle represents the aluminium block, containing the scintillators (the smaller
LYSO crystal is shown on the left and the CsI crystal on the right of the figure). The
copper wires can be seen at the bottom. The rods and the flange are not shown in this
figure, but were the same as in the previous set-up. Besides those changes, the set-up
was identical to that from chapter 4.2.

Figure 21: The set-up for the LYSO is similar to Fig. 4.2, instead of three Csl crystals
a smaller Csl crystal and a LYSO crystal were used. The flange and rods are

not shown in this figure.

The change in temperature of the individual parts of the set-up can be seen in Fig. 22.
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Again, this graph is similar to the figure shown in chapter 4.2 (Fig. 18). The 1-mm gap
between the aluminium block and the photon detector prevented them from cooling off

like the rest of the set-up. The silicon photomultipliers reached temperatures of around
—10 °C.
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Figure 22: Change of temperature in the DN160 cross recorded at different positions for
the new set-up shown in Fig. 21.

Spectra

The corresponding spectra of the radioactive ?2Na source were taken in a similar way to
chapter 4.3.1. The signals produced by the silicon photomultipliers were again fed from
the amplifier board (with an amplification of V=3) into the ADC, where the signals were
again analysed by the MC?-Analyzer-software.

It is worth mentioning that the count rates as well as the amplitude of the signals pro-
duced by the LYSO were indeed higher than the signals produced by the CslI (due to
the higher light output of the crystal). Since the photon detector facing the LYSO was
exposed to a higher light flux less current was needed to achieve signals of comparable
amplitude. To demonstrate the higher light output of the LYSO crystal spectra were
taken, where a current of 0.6 yA was running through the SiPM at the LYSO-side and
a current of 3.8 puA through the SiPM at the Csl-side. The spectra were recorded for a
period of time of 22 hours and are shown in Fig. 23 (spectra minus the background/dark
count rate).
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Figure 23: Comparison of ??Na spectra of low temperature CsI and LYSO crystals. A
current of 0.6 uA was applied to the SiPM facing the LYSO and 3.8 pA to the
one facing the Csl. These spectra were the results of a 22 hour measurement.

Again, no energy calibration was carried out, which results in arbitrary units at the
x-axis. However the form of both spectra was similar to the one in chapter 4.3.1. Both
peaks (511 keV and 1275 keV) and the compton edge can be seen. The 1275 keV peak is
not so apparent for the LYSO-spectra, this however might be due to the settings in the
MC2-Analyzer-software (not ideal settings might lead to a lower resolution).

Even though the SiPM at the Csl-side was operated with a six times higher current the
signals produced by the LYSO were still larger. The current was chosen in a way that
the 511 keV peak is located for both crystals at approximately the pulse height (placing
them at the same spot on the x-axis). Nevertheless the count rate of the LYSO was still
higher. In 22 hours 11132860 counts were detected at the Csl-side and 22595260 counts
at the LYSO-side. Part of this difference of a factor of two might most likely be due
to a difference in the emission wavelength. The silicon photomultipliers show a higher
detection efficiency in the blue/violet part of the wavelength spectrum (LYSO emission)
than in the ultraviolet part (Csl emission). However, some contribution to the difference
in count rates is most likely due to a higher light yield of the LYSO as well.

Fig. 24 shows again the spectra of ??Na, but now with the same current applied to both
silicon photomultipliers (1.18 pA) after a 30 minute measurement. It is easy to see that
the produced signals at the Csl side are smaller in amplitude than the signals of the
LYSO. The difference in count rates was now higher than in the previous case, where a
higher current was applied to the CsI-SiPM (200 000 to 500 000 counts respectively). The
higher current and therefore the higher over-voltage made it easier to trigger a breakdown
in the SiPM and hence resulting in a higher count rate.
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Figure 24: Comparison of ?2Na spectra of low temperature CsI and LYSO crystals. A
current of 1.18 uA was applied to both SiPMs. These spectra were the results
of a 30 minute measurement.

Since the LYSO was also able to reproduce the decay spectrum of a radioactive 2?Na
source with a reasonable resolution, it might be a promising alternative to the Csl scin-
tillator. In the next subsection the corresponding waveforms at low and at room tem-
peratures are examined.

Waveforms

With the scintillators at low temperatures (around —150 °C from Fig. 22, same set-
up as in last subsection) a higher light yield of the scintillators was observed (chapter
2.2.1). To produce well-defined signals a relatively low current (~ 0.3 pA) operating
the silicon photomultipliers was sufficient, however, as discussed earlier, this light yield
decreases at room temperatures. So while examining the behaviour of the scintillators at
room temperature relatively high currents (over 10 p#A) would have to be applied to the
SiPMs to produce signals or to be precise to produce signals of comparable amplitudes
to those at low temperatures.

With the regular highpass board (Fig. 7) it was nearly impossible to produce signals
using the small CsI crystal and the ?2Na at room temperatures. For the LYSO on the
other hand, signals were easily detected. This was due to the higher efficiency of the
SiPM at the emitted wavelengths and probably due to a higher light yield even at room
temperatures.

Using the amplifier board on the other hand, which was already used to record the spec-
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tra (with an amplification of V=3) and which is described in chapter 3.1, it was possible
to produce well-defined waveforms at low and at room temperatures for a first qualitative
analysis. Given the form of the waveforms with a short fall time and a longer rise time,
it was obvious to use a linear fit for the fall time and an exponential fit for the rise time.
The signals at low temperatures reach amplitudes well above 300—400 mV for the LYSO
and Csl crystals when approximately 1 pA is applied to their photon detector. But since
the signals were smaller (~20 mV) at room temperatures the current at low tempera-
tures was further decreased to achieve signals of comparable amplitude. For the analysis
signals of —10 and —20 mV were chosen. At CERN the detection of signals of different
amplitudes are expected. —10 and —20 mV were chosen to check if amplitude-dependent
changes in the fall time appear and because they were still obtainable at room tempera-
tures. Higher amplitudes would have needed a higher applied bias-voltage, which might
lead to a damage of the SiPMs.

The oscilloscope described in chapter 3.2 was used to record the signals.

Fig. 25 shows the waveforms produced by the Csl at low temperatures (—150 °C) and
room temperatures (20 °C). The figure shows the comparison of —10 mV signals as well
as —20 mV signals. A vertical offset of 4 us was added to the —20 mV signals to make
the separation between the —10 mV and —20 mV signals clearer. The oscillation in the
cold Csl signal (in red, in the right of the figure) is due to picked up Wifi signals. While
the fall times of the cold waveforms nearly stay the same, as can be seen in the figure,
the rise times increase. The higher noise on the warm waveforms is a result of the higher
current operating the SiPMs, to achieve signals of comparable amplitude. The higher
current causes the amplifier board to amplify the noise more than it amplifies it in the
cold case, where a smaller current is applied.

Fig. 26 shows similar waveforms to Fig. 25, however this time for the LYSO. The figure

again compares —10 mV and —20 mV signals of the scintillator at low temperatures (—150
°C) and at room temperatures (20 °C). Again a vertical offset of 4 us was added to the
—20 mV signals and the noise at the waveforms at room temperatures was higher than
for the ones at low temperatures.
The low temperature behaviour of the LYSO crystal is however dissimilar. There is no
slow component observed at low temperatures, the fast component does not freeze out
as in the case of the Csl crystal. There was hardly any disparity between the waveforms
at —150 °C and 20 °C. So even at low temperatures the waveforms of the LYSO were
fast and narrow.

It is worth mentioning that a current of 8 pA was applied to the SiPM facing the Csl
at room temperature to achieve amplitudes of —20 mV, for the SiPM at the LYSO side
however, only 1 pA was needed. At low temperatures 0.3 yA were needed to produce
signals of an amplitude of —20 mV. Which means that the light yield of the LYSO was
high at room temperature and even increased when cooled off. The light yield of the Csl
crystal of comparable size was low at room temperatures, but also increased, as already
mentioned before, to a reasonable high light yield at low temperatures.

For the fits, as stated above, a linear fit for the fall time and an exponential fit for the
rise time were chosen. Due to the form of the waveforms, a linear fit for the fall time
proved to be best choice with the smallest error. A lot of waveforms were produced and
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Figure 25: Comparison of signals of a cold Csl crystal (=150 °C) and the signals of the
Csl crystal in the same set-up at room temperatures (warm, 20 °C).
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Figure 26: Comparison of signals of a cold LYSO crystal (—150 °C) and the signals of
the LYSO crystal in the same set-up at room temperatures (warm, 20 °C).
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analysed. The once shown in Fig. 25 and Fig. 26 are a random sample of them. Since
no significant dissimilarity between those waveforms was found, only a few of them were
used for fitting. In Fig. 27 an example of one of the fits is shown.

LYSO -10 mV cold fit

|y

Amplitude [mV]
|
D

_6 .
-8
~10 A
OjO Oj5 le 1j5 2j0
Time [us]

Figure 27: Waveform produced by the LYSO crystal at —150°C while 0.3 pA were used
to operate the SiPM. The red squares show the start and end points of the
fits. In orange is the linear fit for the fall time and in green the exponential
fit of the rise time.

The start and end points (red squares) for the fit curves were chosen to be roughly 10
and 90% of the minimum of the curve (so roughly at —1 mV and —9 mV for Fig. 27).
The fall time was identified as the time (x-axis) it took the signal to drop from 10% to
90% of the total amplitude (the difference in time between the red squares). For the rise
time the same method was used. The orange curve shows the linear fit of the fall time
and the green curve the exponential fit for the rise time. The equations used can be seen
in the following ((1) & (2)).

For the linear fit:

y=a-z+b (1)
For the exponential fit:

y=a e’ 4 (2)

So by expressing x, plugging in the 10% and 90% y-values of the amplitude and forming
the difference of them, the fall/rise time was obtained.
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Table 1: Calculated fall and rise times for the waveforms produced by the Csl.

Csl fall time [ns] | rise time [ns]
warm | —10 mV 51.3 599.4
—20 mV 45.8 575.5
cold | —10 mV 115.5 964.4
—20 mV 186.3 1141.3

Table 2: Calculated fall and rise times for the waveforms produced by the LYSO.

LYSO fall time [ns| | rise time [ns]
warm | —10 mV 32.7 516.8
—20 mV 56.6 520.0
cold —10 mV 39.1 207.8
—20 mV 29.9 258.3

Tab. 1 and Tab. 2 show the rise and fall time for the Csl and LYSO crystal respec-

tively. The provided numbers underline the outcome, which can be seen in Fig. 25 and
Fig. 26. While the fall time for the LYSO nearly stays constant for low and room tem-
peratures, the fall time for the Csl however differs a lot. Tab. 1 shows that the fall time
for the Csl increases for low temperatures, which is consistent with the freeze out of the
fast component for low temperature Csl crystals.
The same holds for the rise time, here the effect for the Csl crystal is even more dis-
tinct. The rise time at low temperatures doubles when compared to rise time at room
temperature, which results in a slower signal at low temperatures. Including the bigger
overshoot at low temperatures the length of the signal of the Csl crystal increases by a
considerable amount. On the other hand the rise time for the LYSO crystal shows no
change when cooled off.

The LYSO proved to be a powerful tool. Not even did it work to take spectra of a
radioactive source using a LYSO crystal as a scintillator, but also did the waveforms at
low temperatures prove to be narrow and fast. Compared to the low temperature Csl
signals, LYSO signals turned out to be 10 times faster. This especially would be of interest
for a set-up/measurement as described in section 2.3. Here, as already mentioned, fast
signals at low temperatures would be needed for a final antiproton measurement. Again
worth mentioning is also the high light yield of the LYSO even at room temperatures.
However, for the final antihydrogen measurement, the Csl will be used, even though the
LYSO might be a better candidate. The Csl crystals have already been tested for room
temperature using an antiproton beam, where they have proven their values, as they
were effective in the set-up shown in chapter 2.3. At the time of the measurements larger
Csl crystals were available, whereas the LYSO was not.
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6 Low Temperature Behaviour of a Silicon Photomultiplier

Since the Csl set-up from chapter 4 proved sufficient and the low temperature behaviour
of the Csl crystal has been characterized, the next logical step was to examine the low
temperature behaviour of the SiPMs. To end up with a compact detector system, it would
be an advantage to get rid of the gap between the photon detectors and the scintillators.
However the combined unknown behaviour of the SiPMs and the Csl crystals would
have led to questionable results. To ultimately test the low temperature properties of
the silicon photomultipliers a scintillator-independent set-up would be desirable.

6.1 Experimental Set-up for a low Temperature Scintillator-independent
Characterization of a Silicon Photomultiplier

In order to achieve a scintillator-independent set-up, a light source was needed to mimic
the produced light by the scintillator. Using a light emitting diode and shining its light
(in a reasonable intensity) directly onto the SiPMs would have the same effect as using a
scintillator (with a comparable maximum emission wavelength) and a radioactive source.
The idea for a simple set-up was to cool off the SiPMs facing the diode, which are kept at
room temperature. This guarantees, that the properties of the diode will not change at
lower temperatures and the effects observed will be merely from the change of properties
of the silicon photomultipliers. Additionally, this time a heating element is added to the
set-up close to the SiPMs. This way the behavior over a wider range of temperatures
can be examined. A simple presentation of the SiPM s side of the set-up is shown in
Fig. 28.

The copper-coloured block represents the cold-end which is connected to the front
part via an aluminium bar for the heat exchange. The front part consists of a aluminium
square. On the back of the square was the heating element installed, for which a simple
resistor was used. Applying a current to it results in a heating of the resistor and its
surrounding. The SiPM was attached to the front of the aluminum square with a plastic
component (small gray cuboid in the front). The plastic component shows three holes,
the two on the left and right of it are meant for the screws connecting it to the aluminium
square. The hole in the middle is for the light impinging the SiPM, it was big enough
to expose the active area of the SiPM to the emitted light. The back of the plastic
component was hollowed out to fit the SiPM inside of it. For a better heat exchange
heat paste was applied to the back of the SiPM. One Pt100 was attached to the cold-end
and a second one on the aluminium square. The latter is used for the heat controller
monitoring the temperature of the SiPM. The SiPM was connected to the aluminium
block with silicon grease to increase the heat transfer.

The LED is at the opposite opening of the DN160 cross. On the inside of the cross
the LED is separated by a distance of 8 cm from the SiPM. The pins of the LED are
connected to the outside where a pulse generator (Keysight, 81160A Pulse Function Ar-
bitraty Generator) operates it. Having a distance of 8 ¢cm ensured that the LED would
not cool off like the rest of the set-up. The light emitting diode used is from Kingbright
(L-934MBCBLUE). Its peak wavelength is with 430 nm perfect for the silicon photomul-
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Figure 28: Set-up used for the low temperature behaviour of silicon photomultipliers.
The copper block represents the cool tip. The detector is attached to the gray
block made out of aluminium in the front. The long hollow cylincer is guiding
the light (to avoid reflections at the wall of the DN160 cross) from the LED.

=

a
4 e

tipliers used. To make sure, that the light is guided to the SiPM and that no unnecessary
reflection inside the cross will impinge the SiPM and falsify the results, a black long hol-
low paper cylinder with a diameter of 1.5 cm guides the LED-light all the way to the
photon detector.

The LED was operated by a pulse generator. Pulsed light was used since a continuous
beam of light would oversaturate the photon detector. Worth mentioning is that the
signals produced by the SiPM were not independent of the frequency nor the width of
the pulse produced by the pulse generator. A higher frequency resulted in a smaller
amplitude of the signal, which is due to oversaturating of single pixels. Once a pixel fired
it needs some time to recover to produce a signal again. Smaller pulse widths resulted
in higher amplitudes. However, depending on the frequency and amplitude of the pules
there was a lower limit to the size of the pulse width, where no signal was produced
anymore. A pulse width, which was too high, produced smaller and longer signals with
a plateau in the middle (Fig. 29). A 5 V pulse with a 30 ns pulse width and 100 Hz
frequency was used for the measurements. Those settings produced the most well-defined
signal for the silicon photomultipliers used. It is estimated that around 100 photons are
detected by the SiPMs at room temperatures. 100 mV signals were obtained which cor-
responds roughly to 100 photons.

In the following subchapters all three different SiPMs (3x3, 4x4, 6x6 mm?) are tested.
Their waveforms at different temperatures are examined and changes compared. With
the set-up shown in Fig. 28 the SiPM reached temperatures of 105 K. 105 K is close
to the temperature achieveable at the GRACE set-up with cooling (~ 100 K). However,
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Figure 29: Dependence of the waveforms on frequency and pulse width. A higher fre-
quency of the pulse produced smaller signals (blue/orange) and a pulse width
set too high produced a long and small signal (green). For those waveforms
the amplifier board (with an amplification of V=3) was used.

this is still too high for the final AEgIS experiment, where temperatures of 50 K have
to be achieved. A final test at those low temperatures has still to be carried out. The
signals were processed by the highpass boards without an amplifier. It was expected that
changes in the waveforms might be altered by amplification. This way only the "pure"
signals were examined and changes in properties of the SiPM are revealed.

6.2 Waveforms of Silicon Photomultipliers at low Temperatures

To examine the waveforms of a low temperature silicon photomultiplier is of great inter-
est for the final set-up. By using a scintillator-independent set-up the "pure" waveforms
can be analysed and by varying the temperature of the photon detector, changes in their
efficiency can be observed. As stated above, all three different SiPMs (3x3, 4x4, 6x6
mm?) were taken into consideration. Additionally of interest would be the low tempera-
ture behaviour of silicon grease or of optical glue. Those are sometimes used to enhance
the coupling between the scintilllators and the photon detectors. The worst case scenario
would be that one of the components would freeze and therefore, decreases the coupling
and the light transport. This subsection shows the results, starting with the silicon pho-

tomultiplier with an active area of 6x6 mm?.
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6x6 mm?

As stated above the highpass board was used to process the signals. As a double check
however, the signals processed by the amplifier were recorded as well. The variation of
temperature was done by applying a current to the resistor. The lowest temperature
reached at the SiPM’s side with the refrigerant was 104 K. At 110 K however, the
temperature fluctuation were less. So by already applying a current to the resistor, 110
K was used as starting temperature. The waveforms produced by the SiPM were recorded
in 10 K steps all the way up to 230 K (a higher current and a higher temperature would
have led to damage to the resistor and the set-up). The voltage was chosen so that a
current of 2 pA would operate the SiPM while the LED was on. The pulse running
the LED was kept at the same settings throughout the different measurements. The
measurements were taken in a vacuum of 4.7%10°7 mbar.

Highpass 6x6 mm~™2
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Figure 30: Changes in properties and functionality of a 6x6 mm? SiPM at different low
temperatures. Signals were processed by the highpass board.

The signals of the SiPMs are shown in Fig. 30 for the highpass board and in Fig. 31 for
the amplifier board. For the sake of clarity the waveforms are shown in 30 K steps. The
figures show that the changes in temperature have similar effects. A lower temperature
results in a smaller amplitude and a higher overshoot. The total length (including the
overshoot) of the signal was not altered by change in temperature. The overshoot might
be due to a change in capacity due to a change in permittivity of the SiPM “s pixels. The
change in impedance leads to a different coupling between the SiPM and the other parts
of electronics and hence results in a light overshoot.

As discussed earlier an examination of property changes of silicon grease and optical glue
would also be of interest for later experiments. To accomplish that, three new modifica-
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Figure 31: Changes in properties and functionality of a 6x6 mm? SiPM at different low
temperatures. The signals were processed by the amplifier.

tions were analysed. The first one was putting a piece of acrylic plastic (6x6x2 mm?) in
front of the silicon photomultiplier (direct contact) and to again repeat the measurement
done above. The plastic was large enough to cover the whole active area of the SiPM and
fit inside the plastic cuboid seen in Fig. 28. The purpose of this intermediate step was
to make sure that the plastic does not alter the results. The acrylic plastic was essential
because a medium to glue on to the photon detector was needed to test the properties
of the optical glue later on. The second and third changes to the set-up were to attach
the acrylic plastic with optical grease (with detector and acrylic plastic still inside the
plastic cuboid attached to the cool alumium block by the screws) to the SiPM and later
to glue it onto the SiPM with optical glue. The waveforms were then taken again with 2
uA applied to the SiPM at the temperatures of 110 K, 140 K, 170 K, 200 K and 230 K.

As can be seen in Fig. 32 no changes in waveforms can be observed for the different
cases. In the interest of clarity the waveforms for the rest of the temperatures (110 K,
140 K, 200 K, 230 K) are not shown, since similar outcomes were obtained for those
cases. Furthermore, no changes were observed while using the amplifier board to process
the signals.

To summarize, the use of silicon grease nor the use of the optical glue alters the waveforms
at low temperatures. This means that both will not absorb nor reflect any light from
the LED at lower temperatures, which makes them possible candidates for scintillator-
SiPM-coupling in future set-ups. The only changes were observed due to the change of
permittivity at lower temperatures of the pixels of the SiPMs. Those changes however,
were neglectable. The signals were still narrow and no slow component has appeared in
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Figure 32: Comparison of vacuum, acrylic plastic, acrylic plastic with grease and acrylic
plastic with optical glue in front of the 6x6 mm? SiPM at 170 K. The signals
were processed by the highpass board.

the SiPM “s waveforms.

4x4 mm?

Changing the size of the plastic component (plastic cuboid) from Fig. 28, where
previously the 6x6 mm? detector fit, to a size that now fits the 4x4 mm? silicon photo-
multiplier, made it possible to repeat the measurements shown above for the new smaller
photon detector. The measurements with the acrylic plastic, the silicon grease and the
optical glue were not repeated, since those measurements are independent of the silicon
photomultiplier in use.

Again the same settings for the pulse generator were used. And the value of the voltage
applied to the SiPMs was chosen so that 2 pA would operate the detector at different
temperatures (110 K, 140 K, 170 K, 200 K, 230 K).

The corresponding waveforms can be seen in Fig. 33. This time the amplitudes of the
signals were larger than for the 6x6 mm? detector. This makes sense, since running a
smaller photon detector with the same current results in higher amplitudes. The second
difference to the previous subsection is that the overshoot of the waveforms does not
change with decreasing temperature anymore. Apparently the 4x4 mm? detector keeps a
constant capacity even for lower temperatures. The last point worth mentioning is that
the amplitudes of the signals were at first slightly increasing with lower temperatures.
Around 170 K the amplitudes reached their maximum value of around 26 mV. Lower
temperatures than 170 K however resulted in slightly smaller amplitudes again (23-24
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Figure 33: Changes in properties and functionality of a 4x4 mm? SiPM at different low
temperatures. The signals were processed by the highpass board.

mV). At higher temperatures thermal effects prevent some electron-hole pairs from con-
tributing to the final signal (e.g. scattering with phonons). The cooling of the SiPM
leads to a decrease in those thermal effects and therefore results in a higher amplitude
of the signal (170 K). At even lower temperatures a {reeze out of the electron-hole pairs
occurs. This lower number of electron-hole pairs naturally produces a smaller signal [25].

3x3 mm?

For the last set-up the plastic cuboid was exchanged once again for one component,
that now fit the silicon photomultiplier with an active area of 3x3 mm?. Under the
same conditions the measurements already done in the two previous subchapters were
repeated. The results can be seen in Fig. 34. 2 pA again produced signals of higher
amplitude. The overshoot did not change in size similar to the overshoot for the 4x4 mm?
detector. However, this time the behaviour of the first increasing and later decreasing
amplitudes is more distinct. The largest amplitude was again reached at 170 K. Lower
and higher temperatures result in signals of smaller amplitude.

With the help of a simple scintillator-independent set-up it was possible to examine
the low temperature properties of three different commercially available silicon photo-
multipliers. Those measurements were crucial, since it is desirable for the final low
temperature set-up to cool the SiPMs as well. The results showed that the behaviour of
the low temperature SiPMs is acceptable for the final measurements. No slow compo-
nent appeared in the waveforms of the SiPMs (as it does for example for the CsI). The
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Figure 34: Changes in properties and functionality of a 3x3 mm? SiPM at different low
temperatures. The signals were processed by the highpass board.

electronics still work properly and produce well-defined, well-shaped signals. The low
temperature behaviour of the SiPMs has been tested for several days and no change in
properties occured. Furthermore, no changes in the waveforms at low temperatures were
seen while silicon grease or optical glue were used. The final set-up with a combined low
temperature scintillator and silicon photonmultiplier are shown in the next chapter.
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7 A cryogenic Caesium lodide Detector for gravitational
Measurements on Antihydrogen

After examining the low temperature behaviour of Csl and the silicon photomultipliers,
it was essential to combine the two components to form a final set-up. SiPMs at low
temperature showed no change in properties and produced well-defined signals. So at-
taching them with silicon grease or optical glue to the cryogenic Csl crystals should not
result in any problems. The final set-up is shown and discussed in the next subsection.

7.1 A low Temperature Caesium lodide Detector Set-up

It seemed natural to combine the two set-ups shown in Fig. 16 and in Fig. 28. The
resulting final set-up can be seen in Fig. 35. The copper part again represents the cool
tip. This time the aluminium bar connecting the front part with the cold-end was wider
and longer (19 c¢cm long and 6 ¢cm wide). In comparison to the copper wires in Fig. 16
a better heat transfer was expected. The Csl crystals were again wrapped in aluminium
and teflon with only the side facing the SiPMs free of it. Three Csl crystals were used
and placed right next to each other in the hole of the aluminium block in the front.
However in this set-up no gap was between the scintillators and the photon detectors.
The SiPM on the left was glued to the Csl, the one in the middle connected via silicon
grease and the third one was softly pressed against the third CsI (a screw in the back of
the SiPM ensured the pressure, so they were in direct contact). A heat controller was
added once again on the top of the aluminium bar. In this way spectra and waveforms
at different temperatures can be examined again. The silicon photomultipliers used were
single 6x6 mm? photon detectors. Three Pt100 were added to the set-up. One attached
to the cold-end, one on the top of the aluminium bar right next to the heat controller
and the last one was in contact with the aluminium block itself. Heat paste between the
cold-end and the bar, as well as between the bar and the block was used to increase the
heat coupling.

On the opposite flange, where the LED used to be in the previous set-up (Fig. 28), a
kapton window was attached once again. The radioactive ?Na source is used again to
produce signals. The aluminium bar was chosen to be longer than in the previous set-up,
because it is desired to minimize the distance between the radioactive source and the
scintillators. At a pressure of 2.3¥10"" mbar the aluminium block reached temperatures
of 105 K (lower temperatures than in chapter 4).

The measured spectra and waveforms are discussed in the next subsection.

7.2 Spectra and Waveforms of a low Temperature Caesium lodide
Detector

Spectra

The signals produced by the SiPMs were again fed into the ADC (again via the ampli-
fier board V=3). A current of 1 pA was operating the SiPMs during the measurement.
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Figure 35: Set-up for a cryogenic Csl detector.

Before spectra were taken the signals and amplitudes were checked with the help of the
oscilloscope. The count rate of the SiPM on the right (no glue, no grease) appeared
lower than the one of the other two. This observation might be due to a weaker coupling
between the SiPM and the scintillator and will be shown in the spectra. However the
dark count rates of the photon detector on the right were 10% higher than the dark count
rates of the other two (60000 counts in an hour versus 54000 counts for the other two).
Fig. 36 shows three spectra for the three different silicon photomultipliers recorded over
an 1 h time period. The spectra were recorded at a temperature of 105 K and a pressure
of 2.5%10°7 mbar.

From Fig. 36 it is easy to see that more light was inciding onto the SiPM in direct

contact with the Csl crystal. This did not result in a higher or lower count rate detected
by the ADC (as seen on the oscilloscope), but in signals of bigger amplitudes. All three
SiPMs were operated by the same current (1 pA). Since there is a wavelength shift for
the Csl from a peak emission wavelength of 310 nm to 340 nm at lower temperatures, it
is believe that the transmission of optical glue and silicon grease decreases at lower tem-
peratures. This would explain why the signals” amplitudes were nearly twice as large for
the SiPM in direct contact. This behaviour will later be observed again in the waveforms
of the three differen cases respectively. The number of counts after an hour of recording
however was nearly the same for the three different cases (2774767 counts direct contact
/2832326 counts glue /2639737 counts silicon grease).
In Fig. 37 the energy calibrated spectra from Fig. 36 are shown. The calibration was
carried out with the MC2-Analyzer-software to identify the energy resolution of the three
different SiPMs. To do so the FWHM was calculated for all six peaks respectively (three
511 keV peaks and three 1275 keV peaks). In addition, the number of counts between the
FWHM values were integrated. This helps to characterize and distinguish the different
cases even more. The corresponding results can be seen in Tab. 3.
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Figure 36: Spectra recorded for the three different SiPMs (1 h measuring time, 105 K,
2.5*107 mbar).

The results from Tab. 3 underline the outcome shown in Fig. 37. The peaks with
the best energy resolution containing the biggest number of counts were produced by the
SiPM connected to the scintillator with optical glue. While the silicon grease’s results
were satisfying as well and close to the ones of the optical glue, the results of the SiPM
in direct contact with the Csl crystal were not. The energy resolution for this case was
worse by nearly 50% for the 511 keV peak.

After taking first measurements and spectra the temperature was increased with the

Table 3: Energy Resolution and Counts for the Spectra shown in Fig. 37

Direct Contact

AE(FWHM) |keV] | Counts
511 keV 120 | 497 960
1275 keV 192 | 59173
Glue
511 keV 82 | 544 868
1275 keV 131 | 61 873
Silicon Grease
511 keV 86 | 483 549
1275 keV 143 | 55 368
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Figure 37: Energy calibrated spectra recorded for the three different SiPMs (1 h measur-
ing time, 105 K, 2.5%107" mbar).

help of the temperature controller. The temperature range that allowed to see a decent
spectrum was of particular interest. Additionally, the change in count rates was moni-
tored. Spectra were taken at 140 K, 170 K, 200 K and 230 K. A current of 1 pA was set
to operate the SiPMs at all temperatures.

At 170 K it was still possible to identify both ?2Na peaks (511 keV and 1275 keV) for

all three Csl crystals. At 200 K for the SiPM in direct contact with the CsI however, the
count rate decreased significantly and the 1275 keV peak vanished (not shown for the
sake of clarity). For the other two SiPMs the 1275 keV peak at 200 K was still resolvable
(not shown). The spectra for the optical glue were similar to Fig. 39 and are not shown
here. Worth mentioning is, that for the SiPMs connected to the scintillators with optical
glue and silicon grease a similar behaviour to the behaviour of the 3x3 and 4x4 mm? a
low temperatures was observed. At 170 K the amplitudes of the signal increased, while
they were smaller for higher and lower temperatures.
Furthermore, five one day long spectra were recorded for the SiPM glued to the scintil-
lator. The purpose of those measurements was to check if a drift in the spectra would
appear (peaks at different positions in the spectra). This might happen due to a change
in current applied to the SiPM or a change in properties of the SiPM. However, the five
spectra were identical, showing that the measurements were reproducible and that the
current was stable.
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Figure 38: Spectra recorded at different temperatures for the SiPM in direct contact with
the CsI (1 h).

Silicon Grease
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Figure 39: Spectra recorded at different temperatures for the SiPM with silicon grease
(1 h).
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Waveforms

Similar to the previous chapter waveforms were recorded at the different temperatures
using the highpass board and the amplifier board II. At low temperatures the signals
again were too long (due to the slow component of the CsI) for the amplifier board 1T
to work properly. A higher current was needed (8 pA at 105 K for example) to produce
a signal. However the shape of those signals was questionable and not of use for the
comparison at different temperatures. So in the following, only the waveforms from the
highpass board are examined. A current of 1 pA was operating the SiPMs throughout
the measurements.

Fig. 40 to 42 show the waveforms of the three different SiPMs. The waveforms are
not averaged over a larger sample, they are merely snapshots. Small fluctuations in
amplitudes might occur, which do not change or alter the outcome significantly.

Direct Contact

20.0 A
— 110K
17.5 1 — 140K
15.0 — 170K
’ 200K
'; 12.5 4 — 230K
E
o 10.0 A
©
=
5 7.51
€
< 5.0
2.5 A } s
0.0 1 aa i i
-2 -1 0 1 2 3 4
Time [us]

Figure 40: Signals produced by the SiPM (6x6 mm?) in direct contact with the scintilla-
tor.

All three silicon photmultipliers showed similar behaviour. At low temperatures longer
signals than at higher temperatures were detected (slow component of the scintillator).
At 170 K to 200 K an amplitude maximum was detected. This makes sense since the
signals do get shorter but the light yield does not decrease that fast. At even higher
temperatures even shorter signals appeared, now with a smaller amplitude due to the
decrease in light yield. The signals at the different temperatures were roughly all of
the same amplitude. However, for the SiPM in direct contact with the scintillator the
amplitudes differed from the other two SiPMs. The signals at lower temperatures were
larger (similar to the spectra) but smaller at 230 K (weaker coupling). The behaviour of
the SiPM with silicon grease and the SiPM with optical glue were nearly identical. It is

o4
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Figure 41: Signals produced by the SiPM (6x6 mm?) connected to the scintillator with
optical glue.
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Figure 42: Signals produced by the SiPM (6x6 mm?) connected to the scintillator with
silicon grease.
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worth mentioning, that the difference in amplitudes for the three different cases at 105
K, was approximately the same difference as the difference in the spectra. Meaning that
the amplitude for the SiPM with grease and optical glue at 105 K is roughly 7.5 mV and
the amplitude for the direct contact case is 12.5 mV, approximately the same ratio holds
for peaks and the corresponding channel numbers in Fig. 36 (1500 for glue and grease
and 2800 for direct contact).

The combined low temperature Csl crystals and SiPMs performed well. By looking at
the low temperature behaviour of both components individually in the previous chapters,
it was easy to interpret the results. The set-up shown above perfectly demonstrated the
freeze out of the fast component and the increase in light yield of a Csl-scintillator
at lower temperatures. The spectra recorded by the detector system were of a high
resolution. Additionally the coupling with glue and grease seemed to be better than by
just putting both components in contact. In addition with all three connections being
suitable candidates, optical glue might be the simplest, since no extra mounting for the
SiPMs would be needed. The next section discusses a first test for this detector at the
GRACE line at CERN.

26



o7



8 Final Test of the cryogenic Caesium lodide Detector

8.1 Set-up for the final Test at the GRACE Beam line at CERN

The GRACE beam line at CERN is located at the AD, the antiproton decelerator, right
next to the AEgIS set-up [20]. The GRACE line s main purpose is the extraction of
very low energy antiprotons from the CERN AD. During one shot approximately 3*107
antiprotons with energies of 5.3 MeV cycle inside of the AD. The GRACE line is one
arm of the AD and consists of a long set of degrader foils and magnets, which slow down
and guide the antiprotons to the end of this line. Here a flange for the test of different
detectors can be attached.

The final set-up for the test can be seen in Fig. 43. It represents a compact modification
of the set-up shown in Fig. 35. Again three Csl crystals (17x17x13 mm3) were used,
this time however the sides facing the antiproton beam (front side) were free of foil and
teflon. All three SiPMs were now glued onto the scintillators. The aluminium block
holding them was the same as in Fig. 35. The back of the block was attached to the
flange via an aluminium connector. Here one Pt100 was placed right behind the crystals
to monitor the temperature.

Figure 43: Final set-up for the last test at the GRACE line.

To process the signals three identical highpass boards shown in Fig. 7 were used. Before
the signals were fed into a four-channel oscilloscope (LeCroy, WAVEPROTK), they passed
through an amplifier (Lecroy, Model: 612AM, six channel variable amplifier). For larger
signals the module does not work for positive amplitudes, so the biasing voltage at the
highpass boards was simply reversed (signals appear negative now).

The major differences were the connection to the LNy (liquid nitrogen) cooling and
the rotatable aluminum shield shown in the left of Fig. 43. Antiprotons were stopped
by the shield of a thickness of 1 mm by rotating it in front of the Csl crystals. The
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stopped antiprotons annihilate. Pions produced in these annihilation processes however,
are not stopped by the shield. Comparing signals with and without the shield blocking
antiprotons, makes it possible to identify the signals produced by antiprotons directly in
the Csl or aluminium shield, respectively. The outside of the flange was formed like a
funnel. By pouring liquid nitrogen into the funnel (filling capacity of around two liters),
it was possible to cool the detector set-up. Covering the opening of the funnel with
aluminium foil kept the set-up at low temperatures throughout the total beam time.

8.2 Identification of antiproton annihilation signals

At first the set-up was tested at room temperature at a pressure of 2.8%1077 mbar, 2
uA operating the SiPMs with. A trigger signal from the AD made it easy to record the
waveforms of an antiproton shot on the oscilloscope. One antiproton shot recorded with
one of the SiPMs can be seen in Fig. 44.

AT/ e

_0.3 -

Amplitude [mV]

~0.4

—0.57

-0.5 0.0 0.5 1.0 1.5
Time [us]

Figure 44: Antiproton shot recorded with one of the detectors at room temperature. No
aluminum shield was in front of the scintillators.

The large peak in the left of the figure corresponds to antiprotons, which annihilated
upstream in the degrader foils. In those annihilation processes a multitude of fast pions
are produced and some of them are detected by the SiPMs. The slower heavier antipro-
tons arrive later, probably two of them (larger peaks) can be seen between 0.5 and 1.0
us (orange circles). Per shot between one and three peaks were identified as antiprotons.
In comparison, Fig. 45 shows one shot with the shield in front of the CsI crystals (orange)
and one without it (blue). There was an offset in amplitude (4 0.5 mV) added to both
waveforms for the sake of clarity.

Smaller peaks are due to detected pions. So by rotating the shield in and out, it was

29



o
=
1

0.0 A

S —0.1
E
3 -0.2 1
2
S _034
£ 0.3
<

—-0.4

i
—0.51 u —— no shield
—0.6- —— shield
-0.5 0.0 0.5 1.0 1.5

Time [us]

Figure 45: Antiproton shot recorded with one of the detectors at room temperature. With
(orange) and without (blue) the aluminium shield in front of the scintillators.

possible to identify clear antiproton signals.

There were difficulties with the low temperature measurement, which causes are not
well understood yet. Due to ongoing data analysis at the time of completion of this
thesis, there are no definitive results to be shown.

The next chapter gives a summary and an outlook on the future developments to this
detector.
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9 Discussion and Outlook

This diploma thesis has been carried out to present a possible detector candidate for the
measurement of the sign of the gravitational acceleration of antihydrogen (30% relative
precision) at the AEgIS experiment at CERN.

The work demonstrates, that by testing different light guides, where optical fibers proved
to be an interesting alternative worth investing into, a suitable set-up for the detector
was found. The set-up allowed a characterization of the low temperature behaviour of
the Caesium lodide crystals, while the silicon photomultipliers were kept at room tem-
peratures. It was possible to take a good quality decay spectrum of a radioactive 2Na
source. The signals of the cold Csls showed the well known decrease in their fast com-
ponent, with only producing long decay time signals at cryogenic temperatures.

While being aware of this behaviour, a comparison of Csl and LYSO crystals was carried
out. Since no slow component at low temperatures was observed for the LYSO crystals,
they confirmed to be a promising candidate for the final detector.

For a future combined cryogenic Csl-SiPM detector, it was essential to examine the
low temperature properties of the SiPMs individually. This was done with a separate
scintillator-independent set-up. Since no big changes in the SiPMs waveforms have been
found for different low temperatures, the way was clear for a combined detector.

In the final combined cryogenic set-up the best connection between the scintillators and
the silicon photomultipliers was found to be optical glue. It was again possible to take
spectra, of high quality of the radioactive ?2Na source and to examine signals and wave-
forms at different temperatures. The results were satisfying and the detector ready for
the last final test at the GRACE beam line at CERN.

While the first quick analysis of the room temperature measurements taken at CERN
was satisfying, a more elaborated analysis is still ongoing.

The Csl proved to be a fast detector at room temperature. At cryogenic tempera-

tures the difficulties due to a longer decay time in measurements at the GRACE line
are known. For the final antihydrogen measurement however, this behaviour should not
cause any problems.
The unexpected difficulties, which appeared during the low temperature test at the
GRACE line, need to be understood and solved. For the final set-up test, a compar-
ison with LYSOs, as a promising alternative to the Csl, should be done. Furthermore
the behaviour of the set-up and its individual components at even lower temperatures
(~ 50 K) should be investigated, since those temperatures will be crucial for the final
AEglS set-up.
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Appendix: Datasheets of the Silicon Photomultipliers

JJ/' NUV SiPMs
Advan S] D Chip Scale Package (CSP)

Advanced Silicon Detectors

NUV SiPMs

The Silicon PhotoMultiplier (SiPM) is an innovative
solid-state silicon detector with single photon
sensitivity. SiPMs are a valid alternative to

photomultiplier tubes (PMT detectors). The main
benefits of this detector are: high gain, extremely

good timing performance, low operative voltage,
Features

insensitivity to magnetic field and high integration
Near Ultra Violet light detection

Low noise

level.

Afterpulsing probability <4 %
Dark Count Rate < 100 kHz/mm?
Superior breakdown voltage uniformity

ASD-NUV SiPMs are based on the AdvanSiD
“P-on-N" silicon technology for detection of Near

Ultraviolet Light. NUV-SiPMs have peak efficiency at
Excellent temperature stability

Detection of extremely faint light
Very high gain (10°)

Extremely good timing performance
Insensitive to magnetic fields

420nm, with detection spectrum extending from
350nm to 900nm.

Chip Scale Package (CSP) plastic SMD package

provides a cost-effective solution to achieve greater

board density and high performances. Not damaged by ambient light

Small and compact
m CSP Nickel free

Application Ordering Information

Product Code Description

« High Energy Physics e Flow Cytometry ASD-NUVIS-P  1x1 mm? active area SiPM

« Medical Imaging «Biological Sensors ASD-NUVIC-P 1.2 mm diameter circular active area SiPM
ASD-NUV3S-P  3x3 mm? active area SiPM
e Nuclear Medicine * Analytical Instruments ASD-NUV4S-P  4x4 mm? active area SiPM
« DNA Sequencing «SEM Microscopy S iljldicates sqgare 'SiPM; C indicates circular SiPM; P
indicates plastic chip scale package (CSP).
e Homeland Security « Confocal Microscopy
Rev. 9; 5.2015 www.advansid.com 1
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NUV SiPMs

Absolute Maximum Ratings

Symbol Parameter Min Max Unit
Ta Operating Temperature Range -25 +40 °C
Ts Storage temperature -40 +60 °C
Tsol Lead temperature (solder) 5s +250 °C
Mwy Max voltage working range Breakdown Voltage + 6 A\

Stresses beyond those listed under “Absolute Maximum Ratings” may cause permanent damage to the device. These are stress ratings
only, and functional operation of the device at these or any other conditions beyond those indicated in the operational sections of the
specifications is not implied. Exposure to absolute maximum rated conditions for extended periods may affect device reliability.

Geometrical, Electrical, and Optical Typical Characteristics (T. = 20 °C)__

Product
Symbol Parameter
Y ASD-NUV1S-P ASD-NUV1C-P ASD-NUV3S-P ASD-NUV4S-P
AA Effective active area 1x1 mm? 1.13 mm? 3x3 mm? 4x4 mm?
N Cell count 625 673 5520 9340
cs Cell size (pitch) 40 pm x 40 pm
FF Cell fill-factor 60 %
RQ Quenching resistance 800 kQ
C Cell capacitance 90 fF
TRC Recharge time constant 70 ns
Sk Spectral response range 350 to 900 nm
Peak sensitivity
Ao wavelength 420 nm
Photon Detection
PDE Efficiency @ 43%
BV Breakdown voltage® Typical: 26 V Min: 24 V Max: 28 V
oBV BV standard deviation® 50 mV
Recommended - .
ov Overvoltage range® Min: 2V Max: 6V
DCR Dark Count Rate® <50 kHz/mm? @ 2 V OV <100 kHz/mm?* @ 6 V OV
G Gain® 3.6x10°
Breakdown Voltage o
BVTC Temperature Coefficient 26 mv/eC
I 1.5115 (@ 589 nm, 23°C, uncured)
Spectral transmission of )
Tepoxy epoxy resin® >97% @ 1000 — 1600 nm ; > 99% @ 400 — 1000 nm
(1) Measured at peak sensitivity wavelength (A = A;) at +6 V overvoltage (not including afterpulse and crosstalk).
(2) Refer to the data provided with each shipped product.
(3) BV of SiPMs belonging to a same production lot is within 200 mV (+2c) from mean BV value.
(4) Operating voltage (SiPM bias) is BV + OV, to be applied in reverse mode, i.e., Vak < 0 (see “Pins Function” section).
(5) 0.5 p.e. threshold level at 20 °C (primary dark count rate; not including afterpulse).
(6) Measured at 20 °C at +6 V overvoltage.

@

Information in this datasheet is believed to be reliable. However, no responsibility is assumed for possible

inaccuracies or omissions. Specification are subject to change without notice.

To be used as a guide only, not as a specification. Reported data is not guaranteed.

\

AdvanSiD

2

www.advansid.com
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NUV SiPMs

Dimensional Outlines

Units = mm, Mechanical tolerance = +0.15 mm unless otherwise noted.

Product

Top View

Side View

Bottom View

ASD-NUV1S-P
SMD package

for SiPM 1x1 mm?
active area size

Material: Black FR4 +
transparent epoxy layer

2.03
1.00

248

1.00

:1033

Toso

0.50

0.50
[

ASD-NUVIC-P
SMD package

for SiPM 1.2 mm
circular active area size

Material: Black FR4 +
transparent epoxy layer

2.03
1.20

248

1.20

1.25

:10.33

Toso

ASD-NUV3S-P
SMD package

for SiPM 3x3 mm?
active area size

Material: Black FR4 +
transparent epoxy layer

SLIM PACKAGE

3.48
3.00

3.00

Pl L

L.
Jl—"4.

2.20

ASD-NUV4S-P
SMD package

for SiPM 4x4 mm?
active area size
Material: Black FR4 +
transparent epoxy layer

SLIM PACKAGE

4.48

4.00

4.93

4.00

Hoas

To.50

)k

Iz

254

Pins function

1 2

CSP bottom view

O—4¢—0@

N°
1
2

Name  Function

K SiPM Cathode
A SiPM Anode

www.advansid.com
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NUV SiPMs

Device Characteristics

This section reports typical SiPM reverse and forward I/V curves and the dependences on overvoltage,
temperature, and wavelength of most relevant device parameters. Refer to the data accompanying each

shipped product for more detailed information.

All measurements are performed in a tight-light climatic chamber at T=20°C, unless otherwise noted.

SiPM output signals are amplified with ASD-EP-EB-N or ASD-EP-EB-PZ evaluation boards and acquired with
fast oscilloscopes; the digitized data is then processed with dedicated PC programs.

Explanation of SiPM working principle and details on SiPM properties parameters can be found on the
Introduction to SiPMs available at http://advansid.com/resources/the-silicon-photmultiplier.
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Fig.1 Typical reverse IV curve (ASD-NUV1S-P).
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Fig.3 NUV-SiPMs breakdown voltage temperature
dependence.
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Fig.2 Typical forward IV curve (ASD-NUV1S-P).
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NUV SiPMs
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Fig.5 Gain of NUV-SiPMs as a function of overvoltage. Fig.6 Relative variation of gain with temperature in NUV-
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Product Data Sheet
SiPM - Silicon Photomultiplier
PM3325-EB / PM3350-EB

PM33 Series in new Chip Size Package

1. SiPM Key Features

Absolute Photo Detection Efficiency
at 5 V overvoltage

0%
35% e
o
o0 |
o
30% )
©
_, 2% |e© © PM3350-EB
x o
£ 0% e © PM3325-EB
o
e
15%
2o,
10%
5%
0%
350 450 550 650 750 850

Wavelength [nm]

2. SiPM General Parameters

KETEK

Key Features Overview

* High Photo Detection Efficiency

® Excellent Timing Properties

® Extremely low Temperature Coefficient

* New Chip Size Package suitable for Arrays

* MSL1 approved

Temperature Dependency of the Gain

0.0%

-0.2%

-0.4%

Variation of Gain with Temperature [1/K]

1 2 3 a 5 6 7 8
Overvoltage [V]

General Parameters

Type Active Area
[mm?]

PM33

[
2
3.0x3.0 5

0

3. Main Characteristics

rder-Code

ocell Size No. of Package
pum] Microcells Dimensions [mm?]
5

13408
3472

PM3325-EB

3.50x3.50x1.45 PM3350-68

Main Characteristics

| Parameter [ mo._________Jumt |
Breakdown Voltage (Vso) 25.0 \
Recommended Overvoltage (Vov) 20-7.0 Vv
Temperature Dependency of Veo 18.0 mV/K
Temperature Dependency of Gain 0.3% @ 5.0 Vov 1/K

KETEK GmbH

Hofer Str. 3
81737 Munich , Germany

www.ketek.net
info@ketek.net fax

phone +49 89 673 467 70

+49 89 673 467 77
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Product Data Sheet
SiPM - Silicon Photomultiplier
PM3325-EB / PM3350-EB

KETEK

4. Performance Overview

Performance Overview
Parameter

_ i e @2 Yo VP @50or _
[um]
25 26 34 %

Photo Detection PM33

Efficiency @ 430 nm 50 28 38

Dark Count Rate PM33 ;3 ;:g :gg kHz/mm?
Crosstalk Probability PM33 zz 18 ig %
i - : : .
Gain PM33 gg 22 ;Z x 10°
Terminal Capacitance ~ PM33 ;g ;23 pF
Recovery Time T PM33 ig i;o ns

Signal Rise Time PM33 ;g <1 ns

5. Technical Drawing and Footprint

!
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!
Side View
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-4 !
i - =4 {.
=} ) ;
1. H - ;
i H H
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] | i
o . 1 0.80 (4x) t
3 1= - :
S 1 = H
Y ! ANHE (S AN i
8=l A eia A |
o ' Vet Y H
. i : -
1 —I ' -1 SMD Pad Connection Scheme
| i . Note:
! i I L T (7‘ ] B I 10‘3‘ e . Pads 1and 2 are internally connected
T
:— 56 X - s Pads 3and 4 are internally connected
2t 3.50 Pads 1,2 Anode
- = Pads 3,4 Cathode
Top View Bottom View

KETEK GmbH

Hofer Str. 3
81737 Munich , Germany

www.ketek.net
info@ketek.net fax

phone +49 89 673 467 70

+49 89 673 467 77
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Product Data Sheet
SiPM - Silicon Photomultiplier
PM3325-EB / PM3350-EB

KETEK

6. Pin Variant

PM33xx-EB preassembled on PCB with Pins

—
— !
o <| o|o
A + n| S|
© | | m
Ll _r i |
| -
.1 3.00 |
6.50
7.62 L 12.05 »
Top View Side Views
7. Reflow Solder Profile
Recommended Reflow Solder Profile*
250 245°C max.
220 | solderi
190 L2 9]\ Ramp Down 3°C/s
T 10 ——
g | 805 |
3 Ramp Up 2°C/s L |
e
g
-
g 100
50
20
[ 50 100 150 200 250 300
Time [s]
Soldering under nitrogen atmosphere is recommended to avoid deterioration of the highly tre ncapsulation

KETEK GmbH

Hofer Str. 3 www.ketek.net phone +49 89 673 467 70
81737 Munich , Germany info@ketek.net fax +49 89 673 467 77
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Product Data Sheet
SiPM - Silicon Photomultiplier
PM6625-EB / PM6650-EB

PMG66 Series in new Chip Size Package

1. SiPM Key Features

Absolute Photo Detection Efficiency
at 5 V overvoltage

40%

35%

30%

® PM6650-EB
O PM6625-EB

25%

20%

PDE (%]

15%

350 450 550 650 750 850

Wavelength [nm]

2. SiPM General Parameters

General Parameters

KETEK

Key Features Overview

* High Photo Detection Efficiency

e lLarge Active Area

® Extremely low Temperature Coefficient

* New Chip Size Package suitable for Arrays

* MSL1 approved

Temperature Dependency of the Gain

0.0%

-0.2%

-0.8%

Variation of Gain with Temperature [1/K]

-1.0%

1 2 3 a 5 6 7 8
Overvoltage [V]

Type Active Area Microcell Size No. of Package rder-Code
[mm?] [um] Microcells Dimensions [mm?]
25 55168 PM6625-EB

PM66 6.0x6.0 50 14272 6.50 x 6.50 x 1.45 PMB650-E8
3. Main Characteristics

Main Characteristics

| parameter  ______________J®p _____________________JUnt___________________|

Breakdown Voltage (Vso) 26.5 \

Recommended Overvoltage (Vov) 2.0-5.0 Vv

Temperature Dependency of Veo 18.0 mV/K

Temperature Dependency of Gain 0.3% @ 5.0 Vov 1/K

KETEK GmbH

Hofer Str. 3
81737 Munich , Germany

www.ketek.net
info@ketek.net fax

phone +49 89 673 467 70

+49 89 673 467 77
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Product Data Sheet
SiPM - Silicon Photomultiplier
PM6625-EB / PM6650-EB

KETEK

4. Performance Overview

Performance Overview

M rnce" S ) Ty @ 2 vov Typ @ 0 vov _
[um]
25 26 34 %

Photo Detection

Efficiency @ 430 nm PMe6 50 28 38

Dark Count Rate PM66 ;3 ;:g :gg kHz/mm?
Crosstalk Probability PM66 zz 1: g; %
R - : : .
Gain PM66 gg 22 ;Z x 10°
Terminal Capacitance  PM66 ;g ;?gg pF
Recovery Time T PM66 ig ;g ns

Signal Rise Time PM66 ;g 1.0 ns

5. Technical Drawing and Footprint
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6. Pin Variant

PM66xx-EB preassembled on PCB with Pins
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Top View Side Views

7. Reflow Solder Profile

Recommended Reflow Solder Profile*
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