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ABSTRACT: We evaluate the performance of an 8× 8 array of 0.9× 0.9× 1 mm3 cerium doped
lutetium oxyothosilicate (LSO) crystals coupled to a position sensitive avalanche photodiode (PS-
APD) as a function of bias voltage and temperature. We use this detector to develop a general
methodology to optimize bias voltage, temperature, and gain for PET detectors using semiconduc-
tor photodetectors. This detector module will be used in a novel high resolution positron emission
tomography (PET) camera dedicated to breast imaging under construction in our lab. Due to the
tight packing of many PSAPDs in the system a thermal gradientis expected across the imag-
ing heads.

Data were collected for 11 PSAPD temperatures between 5◦C and 40◦C using a thermo-
electric (Peltier) device. At each temperature the bias voltage was varied in steps of 5 V over a
50 V range. We present three methods to predict the optimal bias voltage at every temperature:
one based on optimizing the coincidence time resolution, the others based on the relative change in
PSAPD gain and leakage current due to the onset of hole multiplication. Optimal gain could also
be predicted based on the quality of the flood histogram.

At optimal bias voltage, the energy resolution degrades as(10.5±0.1)+
(

(0.038±0.006) /
◦C ·T

)

%. Time resolution stays constant at 2.37± 0.02 ns below 15◦C. Above this temperature,
time resolution deteriorates as(1.67±0.06)+((0.042±0.002) /◦C ·T) ns. Even at high tempera-
tures, all 64 crystal position peaks in the flood histogram are still clearly visible. The width of the
peaks in the flood histogram show a quadratic degradation with temperature:(2.6±0.1) ·10−2 +

(1.6±0.2) ·10−5/(◦C)2 ·T2.
We conclude that both the quality of the flood histogram as well as the coincidence time res-

olution are better parameters to estimate the optimal bias voltage, than energy resolution. Optimal
bias voltage is found to be dependent on the value ofk, the ratio between hole and electron multi-
plication. We achieve optimal bias at a similar gain at all temperatures. The optimal bias voltage
changes linearly across the observed range.

KEYWORDS: Photon detectors for UV, visible and IR photons (solid-state) (PIN diodes, APDs,
Si-PMTs, G-APDs, CCDs, EBCCDs, EMCCDs etc); Scintillators, scintillation and light emission
processes (solid, gas and liquid scintillators); Gamma camera, SPECT, PET PET/CT, coronary CT
angiography (CTA)
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1 Introduction

Silicon semiconductor photodetectors such as avalanche photodiodes (APD) and silicon photomul-
tipliers (SiPM) have gained much interest for the use in the newest generation small animal and
whole body Positron Emission Tomography (PET) cameras [1–4]. Their compact form factor and
the insensitivity to magnetic fields are advantageous compared to more traditional photo multiplier
tubes (PMT). It is well known that the behavior of both APDs and SiPMs are strongly dependent
on both bias voltage and temperature. For APDs, the analog pulse shape is directly affected, while
for SiPMs changes in photon detection efficiency, optical cross talk and dark noise affect count
rate and timing performance. In general, due to a reduction in thermally generated electron hole
pairs (i.e. leakage current), we expect an improved performance at lower temperatures. This paper
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quantifies performance based on gain, energy resolution, coincidence timing resolution, leakage
current, and the quality of the flood histogram as a function of both temperature and bias voltage
of a high resolution PET detector based on position sensitive avalanche photodiodes (PSAPD).

Data was collected using an 8× 8 array of 1× 1× 1 mm3 Lutetium Oxyorthosilicate (LSO)
crystals coupled to PSAPD chips. It is expected that the optimal bias voltage is temperature depen-
dent, and we aim to find the ‘best’ bias voltage at every temperature. These LSO-PSAPD modules
under study are to be used in a novel 1 mm3 resolution, high sensitivity PET scanner for breast
imaging [5–7]. The system is designed with a new concept for a position sensitive PET detector
intended to provide a uniform intrinsic spatial resolutionof 1 mm3, high scintillation light col-
lection efficiency, directly measured photon depth of interaction (DOI), and the ability to position
individual coordinates of multi-interaction photon events in three dimensions (3-D) [8–11]. The
modules will be arranged in registration cards [12] which will cause a 4◦C gradient in the system.
We also want to know whether such a thermal gradient affects overall performance.

Other authors have measured the temperature dependence of APDs coupled to scintillation
crystals for PET applications. For example, [13] observed a decreasing signal amplitude as a
function of increasing temperature. A similar observationwas made by [14]. Overall, the need
for thermal regulation with APD based systems is clear. The study presented here goes beyond
results presented in the aforementioned papers, since we are varying temperature and bias voltage
simultaneously, and the studies were performed with a novel3-D position sensitive PET detector.
We want to predict an optimal bias voltage at each temperature. We also try to explain our results
based on APD physical properties found in literature. The APDs used in this work are of a different
type ( see section1.1.2) and have an area about 2 orders of magnitude larger than the APDs used
by [13] and [14].

Although the focus of this work was applied to readout of PSAPDs, which other researchers
such as [15–18] have incorporated into their PET system designs, the basicapproach of study as
well as the concepts of how to optimize bias voltage as a function of temperature and device gain
would be helpful to those using APD arrays as well as PS-SiPMs[19] or SiPM arrays.

First, we will discuss some general properties of APDs, followed by a discussion of their
temperature dependence. The second section describes experimental methods used in the paper.
Section3 presents the results of our measurements: first, we show the bias voltage dependence
of leakage current, energy and time resolution and flood histogram accuracy at fixed temperature.
Next, we present these performance parameters as a functionof temperature and bias voltage. Fi-
nally, we propose different methods to predict the optimal bias voltage at different temperatures and
we evaluate the performance of these methods. A discussion in section4 provides interpretation of
the observed behavior. Conclusions are summarized in section 5.

1.1 Properties of avalanche photodiodes

In avalanche photodiodes, the electron-hole pairs createdupon impact ionization by the photo-
electron gain so much energy from an externally applied electric field that these secondary carriers
themselves become ionizing. An avalanche is thus established. In silicon, the average energy to cre-
ate such an electron-hole pair,ei , is 3.6 eV, despite the band gap of 1.1 eV. Scattering with phonons
and with other charge carriers are also important energy loss mechanisms. Phonons describe the
vibration of the lattice and are divided into two categories: acoustic and optical. The former have
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a longer wavelength than the latter. Optical phonon scattering is an important mechanism through
which charge carriers lose energy. At 300K, the mean free path for phonon scatterλr is 38Å for
electrons and 62̊A for holes [20]. Typical APDs are about 250–300µm thick, which is about 5
orders of magnitude larger than the mean free path for phononscatter.

Other energy loss mechanisms such as carrier-carrier scatter, charge trapping and recombina-
tion at impurity centers can be important as well. A good review on charge transport can be found
in [21].

Important parameters for the description of the avalanche process are the electron and hole
ionization rate per unit traveled,α(x) andβ (x) respectively, which are position dependent. Using
these, the gainM(x) at a positionx in the device can be expressed as: [22]

M(x) =
e−(

∫ w
x (α(x′)−β(x′))dx′)

1− ∫w
0 α(x′)e−(

∫w
x′ (α(x′′)−β(x′′))dx′′)dx′

, (1.1)

with w the width of the avalanche region. Note that the denominatormay become 0, yielding an
infinite gain, corresponding to APD breakdown.

1.1.1 APD gain

The spatial dependence of the ratesα(x) andβ (x) in equation (1.1) is due to a varying electrical
field E as a function of depthx. It is illustrative to investigate how these rates change asa function
of field strengthE.

Based on a model developed by Baraff [23], Thornber [24] suggested an expression forα(E)

valid at all fields:

α(E) =

(

qE
εi

)

e
− Ei

E(1+ E
Er )+EkT , (1.2)

with Ei (O(106) V
cm), Er (O(105) V

cm), andEkT (O(104) V
cm) the fields required for carriers to over-

come decelerating effects of ionization, optical-phonon,and thermal scattering respectively.q is
the elementary charge,εi is the high-field effective ionization threshold energy (3.6 (5.0) eV for
electrons (holes) in silicon). The expression reduces to ane−

1
E dependence forEkT < E < Er and

ane−
1

E2 dependence forEr < E, in agreement with an earlier expression found by Shockley [25]
and Wolff [26] respectively. Thee−

1
E dependence of the ionization rate is often referred to as

Chynoweth’s Law:α = α∞ ·e− 1
E [27].

Many measurements of impact ionization in silicon [28–32] at intermediate fields led to var-
ious expressions for parametersa∞ andb in Chynoweth’s law. [33] argues that the reason for the
discrepancies is a strong correlation betweena∞ andb when these are measured experimentally.

It is worth noting that the assumption thatα andβ are functions ofE only is only valid in
strong fields. In thin devices, nonlocal effects become significant, and history-dependent ioniza-
tion coefficients need to be defined [34].

If we neglect the field dependence ofα andβ altogether, equation (1.1) can readily be inte-
grated yielding:

M =
(1−k)e(1−k)αL

1−ke(1−k)αL
, (1.3)

with L the length of the region where avalanche multiplication occurs andk = β
α . We thus have

approximatedα by a rectangular function of widthL. The ratiok is field dependent. In siliconβ is
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about 2 orders of magnitude smaller thanα at fields of about 200 kV/cm [28, 29, 31]. Expanding
equation (1.3) aroundk = 0 we obtain:

M
k→0≈ eαL (1+k

(

eαL −αL−1
))

. (1.4)

Although greatly simplified, the above expression allows for a qualitative interpretation of device
performance that we will use in this paper. Note that the expression between parentheses is always
positive.

Due to the statistical nature of the avalanche process, an extra noise factorF is needed to
describe the noise in avalanche photodiodes.F is referred to as excess noise which in the case of
electron injection alone, is given by [22]:

F = kM+

(

2− 1
M

)

(1−k) , (1.5)

wherek = β
α as before. In nonuniform electric fieldsk should be replaced bykeff [35]:

keff =

∫ w
0 β (x)M2(x)dx
∫ w

0 α(x)M2(x)dx
.

Note that the excess noise factor is small for smallk.
If as depicted in figure1 the APD is connected to an amplifier with one integrating and one

differentiating stage with shaping timeτ , the equivalent noise charge (the charge leading to a
signal-to-noise ratio of one) is: [36, 37]

ENC2 =
1
4

((

2qIbF +
1

M2

(

2q(Is+ Ig)+
4kBT
Rp

))

τ +
4kBTRsC2

d +e2
nC

2
T

M2

1
τ

)

, (1.6)

whereIb, Is and Ig are the bulk, surface, and gate current in the preamplifier respectively. Rp the
parallel resistance due to the APD, load resistance and preamplifier feedback resistance.Rs is the
series resistance,Cd is the detector capacitance,en the noise voltage of the preamplifier, andCt the
total capacitance (the parallel combination of APD, stray and FET capacitance).kB is the Boltz-
mann constant, andT the temperature. The expression does not take 1/ f noise into account. The
different contributions to the noise equation are shown in figure1. From equation (1.6) it follows
that for high gain devices, the main noise contribution is the bulk leakage current and the excess
noise factor. Additional gain fluctuations due to spatial non-uniformities across the device may
further degrade the noise performance.

1.1.2 APD devices

A multitude of different APDs have been designed, optimizedfor specific applications. In scintil-
lation detection, three types of APDs are commonly used: ‘reach-through’ APDs, buried-junction
‘reverse’ APDs, and diffused junction ‘beveled edge’ APDs.Cross sections of these devices are
shown in figure2 and a brief summary of their performance is given in table1.

Reach trough APDs, produced since the 1960s, are by far most commonly used in scintillation
applications such as PET [36, 40, 41]. These devices feature a relatively thin multiplication region
(1–10µm) that has a large electric field(O(106) V

cm). Photoelectrons need to transverse a large drift
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Figure 1. Equivalent circuit diagram of an APD coupled to a charge sensitive preamplifier. Currents,
capacitors and resistors contributing to the ENC are indicated in the figure.
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Figure 2. Cross section and electric field profile of various APDs. Upper left shows a ‘reach-through’ APD;
upper right, a ‘buried-junction’; lower center, a ‘diffused junction’ APD. The numbers on the left give the
thicknesses of the various layers inµm.

Table 1. Qualitative properties of different types of APDs. Valuesare approximate. (1 : [38], 2 : [39]).

type drift region multiplication gain bias keff

(µm) region (µm) voltage 10−2

reach-through 100-150 1-10 100 100 1-5

buried junction1 < 10 1-10 < 250 400 0.700

diffused junction2 20 100 2000 1800 0.072

region (about 100–150µm) before these are amplified. Buried junction APDs [42, 43] resolve the
problems related to the large drift region by having the amplification region ‘buried’ about 10µm
below the surface. In contrast, diffused junction APDs havea relatively wide multiplication region
(about 100µm) in combination with a slightly smaller electric field (about 105 V

cm). These were ini-
tially referred to as ‘beveled edge’ APDs [44–46], because of the physical bevel present to prevent
HV arcing across the device. These type of APDs have been characterized for radiation detection
for example in [47]. A new production process [48] allowed construction of these diffused junction
APDs without the need for physical bevel formation, thus allowing for a smaller dead area.
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[49] compared the behavior of reach-through and beveled edge APDs and concluded that the
latter had a lower excess noise factor (due to the high gain and low k, see equation (1.5)) and a lower
dark current, and thus a higher signal to noise ratio. The former had a lower operating voltage and
faster speed of response. The high bias voltage of diffused junction APDs is often a disadvantage.
It is worth noting that [50] describes a diffused junction APD with significant lower bias voltage
(around 500 V instead of around 1800 V).

The devices used in this study are made by Radiation Monitoring Devices, Inc. (RMD). The
junction is located about 60µm below the surface. The depletion layer widthw is about 150µm
at full bias voltage [51]. w varies as function of bias voltage as [35]:

w =

√

2εs

qNB

(

VB−
2kT

q

)

, (1.7)

with εS the silicon permittivity,q the elementary charge,NB the majority carrier concentration
(about 1.5 · 1014 in our case),VB the bias voltage,k the Boltzmann constant andT the absolute
temperature. The multiplication region is about 90µm wide [39]. The overall device thickness is
220 µm, including a SiO2 passivation layer. The material used is 30Ω · cm n-type silicon. Max-
imum field strength of around 200 kV/cm at the junction can be expected. Akeff = 7.2 ·10−4 has
been measured [39]. Breakdown voltage is around−1800V .

1.1.3 APDs and scintillators

When used in combination with scintillators for PET, such asLSO in our case, the noise equa-
tion (1.6) needs to be updated to include the noise of the scintillator. If scintillator, APD and
amplifier noise are quasi-Gaussian, the energy resolution can be written as [52]:

(

∆E
E

)

FWHM
= 2.355

√

(

ENC
N

)2

+
F −1

N
+

α2

N
, (1.8)

whereN is the effective number of photoelectrons generated, and ENC is the equivalent noise
charge given by equation (1.6). The parameterα is the variance of the scintillator photons. Many
authors have evaluated various scintillator-APD combinations, for instance [53, 54]. It is important
to note that in the case of LSOα is quite large. [55] estimates the intrinsic energy resolution of
LSO to be around 6 % at 662 keV. [56] measured an intrinsic resolution of 7.4±0.5 % at 662 keV
and 8.9±0.6 % at 511 keV.

Another important parameter for PET instrumentation, is time resolution which is dependent
on the scintillator decay time, the rise time of the signal, and the noise of the signal. For standard
time-pickoff, the single detector time resolution is givenby [57]:

∆tFWHM =
σV

dV/dt
. (1.9)

When using a constant fraction discriminator (CFD) for timepickoff, the exact expression of time
resolution is complicated and beyond the scope of this paper. Equation (1.9) is sufficient for quali-
tative interpretation of the results presented here. A moreelaborate expression can be found in [58].

– 6 –



2
0
1
2
 
J
I
N
S
T
 
7
 
P
0
8
0
0
1

1.1.4 Effects of temperature on PSAPD performance

In section1.1, we have omitted explicit temperature dependence of APD gain. It is clear that charge
transport will be affected by temperature, due to differentdensities of states at different tempera-
tures as given by the Boltzmann equation. According to [59], the band gap changes as a function of
temperature chiefly due to temperature dependent electron-lattice interactions which cause a shift
between valence and conduction bands:

Eg(T) = Eg(0)−α
T2

T + β
, (1.10)

with Eg(0) = 1.17 eV, the band gap at 0 K,α = 4.73·10−4 andβ = 636 K [60] for silicon. Equa-
tion (1.10) is known as the Varshni equation. Measurements of the temperature dependence of the
average energy needed to form an electron-hole pair in silicon, ei , yielded the following expres-
sion: [61]

ei(T) = 2.15Eg(T)+1.21, (1.11)

a dependence that was also found in the calculations of [62].
APD gain (equation (1.1)) will be affected by temperature through the ionization coefficients

α(x,T) andβ (x,T). Even today, an often cited model of temperature variation of the ionization
coefficient is the one by [20]. Two of the three parameters in the model, the mean free pathλ and
the average energy per optical phonon scattering〈er〉, have a temperature dependence given by:

〈εr〉
εr

= tanh
εr

2kBT
=

λ
λ0

, (1.12)

whereer = 0.063eV is the optical phonon energy,kB the Boltzmann constant andλ0 the high-
energy, low temperature asymptotic value of the phonon meanfree path (λ0 = 47 Å for electrons,
andλ0 = 76 Å for holes). The authors ignored the temperature dependence of the third parameter,
ei . A qualitative picture is that at lower temperatures, the mean free path increases, so electrons
lose less energy to phonons and thus create more impact ionization, leading to enhanced charge
multiplication. Experimental data by [28] at T = 100 K,213 K, and 300 K, for fields between 200
and 400 kV/cm were well described by the model. Data obtainedby [63] based on the breakdown
voltage of avalanche photodiodes between 280 K and 580 K werealso well described by a slightly
modified version of this model for fields between 200 and 500 kV/cm.

Other authors have derived empirical expressions for Chynoweth’s formula:

α(T,E) = a(T) ·e
−b(T)

E . (1.13)

[64] predicted that both 1
b(T)

db
dT and 1

a(T)
da
dT are constant. [31] described his 22−150◦C data at fields

varying between 200 - 500 kV usingb(T) = b0 +b1 ·T, anda(T) constant. The results of [33] at
temperatures between 10◦C and 160◦C and fields 50 - 500 kV/cm were described by a similar
expression. [65] also kepta constant, andb(T) = b0+b1·T , based on a Monte Carlo calculation
of impact ionization at different temperatures. [66] on the other hand useda(T) = a0 +a1 ·T2 and
b(T) = b0 +b1 ·T for a theory developed for MOS device modeling at low temperatures.

[67] used a quadratic field dependence (E2 instead ofE in equation (1.13)), in combination
with a(T) = a0+a1 ·T andb(T) = (b0 +b1 ·T)2 to describe the temperature dependent ionization
coefficient.

– 7 –



2
0
1
2
 
J
I
N
S
T
 
7
 
P
0
8
0
0
1

Finally, [68] altered equation (1.13) to describe impact ionization up to very high temperatures
(773 K):

α(T,E) =
E

a(T)+b(T) ·e
d(T)

c(T)+E

, (1.14)

with c(T) andd(T) quadratic and linear functions ofT respectively. Chynoweth’s law is recovered
at room temperature and high fieldE. The functionsc(T) andd(T) are needed to describe the
behavior at highT and low fieldE.

The models of [20] and [67] fail to describe the ionization coefficient at low fields (below 100
kV/cm). At these lower fields, some of the assumptions used todevelop their model are no longer
valid.

The amount of leakage current also is an important temperature dependent observable of
APDs. At lower temperatures, the leakage current decreases, due to fewer thermally generated
electron-hole pairs. From equation (1.6), it follows that performance improves at lower tempera-
tures.

Charge collection itself is dependent on the velocity of charge carriers in silicon, especially
in not fully-depleted devices. When describing the velocity as a function of electric fieldE, two
distinct regions are identified: a drift region and a saturation region. In the drift region, the speed
of the carriers is proportional to the electric field. In the saturation region, the velocity reaches a
limiting valuevs(T) which does not increase with increasing field [69]:

vs(T) =
2.4·107

1+0.8e
T

600

(cm/s)

Drift and saturation velocity were studied by [69, 70]. The field at whichvd(E,T) reachesvs(T) is
temperature dependent.

Finally, the light output of LSO is temperature dependent. [71] measured temperature depen-
dent light output variations dependent on the Cerium concentration and its location in the lattice.
Changes between±5 % and up to±25 % for temperatures between 280K and 320K were observed.
[72] on the other hand, measured a constant light output below 310 K. Temperature dependence of
LSO light output also depends on the aspect ratio and light collection efficiency due to attenuation
and temperature dependent trapping.

2 Materials and methods

2.1 Dual module

The modules used in the breast camera under development consist of two 8×8 arrays of 0.915×
0.915×1 mm3 LSO crystals. Each of these arrays is coupled to two distinct, large area (1×1cm2)
PSAPDs, which are both mounted on the same Kapton flex circuit. Histomount1 was used as
an optical coupling agent between the crystal and the PSAPD surface. To prevent moisture from
leaking into the PSAPD, the flex circuit is encapsulated witha layer of liquid crystal polymer
(LCP2). An aluminum nitride (AlN3) frame provides mechanical strength to the dual LSO-PSAPD
module as well as electrical isolation. Figure3 shows one dual LSO-PSAPD module.

1National Diagnostics (East Yorkshire, U.K.).
2Made by Nippon Steel Company, Japan:http://www.nscc.co.jp/english/materials/index.html.
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Figure 3. Top view of one of the dual LSO-PSAPD based detector modulesused in the setup. The various
parts are indicated in the figure. PSAPDs are located underneath the crystal arrays.

Figure 4. Schematic drawing of a PSAPD. Incoming radiation, front surface contact and 4 spatial channels
are indicated in the figure. In this figure theX axis is a horizontal axis pointing to the right, theY axis is
pointing vertically up. Figure taken from [73].

The PSAPDs have 5 readout channels each, one on the front, forthe p−side and four on the
back, coupled to then−side of the device across a resistive sheet giving spatial information [73].
The former is referred to as thecommonchannel, the latter asspatial channels. Figure4 shows
a schematic drawing of the contacts on a PSAPD. The use of PSAPDs enables us to read out the
128 crystals in a dual LSO-PSAPD module using only 10 electronic channels. This number can
be even further reduced by applying a dedicated multiplexing scheme [74]. From equation (1.6)
we see that the additional series resistance is reduced by the gainM, and does not present a big
contribution as long as the gain is large.

2.2 Electronics

Data in this paper were obtained using a22Na point source positioned in between a 0.9×0.9×1 cm3

lutetium-yttrium orthosilicate (LYSO) crystal coupled toa Hamamatsu H3164 photomultiplier tube
(PMT) and a dual LSO-PSAPD module. For this report we collected and analyzed data from only
one of the 8×8 LSO crystal array - PSAPD subunits in the dual module. Signals from the 4 spatial
channels at then-side, as well as the commonp-side signal were connected to CREMAT CR-
111 charge sensitive preamplifiers. These were housed on a custom made PCB which also held
AC-coupling capacitors and bias resistors. The signal fromthe preamplifiers was fed into NIM
based ORTEC-855 spectroscopy amplifiers, whose shaping time was set to 500 ns, the minimum
value of these amplifiers. The shaping time is large comparedto the decay time of LSO, which
is about 40 ns.
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The signal from the common was used to extract timing information. We used a Fast Filter
Amplifier with differentiation time of 20 ns and integrationtime 50 ns and an ORTEC 935 CFD.
These integration and differentiation times were optimized for best timing performance. To elimi-
nate time walk, the delay in the CFD was set to 94 ns. The threshold was adjusted depending on bias
voltage and temperature so that at any temperature and voltage a similar trigger rate was obtained.

The PMT signal was split into a CFD with 9 ns delay and into a spectroscopy amplifier so that
energy and time resolution from the reference PMT could be accurately measured.

The signals from both CFDs were fed into a time to amplitude (TAC) converter. A variable
fine delay between the PMT and the TAC module allowed for calibration of the TAC module.

Two National Instruments PCI-6110 digitizer cards were used (8 total channels). The trigger
was formed by a gate and delay generator module (ORTEC 416A) connected to the TAC. Delay
amplifier modules (ORTEC 427A) were used to ensure that sampling occurred at maximum pulse
amplitude.

In order to investigate the noise in the system in absence of asignal (Isig = 0 in equation (1.6)),
we connected a 2V pulse across a 1pF capacitor connected to the input of the common channel
preamplifier. The amplitude of the observed pulse was 2V. The combined gain of the readout
electronics thus was 1V per pC of injected charge for the common channel.

2.3 Gain calibration

According to [75], 28800± 1500 photons are created per MeV energy deposition in LSO. The
quantum efficiency of the PSAPD is about 90 % at the emission wavelengths of LSO [51]. Using
the DETECT2000 [76] simulation package, a light collection efficiency of 90 % was estimated.
Multiplying these numbers together, we obtain an estimatedgain of 539±40 per Volt digitized by
our electronics. Note that this is only an estimate as the exact light yield and the quantum efficiency
are hard to measure experimentally. Nonetheless the calculated gain is a good approximation and
gives an idea about the order of magnitude of the gain.

2.4 Leakage current

The leakage current was measured on an event-by-event basisby reading out the voltage drop
across a bias resistor. This potential difference was buffered, amplified and finally digitized by a
National Instruments PCI-6143 ADC, which was triggered by the signal from the gate generator.
After gain calibration and using Ohm’s law, the leakage current could be measured. The currents
from each of the two PSAPDs in a module were digitized separately. The sum of these two leakage
current values agreed to within 15 % of the value given by the HV power supply. Leakage current
typically ranged from 0.5 to 2.5µA depending on bias voltage (around 1720 V) and temperature.

2.5 Temperature control

The entire setup was placed in an airtight dark box. In order to prevent condensation at low tem-
peratures, the box was flushed with dry air during data acquisition. A relative humidity of about
10 % was reached.

A thermo-electric (Peltier) element was attached to the back side of the module using thermal
paste. The hot side of the Peltier element was connected to a copper heatsink which had a radiator
attached to it. A fan blew air across the cooling fins to cool the heatsink.
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Temperature was measured via a K-type thermocouple glued tothe module. Due to the ther-
mal conductivity of aluminum nitride (175W

m·K ), it is safe to assume that the PSAPDs were at the
same temperature as measured by the thermocouple. The temperature was kept constant within
0.1 ◦C by carefully adjusting the current to the Peltier element and monitoring the thermocouple
readings. More details are found in [77].

2.6 Analysis

In order to determine spatial coordinates, the signals fromthe four corners of the resistive sheet
A,B,C andD were combined using ‘Anger’-type logic as follows:

x =
(A+B)− (C+D)

A+B+C+D

y =
(B+C)− (A+D)

A+B+C+D

(2.1)

The data were further analyzed using in house code developedbased on the ROOT package [78].
An algorithm localized all 64 peaks in the flood histogram automatically. Next, these 64 peak
locations were ordered in a logical way. Incoming photon events were assigned crystal locations
based on the minimum distance to the nearest peak. Next, a sumof a constant, an exponential and
a Gaussian function was fit to all 64 crystal energy spectrum histograms. In order to improve the
accuracy of energy resolution determination, the spectra of the individual crystal elements were
combined into a global spectrum after correcting for variations in PSAPD gain and relative light
yield differences between crystal elements. For timing analysis, only events that fell within+4

−3σ of
the photopeak energy of every individual crystal were used.To obtain time resolution for all 64
crystals, a Gaussian was fit to the TAC histogram for every individual crystal.

The flood histogram itself was described by a figure-of-merit(FOM) for each row, which
compares the distance between individual crystal peak positions and the width of their distributions.
Due to non-linear charge sharing [79] and reduced gain at the edges of the PSAPD, the outer two
rows were excluded from the FOM calculation, since the measured position of crystals in these rows
are systematically closer to each other and their width is systematically larger, thus introducing a
systematic bias. The FOM for inner rowj was obtained as:

FOMj =

1
5

6
∑

i=2
X j

i+1−X j
i

1
6

6
∑

i=1
σ j,X

i

, (2.2)

with Xi the x position of peaki and σX
i its width in thex direction. A larger FOM indicates

superior performance. The FOM can be defined both in theX andY direction. Due to symmetry
we analyzed the FOM only in theX direction.

3 Results

3.1 Fixed voltage and temperature measurements

As a reference, we present data at 17◦C and a bias voltage of 1725 V in figure5. The rightmost
panel shows a flood histogram. All 64 crystals are clearly identifiable in the figure. The upper left
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Figure 5. Upper left and middle show the photopeak position for everycrystal of the array for common and
spatial channels respectively. Center left and middle panel show the energy resolution of every crystal. The
band represents mean±1 RMS. Lower left and center show a profile through the top and center rows of the
flood histogram shown in the right panel of the figure.

and upper central panel show the photopeak position for every individual crystal for the common
and spatial channels respectively. The photopeak positiontakes both PSAPD gain and light yield
of each individual crystal into account. As expected, the gain follows a similar pattern for common
and spatial channels. The overall gain difference between common and spatial channels is due to
different settings of the NIM amplifiers.

The center left and middle panel of the figure show the energy resolution (photopeak
FWHM/mean) for common and spatial channels, respectively,for every individual crystal of the
array. An average FWHM energy resolution of 15.1 ± 0.9 % (RMS) for spatial channels and
15.1 ±1.0 % (RMS) for the common was observed at 511 keV.

The lower left and lower central panel show a profile through atop and center row of the flood
histogram respectively. Peaks in the profile histogram correspond to events attributed to individual
crystal pixels. All peaks are normalized to one. We see that at the top row, the peaks are broader,
but also more spread out. In the center row, the peaks have thesame width. From these figures it
is also clear that due to edge effects, the profiles are systematically different for the outer crystals
compared to the ones in the center.

In order to account for PSAPD gain variation and light yield effects from the different crystals
in the array, and to improve statistics, the energy spectra from individual crystals were combined
after scaling with a factorḡgi

, wheregi is the gain of crystali andḡ the average gain of all crystals.
The resulting energy histogram is shown in figure6. The photopeak is clearly visible. The left
hand side of the photopeak shows a broadening due toX−ray escape from these miniscule crystal
elements, as also observed in [8]. A Gaussian plus constant background were fitted to the right
hand side of the spectrum:

f = p0+ p1·e−
1
2(

x−p2
p3 )

2

. (3.1)
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Figure 6. Global energy spectrum (after calibrating for individualcrystal variations) for spatial channels.
The fit function of equation (3.1) was fit to each spectrum. Fit parameters are indicated in thefigure.

The fit function and its parameters are shown in the figure. A gain-corrected global energy
resolution of 11.57±0.06 % and 10.94±0.23 % FWHM at 511 keV were obtained for spatial and
common energy resolution respectively. These values are lower than the ones shown in figure5,
because of the lack of a correction forX-ray escape in that figure. By fitting only the right hand
side of the histogram in the global energy spectrum, the effects of X−ray escape are eliminated.
The latter approach is only possible when sufficient statistics are available, and thus it cannot be
applied to the energy spectra of the individual crystals.

3.2 Bias voltage dependence

The variation in energy resolution as function of bias voltage at constant temperatureT =17◦C
is depicted in figure7. Between 1700 V and 1730 V, no significant improvement as a function of
bias voltage can be seen. At higher voltages the energy resolution systematically degrades, which
can be attributed to an increased excess noise factor and an increased leakage current yielding
degraded energy resolution, as suggested by equations (1.6) and (1.8). We did not try to scan the
entire bias voltage range in search of optimal gain because,as shown in the next paragraphs, both
the flood histogram and time resolution require high gains.

The energy resolution insensitivity at lower bias voltagesindicate that at these voltages, energy
resolution is dominated by the LSO crystal (α in equation (1.8) is the dominating contribution).
Similar behavior was observed elsewhere [80]. Also [81] measured a> 8 % energy resolution
across a wide variety of LSO boules.

Figure 8 shows the average FWHM coincidence time resolution for the 511 keV photo
peak. Coincidence time resolution improves as a function ofbias voltage until it reaches a
minimum plateau beyond which the time resolution deteriorates. The behavior can be explained
by equation (1.9): dV

dt decreases with increasing bias voltage due to an increased depletion layer
as a function of high voltage. This causes the width of the drift region to decrease (the region
between the depletion layer and the contacts) and hence leads to a shorter drift time. In addition,
the expanding depletion layer also causes a decrease in device capacitance, thus shortening the
RC-dependent rise time. The deterioration at higher voltagesis due to increased noise in the signal
σV , because of an increased excess noise factor. This increasein noise at higher bias voltage was
also observed in the energy resolution plots (figure7).
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Figure 7. FWHM energy resolution at 511 keV as a function of bias voltage for the common (left) and
spatial channels (right). Data obtained at 17.0◦C.
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Figure 8. Average FWHM coincidence time resolution at 17.0◦C over all crystal pixels as a function of bias
voltage. A plateau of optimal bias voltage is observed (left). Right shows the mean difference in arrival time
between the PMT and PSAPD signal as a function of bias voltage.

Figure8 also shows the mean difference in arrival time between PMT and PSAPD as measured
by the TAC. The time difference increases as a function of bias voltage, explained by a larger rise
time for larger signals (which does not mean a smallerdV

dt ). A CFD is only able to correct timing
walk for signals with the same rise time. The error bars in theplot are large due to a spread of about
20 ns in arrival time depending on the crystal location, as also observed in [8] and [82]. Two distinct
regions with different slopes are observed in the figure, we will discuss this transition in section4.

The quality of the flood histogram expressed via FOM (equation (2.2)) as a function of bias
voltage is shown in figure9. Also here a plateau of superior performance is observed forboth
edge and center rows (FOMEdge= 1

2(FOM1 +FOM8) and FOMCenter=
1
2(FOM4+FOM5) ). The

degradation at higher voltage can be attributed to a higher excess noise factor, increasing both shot
noise due to the signal and shot noise due to the leakage current (equation (1.6)).

In order to better understand the FOM, it is illustrative to analyze both of its components:
distance between peaks and width of the peaks. The distance between peaks is plotted in figure10.
Taking(A−B)+(D−C) = f · (A+B+C+D) = f Ilight, equation (2.1) can be rewritten to include
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Figure 9. FOM for the top (left) and center (4th) (rights) rows as a function of bias voltage.
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Figure 10. Distance between the central crystal location peaks in theflood histogram for the edge (left) and
center (4th) (right) rows as a function of bias voltage.

noise sources due to the leakage current from the four cornersignalsδi(i = A,B,C,D):

x =
f · Ilight + δA−δB + δC−δD

Ilight + δA + δB+ δC + δD
≈ f · Ilight

Ilight +4·δA
, (3.2)

where the approximation is based on the assumption that the non-proportional noiseδi is the
same in each quadrant, i.e.δA ≈ δB ≈ δC ≈ δD. Due to AC-coupling, the mean of the leakage
current contributionδi should be 0, however its width is not. Both the width of theIlight andδi

distributions goes asσ2 = F(M) ·M2∆ f (equation (1.6)). The exact calculation of the mean ofx in
equation (3.2) is beyond the scope of this paper. It suffices to say that the above expression yields
a spatial compression of the flood, indicated by the data presented in figure10. Above 1730V, no
decrease in distance between crystal peaks is seen, due to a higher excess noise factor not taken
into account in equation (3.2). Because of the decreased distance between peaks, the width of the
peaks in the position histogram is a better observable than the FOM of figure9 and this parameter
will be used in the next section.

3.3 Combined temperature and bias voltage dependence

Figure11 shows the variation of gain and leakage current as a functionof bias voltage and tem-
perature. Data was taken at 11 different temperatures. At lower temperatures the gain increases
faster with bias voltage, an effect explained by equation (1.13) on page7: taking a(T) = a and
b(T) = b0 + b1 ·T, the exponential increases ifT decreases. The bias voltage at which the gain
steeply rises is lower for lower temperatures, consistent with many predictions and observations in
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Figure 11. Left: Gain as expressed by the 511 keV photopeak position atvarious bias voltages and temper-
atures. The right panel shows the leakage current at different bias voltages and temperatures.

the literature showing that the breakdown voltage decreases as a function of temperature. The range
of bias voltage measurements at any temperature varied depending on the observed leakage current
and gain. At lower temperatures, a lower leakage current is observed due to the decrease in ther-
mally generated electron-hole pairs. Leakage current increases with bias voltage, because the bulk
leakage current is subject to avalanche multiplication. The fact that the leakage current decreases as
the temperature decreases indicates that we were effectively cooling the module, without reaching
the limits of our cooling setup. With the gain calibration ofsection2.3, gains between roughly 540
(photopeak position at 1 V) and 4850 are observed (photopeakposition at 9 V) in figure11.

Gain as a function of temperature is shown in figure12. Data points were obtained from
an interpolation of the data presented in figure11. The left panel shows that gain decreases as a
function of temperature. Using the equationVB = E·W

2 [35], with VB the bias voltage,E the electric
field, andW the depletion layer width, and combining equation (1.13) and equation (1.3) we can
write:

M =
(1−k)e

(1−k)



a0·e
− (b0+b1T)W

2Vb



L

1−ke
(1−k)



a0·e
− (b0+b1T)W

2Vb



L

=
(1− p3)e

(1−p3)



p0e
− (p1+p2T)W

2Vb





1− p3e
(1−p3)



p0e
− (p1+p2T)W

2Vb





. (3.3)

In order to reduce the number of fit parameters,W was estimated from equation (1.7) to be 125µm,
and the bias voltage dependence ofk= a0 was ignored. The function of equation (3.3) was fit to the
data presented figure12. The fitting procedure was underdetermined due to the relation between
the fitting parameters, in particular parametersp3 and p0. Therefore good initial estimates were
required for the fit. Nonetheless, we obtain a value ofp3 = k = 1.42·10−3, in good agreement
with [39] who obtainedk = 0.7 · 10−3 for a similar device.p1 = b0 = 1.11·106 and p2 = b1 =

1.4·103 agree well withb0 = 1.05·106 andb1 = 1.3·103 obtained by [31]. Estimating error bars
on the fit parameters is challenging because of the cross correlation between the fit parameters and
the limited data. The important observation here is that theorder of magnitude of the fit parameters
agrees well with values from literature and shows that we understand our experimental parameters.
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Figure 12. Left: gain variation as a function of temperature at three different bias voltages. The lines
indicate the fit function of equation (3.3). The right figure shows the bias voltage required to maintain a
fixed gain as a function of temperature, for three different photopeak positions. Gain is expressed as voltage
at the ADC’s input.

The right panel of figure12shows the bias voltage needed to obtain a fixed gain as a function
of temperature, for three different gain values. At lower temperatures, lower bias voltages lead
to the same device gain. Data was obtained by interpolating the values of figure11. Fits to the
curves yielded slopes of 1.69±0.02 V

◦C , 1.68±0.02 V
◦C and 1.73±0.03 V

◦C for gains corresponding
to 1.25 V, 2.00 V, and 3.00 V respectively, in good agreement with each other, indicating a bias
voltage temperature coefficient independent of the value ofthe gain.

Time resolution is strongly affected by temperature and bias voltages, as seen in figure13.
The time resolution degrades between 40◦C and 20◦C, but no improvement below 20◦C is
observed. The improved time resolution as a function of temperature can be explained by
equation (1.9): dV

dt increases at lower temperatures due to an increased drift velocity (see for
example [63]). σV in equation (1.9) is also reduced because of the decreased bulk leakage current
(see equation (1.6)) and decreased thermal noise from the resistive sheet connected to the PSAPD.
The observed temperature independence below 20◦C can be attributed to different effects: noise
of the scintillator, time resolution of the LYSO-PMT used incoincidence with the LSO-PSAPD
module, and the noise of the electronics.

To exclude influence of the PMT, we can analyze the quality of the flood histogram through
the FWHM of the peaks, shown in figure14. A similar pattern as the one observed in figure13
is obtained. Overall performance is better at low temperature, and is bias voltage dependent. A
limited improvement can be seen for temperatures below 17◦C degrees. The improvement in
peak width as a function of temperature is attributed to a decrease in noise caused by a decreased
leakage current. Such an improvement was also observed by [16]. As opposed to figure13, a small
yet noticeable improvement below 20◦C is observed, indicating that PMT time resolution plays a
role in the overall coincidence time resolution in figure13.

3.4 Optimal bias voltage prediction

For systems comprising many semiconductor detectors, a method to relatively quickly determine
the optimal operating bias voltage is desirable. Data presented in the previous sections suggest
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Figure 13. FWHM Coincidence time resolution at 511 keV at different temperatures as a function of bias
voltage.
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Figure 14. Average FWHM of the crystal peaks seen in the flood histogramas a function of bias voltage at
different temperatures.

an optimal bias voltage that maximizes time resolution and improves the quality of the flood
histogram which is different at different temperatures. This section presents a method of predicting
that optimal bias voltage. Two methods are proposed: one based on the time resolution, and one
based on an intersection method.

3.4.1 Time resolution method

Time resolution may be a good observable for predicting the optimal bias voltage. In order to
perform this optimization, a third order polynomial was fit to the coincidence time resolution versus
bias voltage for every temperature as displayed in figure13. We hypothesize that the minimum of
the third order polynomial corresponds to the optimal bias voltage at that temperature. The energy
resolution, time resolution and FOM data were interpolatedat this optimal bias voltage for every
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Figure 15. Energy resolution for the common channel (upper left), coincident time resolution (upper right),
FOM at the edge row (lower left) and width of the peaks in the top row of the flood histogram (lower
right) at the optimal bias voltage predicted by the third order polynomial fit to the time resolution versus
temperature curve.

temperature, yielding a performance measure of various parameters versus temperature at optimal
bias voltage which is shown in figure15. We see that all observables improve with decreasing
temperature. A linear fit to the energy resolution showed a degradation of 0.038±0.006 %

◦C between
5◦C and 40◦C. Above 15 degrees coincidence time resolution deteriorates by 0.042± 0.002 ns

◦C,
and the FOM decreases by 0.11±0.02 1

◦C. The width of the peaks in the flood histogram show a
quadratic dependence on temperature. As also observed fromfigure13, the time resolution stays
within 10 % of its optimal value over a range of 32±5 V at any temperature between 5◦C–40◦C.

3.4.2 Intersection methods

Using the time resolution as an estimator for the optimal bias voltage is impractical, since it
requires a time consuming coincidence setup and a radioactive source. Therefore we investigated
other methods to predict the optimal bias voltage.

Figure16 shows the photopeak positions (gain) for the spatial channels as a function of bias
voltage at different temperatures. An exponential function was fit to the data points at lower bias
voltage and another one was fit to data points at higher bias voltage. For temperatures lower than
24◦C two distinct regions can be observed: one having a lower slope than the other. The increased
slope at higher voltage is an indication of the onset of hole multiplication in the avalanche process:
the change in gain is higher, because holes are also contributing to the overall gain above a certain
bias voltage. We will come back to this topic in section4.
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Figure 16. Photopeak position of the spatial channels for different temperatures as a function of bias voltage.

At higher temperatures the two exponentials overlap, and two distinct regions are not ob-
served. At these temperatures the holes do not gain enough energy to start impact ionization due to
interactions with the increased amount of thermally generated electron-hole pairs.

Similar dual-exponential behavior was observed for the photopeak position from the common
channel as well as for the leakage current, confirming the suggestion that the effect is related to
a device property. The slopes (b in y = ea+bx) of the bi-exponential fit to spatial channels gain,
common channel gain and leakage current are shown in figure17. Good agreement between the
slopes of spatial and common channel gain are observed for both lower and higher gain exponen-
tials. The slope of the exponential fits to the leakage current follows a similar pattern. The slopes of
the higher gain exponentials decrease as a function of temperature until they merge with the lower
ones at high temperature. Interestingly the slopes of the lower gain exponential is only weakly
dependent on temperature, explaining the behavior observed in the right panel of figure12.

We will investigate if the bias voltage corresponding to theintersection of the two expo-
nentials could be an indication of optimal bias voltage at each temperature. For voltages below
the intersection point, time resolution is not optimal due to a decreaseddV

dt . Voltages above the
intersection have more noise, since the onset of hole multiplication causes a largerk and thus also
a larger excess noise factor (equation (1.5)).

The bias voltages at which the intersection occurs are shownin figure 18. The intersections
of the common and spatial channel gains as well as those basedon the leakage current agree well.
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Figure 18. Bias voltage at which the two exponentials in figure17intersect. The points of intersection based
on the gain of the common channel and the leakage current are also shown. In addition, the bias voltage
corresponding to optimal time resolution is included.

The same figure also shows the optimal bias voltage predictedby the time resolution method. A
relatively good agreement is observed, except at higher temperatures, where the intersection point
is harder to predict due to similar slopes in the high and low gain regions. As expected, optimal
performance is achieved at higher bias voltages for higher temperatures. A first order polynomial
fit to the optimal bias voltage based on the time resolution data yields a slope of 1.64± 0.07 V

◦C.
The point at 14◦C seems to be an outlier. Due to the polynomial fit to the time resolution statistical
fluctuations can be amplified.
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Figure 19. Time resolution at different temperatures. The diamonds indicates predictions of the optimal
time resolution based on the intersection method.

To evaluate the performance of the intersection method, thepredicted best coincidence time
resolution at these optimal bias voltages is plotted on the time resolution curves of the full data
set at various temperatures in figure19. The time resolution at these predicted bias voltages are
indicated by diamonds in the figure. Below 28◦C, the diamond corresponds to the bias voltage at
which the time resolution is minimum. At higher temperatures the agreement is worse, again due
to a lack of distinction between low and high gain region.

Table2 compares the optimal bias voltage and the gain, leakage current and time resolution
as predicted by the time resolution method and the intersection method. Again, larger differences
are observed for temperatures>28◦C. Percentage differences (indicated in the table) for bias
voltages and time resolution are low, but the differences inpredicted gain and leakage current are
substantial. These differences are attributed to the exponential rate of change, whereby a small
difference in bias voltage (∆x) results in large changes in gain and leakage current (∆y). The
optimal gain as given by the time resolution method is on average 1470±140 (RMS). The optimal
gain thus is relatively constant.

4 Discussion

The gain and leakage current data show two distinct regions as a function of bias voltage, one
having a higher rate of change than the other. This larger increase in gain at higher voltages
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Table 2. Predicted optimal bias voltage and performance parameters at these voltages based on the inter-
section method (i) and the time resolution method (t). The intersection method uses leakage current data.
Percentage differences in performance between the two methods are shown as well.

temperature biasi biast ∆ Gainc
i Gainc

t ∆ I leak,i I leak,t ∆ tres,i tres,t ∆
◦C V V % % µA µA % ns ns %

5 1708 1707 0.1 1467.88 1359.15 6.0 0.3 0.3 4.9 2.35 2.35 0.2

8 1713 1712 0.1 1359.15 1250.42 8.5 0.4 0.4 7.1 2.36 2.37 -0.5

11 1717 1715 0.1 1359.15 1196.05 12.6 0.5 0.5 10.2 2.4 2.4 0.1

14 1723 1713 0.6 1413.52 924.222 53.3 0.6 0.4 47.6 2.47 2.36 4.7

17 1727 1722 0.3 1359.15 1032.95 32.6 0.8 0.6 26.5 2.42 2.42 0.2

20 1730 1731 -0.0 1141.69 1196.05 -3.5 0.9 0.9 -3.0 2.51 2.52 -0.1

24 1734 1736 -0.1 1087.32 1196.05 -7.1 1.2 1.2 -6.2 2.67 2.66 0.3

28 1739 1742 -0.2 978.588 1141.69 -13.2 1.5 1.7 -11.7 2.84 2.82 0.6

32 1741 1749 -0.5 815.49 1141.69 -30.4 1.7 2.4 -27.2 3.08 2.95 4.7

36 1743 1758 -0.9 652.392 1196.05 -46.1 2.1 3.4 -39.7 3.4 3.18 7.0

40 1749 1762 -0.9 652.392 1032.95 -35.8 2.8 3.5 -19.0 3.59 3.4 5.4

is likely due to the onset of hole multiplication as we will see in this section. As discussed in
section1.1, many models describing impact ionization use a threshold energy below which no
impact ionization occurs (see eg. [83]). This threshold is apparent for example in equation (1.2),
and may be a ‘soft’ threshold, meaning that even below the ionization threshold some ionization
occurs, due to the statistical nature of the process. From equation (1.4) it follows that, when the
threshold field for hole multiplication is reached, higher gains will be observed, due to a non-zero
k. The number of carriers reaching the threshold energy is itself temperature dependent through
the Boltzmann equation. At temperatures above about 28◦C, the distinction between the two slope
regions is less clear. At these temperatures, hole multiplication may only start to occur at higher
bias voltages, or it is quenched by the overabundance of phonons. We did not attempt to bias the
modules to higher values than those presented in this paper because we wanted to keep the leakage
current below 4µA in order to reduce the risk of device failure.

Figure 20 clarifies the origin of the ‘double exponential’ observed inthe gain and leakage
current data. The red line is a three parameter fit according to equation (1.3):

M =
(1− p2)e

(1−p2)

(

p0e
− p1W

2Vb

)

1− p2e
(1−p2)

(

p0e
− p1W

2Vb

) , (4.1)

where as before the bias voltage dependence ofk = p2 andW = 125 µm are ignored. The fit is
underdetermined due to the correlation between the parameters. Nonetheless a good description
of the data is obtained. Parametersp2 = k = 1.21·10−3 andp1 = 1.32·106 are in good agreement
with values from [31, 33]. p0 = aL = 8.07·102, takinga = 3·105 [33], we obtainL ≈ 25µm, the
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Figure 20. Gain as a function of bias voltage at 5◦C. The red full line is a fit of equation (1.3) to the data,
the dashed line is a fit to the lower gain region, corresponding tok = 0 in equation (1.4). Dash dotted line is
a fit to the higher gain region.

distance across which avalanche multiplication occurs. Because of the assumed simplification and
the underdetermined fit, only the order of magnitude of the presented results is important here, not
the exact values. The values are in line with what is expected.

Figure20 also presents the fits to the lower and upper gain region. It now becomes clear that
the lower gain region corresponds to the region wherek = 0 in equation (1.4). For non-zerok, the
same equation demands additional terms to describe the gain. It also shows that describing the
high gain region with a single exponential is a simplification. Indeed, the magenta dash-dotted line
in the figure does not fit the data perfectly. Another observation is that in our simplified model,
breakdown can’t be reached ifk = 0 due to the lack of a vertical asymptote for a single exponential
function. In other devices, where the simplifications used here do not apply, breakdown may occur
even when only electrons undergo impact ionization. A discussion on this topic is beyond the
scope of this paper. See for instance [34].

The signal arrival time as measured by the TAC (figure8) also shows a distinct region for
lower and higher bias voltage. The difference in arrival time is caused by a different pulse shape,
and thus on different CFD triggering time. Hole multiplication will affect pulse shapes. At higher
temperatures, the differences are more linear.

As seen in equation (1.5), the excess noise factor increases askM for high gain values. Since
k is of O(10−3) in our device, the termkM will start to dominate for gains above 103, hence
the decreased energy and time resolution at higher bias voltage is observed, even without hole
multiplication. In addition, the onset of hole multiplication will result in a higherkeff, causing a
higher excess noise factor (equation (1.5)). In a similar device as the one under study, an increased
k was observed for gains greater than 3·103 [39]. Figure7 indeed shows a steep degradation in
energy resolution at the highest voltages. The intersection method succeeds at predicting the bias
voltage at whichkM becomes the dominating contribution to the excess noise factor.

The higher excess noise factor also explains the deterioration in time resolution and flood
histogram quality, seen in figures13 and14. The degradation is worse at lower temperatures than
at higher ones, confirming the greater contribution of hole multiplication at lower temperatures.
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PSAPD temperatures as a function of bias voltage. For visibility, data points are connected by a line.

Energy resolution does not improve much with temperature, only 1.25 percentage points
between 40◦C and 5◦C, showing that the LSO crystal is the dominating contribution to the energy
resolution (equation (1.8)) as also mentioned in section1.1.3. The signal to noise ratio for APDs
(Isig ·M/

√
eq. (1.6)) suggests an optimal gain for which the signal-to-noise ratio is maximum. The

optimal gain is dependent on the signal magnitude and may be much lower than the gains obtained
in this work, as argued by [42]3 and for instance observed by [84].

From figure15, time resolution improves from 3.4 ns to 2.4 ns between 40◦C and 17◦C, beyond
which it does not further improve. The lack of improvement for temperatures below 17◦C is due
to the PMT contribution, since pulser measurements show that electronic noise decreases at lower
temperatures and also because the width of the crystal peaksdecreases below 17◦C.

Even though fitting the time resolution data smoothes variations due to statistics or exper-
imental uncertainties, it also introduces a potential danger of over-smoothing. We have ignored
systematic uncertainties in this work. These include errors due to the various fitting algorithms
used to extract the presented results as well as influences ofexternal noise sources and errors in
the temperature and leakage current readings.

Despite these limitations the time resolution is an excellent observable to assess the optimal
bias voltage at different temperatures due to its significant dependence on bias voltage: the time
resolution increases as a function of bias voltage due to decreased noise, decreased junction
capacitance, and increased saturation velocity. At highervoltage the increased excess noise factor
causes the time resolution to degrade.

Finally, it should be noted that the properties of the PSAPD itself will be more precisely
determined when not coupled to a scintillation crystal array, because of the resolution blurring
caused by the scintillator. A calibrated laser or anX-ray source could be used to irradiate the
PSAPD directly. This method is in particular better for investigating properties such askeff, device
gain and hole multiplication. Such a study is outside of the scope of this work as our goal is to
characterize performance of the PSAPD in combination with the LSO crystal array.

3Note that these authors ignore the contribution of the scintillator.

– 25 –



2
0
1
2
 
J
I
N
S
T
 
7
 
P
0
8
0
0
1

5 Conclusion

We present measurements of leakage current, gain, time resolution and flood histogram quality
for an 8×8 array of 0.915×0.915×1.0 mm3 LSO crystals coupled to a PSAPD at temperatures
varying between 5◦C and 40◦C. Lower temperatures yield superior performance. The increased
excess noise factor and the onset of hole multiplication at high bias voltages degrades all important
observables.

Different methods to predict the optimal bias voltage at each temperature are presented. From
a practical point of view it is hard to use time resolution as an estimator of optimal bias voltage,
since it requires a relatively slow coincidence acquisition and a radioactive source. A more
practical method involves analyzing the width of the peaks observed in the crystal flood histogram,
which follow a similar behavior as the time resolution. Thismethod has the disadvantage that a
large amount of data and a radioactive source are needed. By far the most practical method is the
leakage current intersection method, since no source is required. Up to 28◦C, the leakage current
method agrees well with the predictions of the time resolution method.

Due to their exponential dependence on bias voltage, the exact values of the optimal gain and
leakage current differ quite significantly even though their optimal bias voltage prediction only
differs by a few Volts (see table2). However, results suggest an optimal gain around 1500 ( peak
at 2.2 V ) at all measured temperatures. Time resolution degrades by 10 % within±15 V of the
optimal bias voltage. The window of about 30 V over which performance does not significantly
degrade relaxes the requirements on the accuracy of the biasvoltage selection.

At optimal bias voltage, the energy resolution degrades as(10.5±0.1)+(0.038±0.006) ·T%.
Coincidence time resolution stays constant at 2.37±0.02 ns below 15◦C. Above this temperature,
time resolution deteriorates as(1.67± 0.06) + (0.042± 0.002) · T ns, and the FOM decreases
by 0.11± 0.02 1

◦C. Even at high temperatures, all 64 peaks are still clearly visible in the flood
histogram. The width of the peaks in the flood histogram show aquadratic degradation with
temperature:(2.6±0.1) ·10−2 +(1.6±0.2) ·10−5 ·T2.

A temperature gradient of 4◦C is expected across the detector panels in the breast PET
camera under development in our lab. In order to maintain a constant gain, a voltage adjustment
of 1.70± 0.04 V

◦C is needed. In order to obtain superior performance, the voltage needs to be
increased by 1.64± 0.07 V for every degree decrease of temperature change. Both adjustments
are similar, indicating that we can maintain optimal performance at comparable gains over a
temperature range between 5◦C and 40◦C.
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