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ABSTRACT. We evaluate the performance of arx® array of 09 x 0.9 x 1 mn? cerium doped
lutetium oxyothosilicate (LSO) crystals coupled to a gositsensitive avalanche photodiode (PS-
APD) as a function of bias voltage and temperature. We usedtiector to develop a general
methodology to optimize bias voltage, temperature, and fgaiPET detectors using semiconduc-
tor photodetectors. This detector module will be used invaehloigh resolution positron emission
tomography (PET) camera dedicated to breast imaging uratestreiction in our lab. Due to the
tight packing of many PSAPDs in the system a thermal grademixpected across the imag-
ing heads.

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

At optimal bias voltage, the energy resolution degradesl@$ -+ 0.1) + ((0.038+0.006) /
°C-T)%. Time resolution stays constant aB2+ 0.02 ns below 15C. Above this temperature,
time resolution deteriorates &567-+ 0.06) + ((0.042+0.002) /°C-T) ns. Even at high tempera-
tures, all 64 crystal position peaks in the flood histograesditl clearly visible. The width of the
peaks in the flood histogram show a quadratic degradatidmtefhperature(2.640.1) - 1072 +
(16+0.2)-10°°/(°C)2- T2

We conclude that both the quality of the flood histogram as asethe coincidence time res-
olution are better parameters to estimate the optimal lwhiage, than energy resolution. Optimal
bias voltage is found to be dependent on the valug tie ratio between hole and electron multi-
plication. We achieve optimal bias at a similar gain at athperatures. The optimal bias voltage
changes linearly across the observed range.

KeEYwoORDS. Photon detectors for UV, visible and IR photons (solidestgdPIN diodes, APDs,
Si-PMTs, G-APDs, CCDs, EBCCDs, EMCCDs etc); Scintillaf@sintillation and light emission
processes (solid, gas and liquid scintillators); GammaetanSPECT, PET PET/CT, coronary CT
angiography (CTA)
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1 Introduction

Silicon semiconductor photodetectors such as avalanabtegibdes (APD) and silicon photomul-
tipliers (SiPM) have gained much interest for the use in tb@ast generation small animal and
whole body Positron Emission Tomography (PET) cametad][ Their compact form factor and
the insensitivity to magnetic fields are advantageous cosc® more traditional photo multiplier
tubes (PMT). It is well known that the behavior of both APDsl &iPMs are strongly dependent
on both bias voltage and temperature. For APDs, the analieg phape is directly affected, while
for SiPMs changes in photon detection efficiency, opticaksrtalk and dark noise affect count
rate and timing performance. In general, due to a reductigchérmally generated electron hole
pairs (i.e. leakage current), we expect an improved peidioge at lower temperatures. This paper



quantifies performance based on gain, energy resolutidncidence timing resolution, leakage
current, and the quality of the flood histogram as a functibbabh temperature and bias voltage
of a high resolution PET detector based on position sersialanche photodiodes (PSAPD).

Data was collected using anx88 array of 1x 1 x 1 mn® Lutetium Oxyorthosilicate (LSO)
crystals coupled to PSAPD chips. Itis expected that thev@tbias voltage is temperature depen-
dent, and we aim to find the ‘best’ bias voltage at every teatpez. These LSO-PSAPD modules
under study are to be used in a novel 1 fm@solution, high sensitivity PET scanner for breast
imaging b—7]. The system is designed with a new concept for a positiosites PET detector
intended to provide a uniform intrinsic spatial resolutiohl mmn?, high scintillation light col-
lection efficiency, directly measured photon depth of iatéion (DOI), and the ability to position
individual coordinates of multi-interaction photon ewein three dimensions (3-DBf11]. The
modules will be arranged in registration cardg][which will cause a 4C gradient in the system.
We also want to know whether such a thermal gradient affacsati performance.

Other authors have measured the temperature dependendeDs ¢oupled to scintillation
crystals for PET applications. For examplé&3] observed a decreasing signal amplitude as a
function of increasing temperature. A similar observatizais made byJ4]. Overall, the need
for thermal regulation with APD based systems is clear. Tthdyspresented here goes beyond
results presented in the aforementioned papers, sinceansgring temperature and bias voltage
simultaneously, and the studies were performed with a n@xRlIposition sensitive PET detector.
We want to predict an optimal bias voltage at each temperaitMe also try to explain our results
based on APD physical properties found in literature. Th®8Bsed in this work are of a different
type ( see sectioft.1.2 and have an area about 2 orders of magnitude larger thanRBes Aised
by [13] and [14].

Although the focus of this work was applied to readout of PBAPwhich other researchers
such as 15-18] have incorporated into their PET system designs, the l@micoach of study as
well as the concepts of how to optimize bias voltage as aimatf temperature and device gain
would be helpful to those using APD arrays as well as PS-SiF8|sor SiPM arrays.

First, we will discuss some general properties of APDsofe#id by a discussion of their
temperature dependence. The second section describemexual methods used in the paper.
Section3 presents the results of our measurements: first, we showidkevbltage dependence
of leakage current, energy and time resolution and flooddiatm accuracy at fixed temperature.
Next, we present these performance parameters as a funttiemperature and bias voltage. Fi-
nally, we propose different methods to predict the optinigs boltage at different temperatures and
we evaluate the performance of these methods. A discussiectiord provides interpretation of
the observed behavior. Conclusions are summarized iroséxti

1.1 Properties of avalanche photodiodes

In avalanche photodiodes, the electron-hole pairs cregped impact ionization by the photo-
electron gain so much energy from an externally appliedédefield that these secondary carriers
themselves become ionizing. An avalanche is thus establidh silicon, the average energy to cre-
ate such an electron-hole padr, is 3.6 eV, despite the band gap aflleV. Scattering with phonons
and with other charge carriers are also important energyritschanisms. Phonons describe the
vibration of the lattice and are divided into two categariasoustic and optical. The former have



a longer wavelength than the latter. Optical phonon séatfés an important mechanism through
which charge carriers lose energy. At 300K, the mean frele foatphonon scattei; is 38A for
electrons and 62 for holes 20]. Typical APDs are about 250-3Q0m thick, which is about 5
orders of magnitude larger than the mean free path for pheoatter.

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

Important parameters for the description of the avalancbegss are the electron and hole
ionization rate per unit traveled;(x) and 3(x) respectively, which are position dependent. Using
these, the gaii(x) at a positiorx in the device can be expressed &2] [

e (W (@(x)~B(X)d)

) 1- f(\)Na(X’)e_(.w(a(x”)—ﬁ(xﬁ))dxu)dX/7

M (x) (1.1)
with w the width of the avalanche region. Note that the denominatay become 0, yielding an
infinite gain, corresponding to APD breakdown.

1.1.1 APD gain

The spatial dependence of the ratex) and 3(x) in equation {.1) is due to a varying electrical
field E as a function of deptk. It is illustrative to investigate how these rates change fasction
of field strengthE.

Based on a model developed by Bar&B], Thornber R4] suggested an expression (E)
valid at all fields: .

)= () THE. 12)

1

with E; (0(10F) %), E; (0(10°) %), andEyr (0(10%) L) the fields required for carriers to over-
come decelerating effects of ionization, optical-phonamg thermal scattering respectively.is
the elementary charge; is the high-field effective ionization threshold energy6(85.0) eV for
electr?ns (holes) in silicon). The expression reduces te*almlependence fdExT < E < E; and
ane g2 dependence foE, < E, in agreement with an earlier expression found by Shocl2&y |
and WOolff [26] respectively. Thee & dependence of the ionization rate is often referred to as
Chynoweth'’s Law:a = 0, - et [27].

Many measurements of impact ionization in silic@8f32] at intermediate fields led to var-
ious expressions for parametexs andb in Chynoweth’s law. 33] argues that the reason for the
discrepancies is a strong correlation betwagrmandb when these are measured experimentally.

It is worth noting that the assumption thatand 3 are functions ofe only is only valid in
strong fields. In thin devices, nonlocal effects becomeifiggmt, and history-dependent ioniza-
tion coefficients need to be definegy].

If we neglect the field dependence @fand 3 altogether, equatiori(l) can readily be inte-
grated yielding: -

1—Kk) e 1-k)aL
M = —(l— k)e(l_k)aL , (1.3)
with L the length of the region where avalanche multiplicationuos@ndk = g We thus have
approximatedr by a rectangular function of width. The ratiok is field dependent. In silicof is



about 2 orders of magnitude smaller thart fields of about 200 kV/cn2B, 29, 31]. Expanding
equation {.3) aroundk = 0 we obtain:

M <€t (14 k(™ —al —1)). (1.4)

Although greatly simplified, the above expression allowsd@ualitative interpretation of device
performance that we will use in this paper. Note that the @sgion between parentheses is always
positive.

Due to the statistical nature of the avalanche process, tna erise facto- is needed to
describe the noise in avalanche photodiodess referred to as excess noise which in the case of
electron injection alone, is given b27:

1
F:kM+<2—M> (1-k), (1.5)

wherek = g as before. In nonuniform electric fiel#should be replaced kg [35]:

o BOOMZ(x)dx

el = 0 g (M2 (x)dx

Note that the excess noise factor is small for srkall

If as depicted in figurd the APD is connected to an amplifier with one integrating ane o
differentiating stage with shaping time the equivalent noise charge (the charge leading to a
signal-to-noise ratio of one) is36, 37]

1 1 AgT 4gTRC+6€3C2 1
ENC? = 1 <<2quF +72 <2q(ls+ lg) + R, >> T+ VP - (1.6)

wherely, Is andlg are the bulk, surface, and gate current in the preamplifspeetively. R, the
parallel resistance due to the APD, load resistance andanpiéeer feedback resistancs is the
series resistanc€y is the detector capacitana®, the noise voltage of the preamplifier, aBdthe
total capacitance (the parallel combination of APD, stragt RET capacitance)g is the Boltz-
mann constant, and the temperature. The expression does not tgkenbise into account. The
different contributions to the noise equation are showngaré1. From equation.6) it follows
that for high gain devices, the main noise contribution & ltnlk leakage current and the excess
noise factor. Additional gain fluctuations due to spatiah+umiformities across the device may
further degrade the noise performance.

1.1.2 APD devices

A multitude of different APDs have been designed, optimittgdspecific applications. In scintil-
lation detection, three types of APDs are commonly usedichethrough’ APDs, buried-junction
‘reverse’ APDs, and diffused junction ‘beveled edge’ API@¥0ss sections of these devices are
shown in figure2 and a brief summary of their performance is given in tdble

Reach trough APDs, produced since the 1960s, are by far mashonly used in scintillation
applications such as PEB8, 40, 41]. These devices feature a relatively thin multiplicatiegion
(1-10um) that has a large electric field(10°) %1). Photoelectrons need to transverse a large drift
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Figure 1. Equivalent circuit diagram of an APD coupled to a chargesiize preamplifier. Currents,
capacitors and resistors contributing to the ENC are iniditan the figure.
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Figure 2. Cross section and electric field profile of various APDs. &ldpft shows a ‘reach-through’ APD;

upper right, a ‘buried-junction’; lower center, a ‘diffu@inction’ APD. The numbers on the left give the
thicknesses of the various layerspgm.

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

type drift region multiplication  gain bias g
(um) region (m) voltage 107
reach-through 100-150 1-10 100 100 1-5
buried junctiort <10 1-10 <250 400 0.700
diffused junctiord 20 100 2000 1800 0.072

region (about 100—-15Qm) before these are amplified. Buried junction APB&,[43] resolve the
problems related to the large drift region by having the dficption region ‘buried’ about 1@im
below the surface. In contrast, diffused junction APDs havelatively wide multiplication region
(about 10Qum) in combination with a slightly smaller electric field (alddi0® Clm). These were ini-
tially referred to as ‘beveled edge’ APD$4-46], because of the physical bevel present to prevent
HV arcing across the device. These type of APDs have beeadesized for radiation detection
for example in f7]. A new production procesgg] allowed construction of these diffused junction
APDs without the need for physical bevel formation, thuswaihg for a smaller dead area.



[49] compared the behavior of reach-through and beveled edd@¥sARd concluded that the
latter had a lower excess noise factor (due to the high gaitcank, see equationl(5)) and a lower
dark current, and thus a higher signal to noise ratio. Theméothad a lower operating voltage and
faster speed of response. The high bias voltage of diffusectipn APDs is often a disadvantage.
It is worth noting that $0] describes a diffused junction APD with significant lowea®ivoltage
(around 500 V instead of around 1800 V).

The devices used in this study are made by Radiation Mongdbievices, Inc. (RMD). The
junction is located about 60m below the surface. The depletion layer widths about 150um
at full bias voltage $1]. w varies as function of bias voltage &5]:

26« kT
=2 (- L), 1.7
" \/qNB< ° g ) &9

with &g the silicon permittivity,q the elementary chargé\g the majority carrier concentration
(about 15- 10 in our case)Vs the bias voltagek the Boltzmann constant arid the absolute
temperature. The multiplication region is about/@® wide [39]. The overall device thickness is
220 um, including a SiQ passivation layer. The material used is@0cm n-type silicon. Max-
imum field strength of around 200 kV/cm at the junction can Xeeeted. Ake = 7.2-10* has
been measure@®]. Breakdown voltage is around1800V .

1.1.3 APDsand scintillators

When used in combination with scintillators for PET, suchL&®O in our case, the noise equa-
tion (1.6) needs to be updated to include the noise of the scintillatbscintillator, APD and
amplifier noise are quasi-Gaussian, the energy resolutiorbe written asg2):

AE ENC\?2 F-1 a2
<_> _ 2.355\/< ) I (1.8)
E / Fwhm N N N

whereN is the effective number of photoelectrons generated, an@ ENthe equivalent noise
charge given by equatiod ). The parameteq is the variance of the scintillator photons. Many
authors have evaluated various scintillator-APD comliamat for instanceq3, 54]. It is important
to note that in the case of LS@® is quite large. $5] estimates the intrinsic energy resolution of
LSO to be around 6 % at 662 ke\bg] measured an intrinsic resolution o##-0.5 % at 662 keV
and 89+ 0.6 % at 511 keV.

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

oy
At =—. 1.9
FWHM = I (1.9)
When using a constant fraction discriminator (CFD) for tipiekoff, the exact expression of time
resolution is complicated and beyond the scope of this p&fugration {.9) is sufficient for quali-
tative interpretation of the results presented here. A ratadgorate expression can be found3f][



1.1.4 Effectsof temperature on PSAPD performance

In sectionl.1, we have omitted explicit temperature dependence of APB. diais clear that charge
transport will be affected by temperature, due to diffeidensities of states at different tempera-
tures as given by the Boltzmann equation. Accordind),[the band gap changes as a function of
temperature chiefly due to temperature dependent elelztiice interactions which cause a shift
between valence and conduction bands:

T2
am,

with E4(0) = 1.17 eV, the band gap at 0 K, = 4.73- 10 * and3 = 636 K [60] for silicon. Equa-
tion (1.10 is known as the Varshni equation. Measurements of the teahpe dependence of the
average energy needed to form an electron-hole pair irosilig, yielded the following expres-
sion: [61]

Eq(T) =Eg(0) - (1.10)

& (T) = 2.1564(T) + 1.21, (1.11)

a dependence that was also found in the calculation82pf [

APD gain (equation.1)) will be affected by temperature through the ionizatioefticients
a(x, T)andB(x,T). Even today, an often cited model of temperature variatiotih® ionization
coefficient is the one by2[0]. Two of the three parameters in the model, the mean free paitid
the average energy per optical phonon scatteféng have a temperature dependence given by:

(&) & A
Pl v W

wheree = 0.063eV is the optical phonon energig the Boltzmann constant amg the high-
energy, low temperature asymptotic value of the phonon rfreamath Ao = 47 A for electrons,
andAo = 76 A for holes). The authors ignored the temperature depemdefitie third parameter,
6. A gualitative picture is that at lower temperatures, them&ee path increases, so electrons
lose less energy to phonons and thus create more impacaimmiz leading to enhanced charge
multiplication. Experimental data by@] at T = 100 K;213 K, and 300 K, for fields between 200
and 400 kV/cm were well described by the model. Data obtainefb3] based on the breakdown
voltage of avalanche photodiodes between 280 K and 580 K alsoevell described by a slightly
modified version of this model for fields between 200 and 500ck\/

Other authors have derived empirical expressions for Chgtits formula:

(1.12)

—b(T)

a(T,E)=a(T)-e & . (1.13)

[64] predicted that bot%% andﬁﬁj—%1 are constant.d1] described his 22150°C data at fields
varying between 200 - 500 kV usifgfT) = bp+ by - T, anda(T) constant. The results 088] at
temperatures between XD and 160C and fields 50 - 500 kV/cm were described by a similar
expression. §5] also kepta constant, antb(T) = b0+ bl- T, based on a Monte Carlo calculation
of impact ionization at different temperature66] on the other hand usea[T) = ag+ a; - T? and
b(T) =bo+ by - T for a theory developed for MOS device modeling at low temipees.

[67] used a quadratic field dependen& nstead ofE in equation {.13), in combination
with a(T) = ag+a; - T andb(T) = (g + by - T)? to describe the temperature dependent ionization

coefficient.



Finally, [68] altered equationl(.13) to describe impact ionization up to very high temperatures

(773 K):
a(T,E) = S (1.14)
a(T)+Db(T)-ecm+E
with ¢(T) andd(T) quadratic and linear functions ®frespectively. Chynoweth’s law is recovered
at room temperature and high fiell The functionsc(T) andd(T) are needed to describe the
behavior at hight and low fieldE.

The models of20] and [67] fail to describe the ionization coefficient at low fields d»g 100
kV/cm). At these lower fields, some of the assumptions useltvelop their model are no longer
valid.

The amount of leakage current also is an important temperatapendent observable of
APDs. At lower temperatures, the leakage current decredsesto fewer thermally generated
electron-hole pairs. From equatioh.§), it follows that performance improves at lower tempera-
tures.

Charge collection itself is dependent on the velocity ofrghecarriers in silicon, especially
in not fully-depleted devices. When describing the velpeis a function of electric fiel&, two
distinct regions are identified: a drift region and a satarategion. In the drift region, the speed
of the carriers is proportional to the electric field. In tlusation region, the velocity reaches a
limiting value vs(T ) which does not increase with increasing fied@|f

7
W(T)= 2220 (e
1+ 0.8esm
Drift and saturation velocity were studied 9 70]. The field at whichvy(E, T) reachesis(T) is
temperature dependent.

Finally, the light output of LSO is temperature dependeni] fneasured temperature depen-
dent light output variations dependent on the Cerium camaton and its location in the lattice.
Changes betweeh5 % and up tat:25 % for temperatures between 280K and 320K were observed.
[72] on the other hand, measured a constant light output bel®K3T'emperature dependence of
LSO light output also depends on the aspect ratio and lighgatmn efficiency due to attenuation
and temperature dependent trapping.

2 Materialsand methods

2.1 Dua module

The modules used in the breast camera under developmernstooiisvo 8x 8 arrays of 015x
0.915x 1 mm? LSO crystals. Each of these arrays is coupled to two distiagje area (k 1cn?)
PSAPDs, which are both mounted on the same Kapton flex cirddistomount was used as
an optical coupling agent between the crystal and the PSAPface. To prevent moisture from
leaking into the PSAPD, the flex circuit is encapsulated waittayer of liquid crystal polymer
(LCP?). An aluminum nitride (AIN) frame provides mechanical strength to the dual LSO-PSAPD
module as well as electrical isolation. Figi#ehows one dual LSO-PSAPD module.

INational Diagnostics (East Yorkshire, U.K.).
2Made by Nippon Steel Company, Japétip://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 modtded in the setup. The various
parts are indicated in the figure. PSAPDs are located undtritiee crystal arrays.
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Figure 4. Schematic drawing of a PSAPD. Incoming radiation, fromfesze contact and 4 spatial channels
are indicated in the figure. In this figure tieaxis is a horizontal axis pointing to the right, theaxis is
pointing vertically up. Figure taken fron7§].

The PSAPDs have 5 readout channels each, one on the frotiefprside and four on the
back, coupled to tha—side of the device across a resistive sheet giving spafanration [73].
The former is referred to as ttmmmonchannel, the latter aspatial channels. Figurd shows
a schematic drawing of the contacts on a PSAPD. The use of BSARables us to read out the
128 crystals in a dual LSO-PSAPD module using only 10 eleatrohannels. This number can
be even further reduced by applying a dedicated multiptesicheme 74]. From equation 1.6)
we see that the additional series resistance is reducedebyaihM, and does not present a big
contribution as long as the gain is large.

2.2 Electronics

Data in this paper were obtained usingfla point source positioned in between800.9 x 1 cn?
lutetium-yttrium orthosilicate (LYSO) crystal coupleddaddamamatsu H3164 photomultiplier tube
(PMT) and a dual LSO-PSAPD module. For this report we cal@@nd analyzed data from only
one of the 8 8 LSO crystal array - PSAPD subunits in the dual module. S&jfinam the 4 spatial
channels at tha-side, as well as the commagmside signal were connected to CREMAT CR-
111 charge sensitive preamplifiers. These were housed ostentumade PCB which also held
AC-coupling capacitors and bias resistors. The signal ftloenpreamplifiers was fed into NIM
based ORTEC-855 spectroscopy amplifiers, whose shapimgvtias set to 500 ns, the minimum
value of these amplifiers. The shaping time is large comptrelde decay time of LSO, which
is about 40 ns.



The signal from the common was used to extract timing infdiona We used a Fast Filter
Amplifier with differentiation time of 20 ns and integratidime 50 ns and an ORTEC 935 CFD.
These integration and differentiation times were optimifmr best timing performance. To elimi-
nate time walk, the delay in the CFD was set to 94 ns. The thiéstas adjusted depending on bias
voltage and temperature so that at any temperature andygataimilar trigger rate was obtained.

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

The signals from both CFDs were fed into a time to amplitud&Q)Tconverter. A variable
fine delay between the PMT and the TAC module allowed for catibn of the TAC module.

Two National Instruments PCI-6110 digitizer cards weredu@etotal channels). The trigger
was formed by a gate and delay generator module (ORTEC 4l1@A)ected to the TAC. Delay
amplifier modules (ORTEC 427A) were used to ensure that sagiptcurred at maximum pulse
amplitude.

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

2.3 Gain calibration

According to [r5], 28800+ 1500 photons are created per MeV energy deposition in LS®@. Th
quantum efficiency of the PSAPD is about 90 % at the emissiarel@agths of LSO%1]. Using

the DETECT200076] simulation package, a light collection efficiency of 90 %snestimated.
Multiplying these numbers together, we obtain an estimgted of 53%- 40 per Volt digitized by
our electronics. Note that this is only an estimate as thetdiggot yield and the quantum efficiency
are hard to measure experimentally. Nonetheless the agddugain is a good approximation and
gives an idea about the order of magnitude of the gain.

2.4 Leakagecurrent

The leakage current was measured on an event-by-event thaseading out the voltage drop
across a bias resistor. This potential difference was dfeamplified and finally digitized by a
National Instruments PCI-6143 ADC, which was triggered iy signal from the gate generator.
After gain calibration and using Ohm'’s law, the leakage entricould be measured. The currents
from each of the two PSAPDs in a module were digitized seprathe sum of these two leakage
current values agreed to within 15 % of the value given by thepldwer supply. Leakage current
typically ranged from (b to 25uA depending on bias voltage (around 1720 V) and temperature.

25 Temperature control

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

A thermo-electric (Peltier) element was attached to thé Isae of the module using thermal
paste. The hot side of the Peltier element was connecteddpyeec heatsink which had a radiator
attached to it. A fan blew air across the cooling fins to coeltbatsink.
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Temperature was measured via a K-type thermocouple glutta tmodule. Due to the ther-
mal conductivity of aluminum nitride (175{_"—}(), it is safe to assume that the PSAPDs were at the
same temperature as measured by the thermocouple. Thertdunpewas kept constant within
0.1 °C by carefully adjusting the current to the Peltier elemartt monitoring the thermocouple
readings. More details are found ifi7].

26 Analyss

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

_ (A+B)—(C+D)
A+B+C+D
 (B+C)— (A+D) 2.1)
A+B+C+D
The data were further analyzed using in house code develogsetl on the ROOT packagdéf].
An algorithm localized all 64 peaks in the flood histogramoaudtically. Next, these 64 peak
locations were ordered in a logical way. Incoming photomévevere assigned crystal locations
based on the minimum distance to the nearest peak. Next, afsamwonstant, an exponential and
a Gaussian function was fit to all 64 crystal energy spectrigtodrams. In order to improve the
accuracy of energy resolution determination, the spedttheoindividual crystal elements were
combined into a global spectrum after correcting for vasiag in PSAPD gain and relative light
yield differences between crystal elements. For timindyais only events that fell withinio of
the photopeak energy of every individual crystal were uskaobtain time resolution for all 64
crystals, a Gaussian was fit to the TAC histogram for everividdal crystal.

The flood histogram itself was described by a figure-of-m@®M) for each row, which
compares the distance between individual crystal peakiposiand the width of their distributions.
Due to non-linear charge sharing9 and reduced gain at the edges of the PSAPD, the outer two
rows were excluded from the FOM calculation, since the mmealposition of crystals in these rows
are systematically closer to each other and their width s¢esyatically larger, thus introducing a
systematic bias. The FOM for inner ropwas obtained as:

—X,-j

j
X1
6 .
2 O

1

gl

Mo

FOM = - (2.2)

X

ol

i=
with X; the x position of peaki and gX its width in thex direction. A larger FOM indicates

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

3 Results

3.1 Fixed voltage and temperature measurements

As a reference, we present data at@and a bias voltage of 1725 V in figuke The rightmost
panel shows a flood histogram. All 64 crystals are clearlptifiable in the figure. The upper left
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spatial channels respectively. Center left and middle lpstreav the energy resolution of every crystal. The
band represents mearl RMS. Lower left and center show a profile through the top arder rows of the
flood histogram shown in the right panel of the figure.

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

The center left and middle panel of the figure show the eneagplution (photopeak
FWHM/mean) for common and spatial channels, respectivefyevery individual crystal of the
array. An average FWHM energy resolution of.15+ 0.9 % (RMS) for spatial channels and
151 +1.0 % (RMS) for the common was observed at 511 keV.

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

In order to account for PSAPD gain variation and light yiefieéets from the different crystals
in the array, and to improve statistics, the energy speobra fndividual crystals were combined
after scaling with a factog , Whereg; is the gain of crystal andg the average gain of all crystals.
The resulting energy histogram is shown in figéreThe photopeak is clearly visible. The left
hand side of the photopeak shows a broadening dXe-tiay escape from these miniscule crystal
elements, as also observed 8].[ A Gaussian plus constant background were fitted to the righ
hand side of the spectrum:

X— 2)2

f=p0+ pl-e’%(_pg_ (3.1)
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Figure 6. Global energy spectrum (after calibrating for individaaystal variations) for spatial channels.
The fit function of equation3.1) was fit to each spectrum. Fit parameters are indicated ifighee.

The fit function and its parameters are shown in the figure. -garrected global energy
resolution of 1157+ 0.06 % and 1M440.23 % FWHM at 511 keV were obtained for spatial and
common energy resolution respectively. These values arerlthan the ones shown in figube
because of the lack of a correction féfray escape in that figure. By fitting only the right hand
side of the histogram in the global energy spectrum, thecsffef X —ray escape are eliminated.
The latter approach is only possible when sufficient stesisire available, and thus it cannot be
applied to the energy spectra of the individual crystals.

3.2 Biasvoltage dependence

The variation in energy resolution as function of bias \gdtat constant temperatufe=17"C

is depicted in figure’. Between 1700V and 1730V, no significant improvement as atiom of
bias voltage can be seen. At higher voltages the energyutesokystematically degrades, which
can be attributed to an increased excess noise factor andcerased leakage current yielding
degraded energy resolution, as suggested by equatic®)saqd (L.8). We did not try to scan the
entire bias voltage range in search of optimal gain becassshown in the next paragraphs, both
the flood histogram and time resolution require high gains.

The energy resolution insensitivity at lower bias voltaigescate that at these voltages, energy
resolution is dominated by the LSO crystal {n equation 1.8) is the dominating contribution).
Similar behavior was observed elsewhed€][ Also [81] measured a> 8 % energy resolution
across a wide variety of LSO boules.

Figure 8 shows the average FWHM coincidence time resolution for th# keV photo
peak. Coincidence time resolution improves as a functiorbia§ voltage until it reaches a
minimum plateau beyond which the time resolution detetésa The behavior can be explained
by equation 1.9): % decreases with increasing bias voltage due to an increagedtion layer
as a function of high voltage. This causes the width of th& degion to decrease (the region
between the depletion layer and the contacts) and hence leadshorter drift time. In addition,
the expanding depletion layer also causes a decrease icedeapacitance, thus shortening the
RC-dependent rise time. The deterioration at higher voltéggdse to increased noise in the signal
oy, because of an increased excess noise factor. This indreasése at higher bias voltage was
also observed in the energy resolution plots (fighre
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Figure 8. Average FWHM coincidence time resolution atQ°C over all crystal pixels as a function of bias
voltage. A plateau of optimal bias voltage is observed)(|&tght shows the mean difference in arrival time
between the PMT and PSAPD signal as a function of bias valtage

Figure8 also shows the mean difference in arrival time between PMITRBAPD as measured
by the TAC. The time difference increases as a function of batage, explained by a larger rise
time for larger signals (which does not mean a smﬁe}r A CFD is only able to correct timing
walk for signals with the same rise time. The error bars irplbeare large due to a spread of about
20 nsin arrival time depending on the crystal location, as abserved ind] and [82]. Two distinct
regions with different slopes are observed in the figure, Wlleigcuss this transition in sectioh

The quality of the flood histogram expressed via FOM (equaf®?2)) as a function of bias
voltage is shown in figur®. Also here a plateau of superior performance is observedthdtr
edge and center rows (FQMye= 3 (FOM! + FOM®) and FOMeenter= 3(FOM*+ FOM®) ). The
degradation at higher voltage can be attributed to a higtmss noise factor, increasing both shot
noise due to the signal and shot noise due to the leakagent(ecpiation {.6)).

In order to better understand the FOM, it is illustrative t@lgze both of its components:
distance between peaks and width of the peaks. The distataedn peaks is plotted in figut®.
Taking(A—B)+(D—-C) = f - (A+B+C+D) = fljignt, equation 2.1) can be rewritten to include
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noise sources due to the leakage current from the four cergealsd (i = A,B,C,D):

«— f-lighi+0n—%+d&—0 _ flignt
light + o+ %+ +d  light+4-0a’

(3.2)

where the approximation is based on the assumption that dheproportional noisey is the
same in each quadrant, i.8, ~ ds ~ & ~ d. Due to AC-coupling, the mean of the leakage
current contributiond should be 0, however its width is not. Both the width of thg: and &
distributions goes ag? = F(M) - M?Af (equation {.6)). The exact calculation of the meanoin
equation 8.2) is beyond the scope of this paper. It suffices to say thatlibgeaexpression yields
a spatial compression of the flood, indicated by the dateepted in figurel0. Above 1730V, no
decrease in distance between crystal peaks is seen, duagbea bxcess noise factor not taken
into account in equatior3(2). Because of the decreased distance between peaks, theoivitie
peaks in the position histogram is a better observable thafr©M of figured and this parameter
will be used in the next section.

3.3 Combined temperature and bias voltage dependence

Figure 11 shows the variation of gain and leakage current as a funcdtidias voltage and tem-
perature. Data was taken at 11 different temperatures. wardemperatures the gain increases
faster with bias voltage, an effect explained by equatibi3) on page7: takinga(T) = a and
b(T) =bp+ by - T, the exponential increasesTfdecreases. The bias voltage at which the gain
steeply rises is lower for lower temperatures, consistetfit many predictions and observations in
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atures. The right panel shows the leakage current at difféias voltages and temperatures.

the literature showing that the breakdown voltage deceeasea function of temperature. The range
of bias voltage measurements at any temperature variethdiggeon the observed leakage current
and gain. At lower temperatures, a lower leakage currenbseiwed due to the decrease in ther-
mally generated electron-hole pairs. Leakage curreneasss with bias voltage, because the bulk
leakage current is subject to avalanche multiplicatiore fHat that the leakage current decreases as
the temperature decreases indicates that we were efilgativeling the module, without reaching
the limits of our cooling setup. With the gain calibrationsefction2.3, gains between roughly 540
(photopeak position at 1 V) and 4850 are observed (photopesikion at 9 V) in figurell.

Gain as a function of temperature is shown in fig2 Data points were obtained from
an interpolation of the data presented in figlidle The left panel shows that gain decreases as a
function of temperature. Using the equatidn= % [35], with Vg the bias voltage: the electric
field, andw the depletion layer width, and combining equatidnl@ and equationX.3) we can
write:

( _ bg+bgT W) ( _ (p1+p2T)W>
(1-k) | ae P L (1-ps3) [ poe %
~ (1-Kke ~ (1-pye
M= (bg+by T)W - (pr+paTWY ° (3.3)
(1-Kk) (aoe 2 ) L (1-pa) (pge A )
1-ke 1-pse

In order to reduce the number of fit paramet®¥syas estimated from equatioh.?) to be 125um,
and the bias voltage dependencé ef ag was ignored. The function of equatiod. ) was fit to the
data presented figur2. The fitting procedure was underdetermined due to the oaldtetween
the fitting parameters, in particular parametpgsand pg. Therefore good initial estimates were
required for the fit. Nonetheless, we obtain a valugf= k = 1.42- 1073, in good agreement
with [39] who obtainedk = 0.7 - 103 for a similar device.p; = bg = 1.11-10° and p, = b; =
1.4-10° agree well withbg = 1.05- 1° andb; = 1.3- 10° obtained by 31]. Estimating error bars
on the fit parameters is challenging because of the crosslaton between the fit parameters and
the limited data. The important observation here is thabtder of magnitude of the fit parameters
agrees well with values from literature and shows that weststdnd our experimental parameters.
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The right panel of figurd2 shows the bias voltage needed to obtain a fixed gain as adancti
of temperature, for three different gain values. At lowenperatures, lower bias voltages lead
to the same device gain. Data was obtained by interpolatiagralues of figuredll. Fits to the
curves yielded slopes 0f@9+0.02 %, 1.68-£0.02 % and 173-:0.03 2% for gains corresponding
to 1L.25V, 200 V, and 300 V respectively, in good agreement with each other, itiligaa bias
voltage temperature coefficient independent of the valubegain.

Time resolution is strongly affected by temperature and bi@tages, as seen in figuiéd.
The time resolution degrades betweerf@Gand 20C, but no improvement below 2Q is
observed. The improved time resolution as a function of tmaipre can be explained by
equation 1.9): % increases at lower temperatures due to an increased driftitye (see for
example 63]). oy in equation L.9) is also reduced because of the decreased bulk leakagatcurre
(see equationl(6)) and decreased thermal noise from the resistive sheeectthto the PSAPD.
The observed temperature independence beldWZ 2@an be attributed to different effects: noise
of the scintillator, time resolution of the LYSO-PMT useddaincidence with the LSO-PSAPD
module, and the noise of the electronics.

To exclude influence of the PMT, we can analyze the qualityhefftood histogram through
the FWHM of the peaks, shown in figulel. A similar pattern as the one observed in figa&
is obtained. Overall performance is better at low tempeeatand is bias voltage dependent. A
limited improvement can be seen for temperatures beloWC Idegrees. The improvement in
peak width as a function of temperature is attributed to aedese in noise caused by a decreased
leakage current. Such an improvement was also observelbhyys opposed to figuré3, a small
yet noticeable improvement below 2D is observed, indicating that PMT time resolution plays a
role in the overall coincidence time resolution in figli&

3.4 Optimal bias voltage prediction

For systems comprising many semiconductor detectors, hauéb relatively quickly determine
the optimal operating bias voltage is desirable. Data ptesein the previous sections suggest
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an optimal bias voltage that maximizes time resolution angroves the quality of the flood
histogram which is different at different temperaturesisEection presents a method of predicting
that optimal bias voltage. Two methods are proposed: onedbas the time resolution, and one
based on an intersection method.

3.4.1 Timeresolution method

Time resolution may be a good observable for predicting thiin@l bias voltage. In order to
perform this optimization, a third order polynomial wasdithe coincidence time resolution versus
bias voltage for every temperature as displayed in fig@&eWNe hypothesize that the minimum of
the third order polynomial corresponds to the optimal bialtage at that temperature. The energy
resolution, time resolution and FOM data were interpolatethis optimal bias voltage for every
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temperature, yielding a performance measure of variousnpeters versus temperature at optimal
bias voltage which is shown in figurks. We see that all observables improve with decreasing
temperature. A linear fit to the energy resolution showedgaaittation of 0038+ 0.006% between
5°C and 40C. Above 15 degrees coincidence time resolution detegsray 0042+ 0.002 [g,

and the FOM decreases bylQ+ 0.02 % The width of the peaks in the flood histogram show a
guadratic dependence on temperature. As also observedifjora 13, the time resolution stays

within 10 % of its optimal value over a range of 3% V at any temperature betweetG-40C.

3.4.2 |Intersection methods

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

Figure 16 shows the photopeak positions (gain) for the spatial cHarasea function of bias
voltage at different temperatures. An exponential fumctias fit to the data points at lower bias
voltage and another one was fit to data points at higher bikageo For temperatures lower than
24°C two distinct regions can be observed: one having a low@edloan the other. The increased
slope at higher voltage is an indication of the onset of haldtiplication in the avalanche process:
the change in gain is higher, because holes are also cdirigho the overall gain above a certain
bias voltage. We will come back to this topic in sectin
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At higher temperatures the two exponentials overlap, ara distinct regions are not ob-
served. At these temperatures the holes do not gain enoeglyeio start impact ionization due to
interactions with the increased amount of thermally garédralectron-hole pairs.

Similar dual-exponential behavior was observed for the@beak position from the common
channel as well as for the leakage current, confirming thgestipn that the effect is related to
a device property. The slopeb i y = €2t of the bi-exponential fit to spatial channels gain,
common channel gain and leakage current are shown in figur&ood agreement between the
slopes of spatial and common channel gain are observed fordwer and higher gain exponen-
tials. The slope of the exponential fits to the leakage ctifadlows a similar pattern. The slopes of
the higher gain exponentials decrease as a function of teype until they merge with the lower
ones at high temperature. Interestingly the slopes of tver@ain exponential is only weakly
dependent on temperature, explaining the behavior olbdémnée right panel of figuré?2.

We will investigate if the bias voltage corresponding to th&ersection of the two expo-
nentials could be an indication of optimal bias voltage athe@mperature. For voltages below
the intersection point, time resolution is not optimal dueatdecrease%. \oltages above the
intersection have more noise, since the onset of hole rlioétpn causes a largérand thus also
a larger excess noise factor (equatiarby).

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

The same figure also shows the optimal bias voltage predimtatie time resolution method. A
relatively good agreement is observed, except at highepaestures, where the intersection point
is harder to predict due to similar slopes in the high and laim gegions. As expected, optimal
performance is achieved at higher bias voltages for higlraperatures. A first order polynomial
fit to the optimal bias voltage based on the time resolutidia gieelds a slope of .44 0.07 %
The point at 14C seems to be an outlier. Due to the polynomial fit to the tinseltgion statistical
fluctuations can be amplified.
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Figure 19. Time resolution at different temperatures. The diamondgates predictions of the optimal
time resolution based on the intersection method.

To evaluate the performance of the intersection methodpitbdicted best coincidence time
resolution at these optimal bias voltages is plotted onithe tesolution curves of the full data
set at various temperatures in figur® The time resolution at these predicted bias voltages are
indicated by diamonds in the figure. Below°Z8 the diamond corresponds to the bias voltage at
which the time resolution is minimum. At higher temperasutiee agreement is worse, again due
to a lack of distinction between low and high gain region.

Table 2 compares the optimal bias voltage and the gain, leakagerduaind time resolution
as predicted by the time resolution method and the inteesentethod. Again, larger differences
are observed for temperature28C. Percentage differences (indicated in the table) for bias
voltages and time resolution are low, but the differencgzr@dicted gain and leakage current are
substantial. These differences are attributed to the exqi@l rate of change, whereby a small
difference in bias voltagek) results in large changes in gain and leakage currapk ( The
optimal gain as given by the time resolution method is onayern470: 140 (RMS). The optimal
gain thus is relatively constant.

4 Discussion

The gain and leakage current data show two distinct regisns fanction of bias voltage, one
having a higher rate of change than the other. This largeease in gain at higher voltages
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Table 2. Predicted optimal bias voltage and performance parasmatehese voltages based on the inter-
section methodi) and the time resolution methot).( The intersection method uses leakage current data.
Percentage differences in performance between the twoatietre shown as well.

temperature biag biag A Gairf Gairf A | lleaki lleakt A | tresi test A
°C V V % % UA  UA % ns ns %
5 1708 1707 0.1} 1467.88 1359.15 6.0 0.3 0.3 491235 235 0.2
8 1713 1712 0.1} 1359.15 1250.42 8.5 04 0.4 711236 237 -05
11 1717 1715 0.1] 1359.15 1196.05 12.6 0.5 0.5 102/ 24 24 0.1
14 1723 1713 0.6| 1413.52 924.222 53.3 0.6 0.4 47.6| 247 236 4.7
17 1727 1722 0.3| 1359.15 1032.95 32.6 0.8 0.6 26.5|/242 242 0.2
20 1730 1731 -0. 1141.69 1196.05 -3.5 0.9 0.9 -3.0/251 252 -0.1
24 1734 1736 -0.1 1087.32 1196.05 -7.1 1.2 1.2 -6.2|267 266 0.3
28 1739 1742 -0.2 978.588 1141.69 -13.2 1.5 1.7 -11.7284 282 0.6
32 1741 1749 -0.5 815.49 1141.69 -30.4 1.7 24 -27.23.08 295 4.7
36 1743 1758 -0.9 652.392 1196.05 -46.1 2.1 34 -39.7 34 318 7.0
40 1749 1762 -0.9 652.392 1032.95 -35.8 2.8 35 -19.0359 34 54

is likely due to the onset of hole multiplication as we willesi this section. As discussed in
sectionl.l, many models describing impact ionization use a thresho&tgy below which no
impact ionization occurs (see e@3]). This threshold is apparent for example in equatibr)(
and may be a ‘soft’ threshold, meaning that even below thzadion threshold some ionization
occurs, due to the statistical nature of the process. Framate (L.4) it follows that, when the
threshold field for hole multiplication is reached, higheirg will be observed, due to a non-zero
k. The number of carriers reaching the threshold energy & itsmperature dependent through
the Boltzmann equation. At temperatures above abdU€ 28 e distinction between the two slope
regions is less clear. At these temperatures, hole makifitin may only start to occur at higher
bias voltages, or it is quenched by the overabundance ofgstsonVe did not attempt to bias the
modules to higher values than those presented in this pagaube we wanted to keep the leakage
current below 4uA in order to reduce the risk of device failure.

Figure 20 clarifies the origin of the ‘double exponential’ observedtlie gain and leakage
current data. The red line is a three parameter fit accordiegjaation {.3):

W
(1—pz)<poe ?W)

_PW 0
(1—pz)<poe 2Vb>
1—poe

where as before the bias voltage dependende-ofp, andW = 125 um are ignored. The fit is
underdetermined due to the correlation between the paeasnelNonetheless a good description
of the data is obtained. Parametegs= k = 1.21-10 2 andp; = 1.32- 10° are in good agreement
with values from 81, 33]. pp = aL = 8.07- 10?, takinga = 3- 10° [33], we obtainL ~ 25um, the
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Figure 20. Gain as a function of bias voltage & The red full line is a fit of equatiorl(3) to the data,
the dashed line is a fit to the lower gain region, correspanttik = 0 in equation {.4). Dash dotted line is
a fit to the higher gain region.

distance across which avalanche multiplication occurgaBse of the assumed simplification and
the underdetermined fit, only the order of magnitude of tles@nted 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.wtlrecomes clear that
the lower gain region corresponds to the region wikete0 in equation {.4). For non-zer, the
same equation demands additional terms to describe the ga@fso shows that describing the
high gain region with a single exponential is a simplificatitndeed, the magenta dash-dotted line
in the figure does not fit the data perfectly. Another obs@mais that in our simplified model,
breakdown can't be reachedkift= 0 due to the lack of a vertical asymptote for a single expaaknt
function. In other devices, where the simplifications usextitdo not apply, breakdown may occur
even when only electrons undergo impact ionization. A dismn on this topic is beyond the
scope of this paper. See for instan8d][

The signal arrival time as measured by the TAC (fig8yalso shows a distinct region for
lower and higher bias voltage. The difference in arrivaldtiis caused by a different pulse shape,
and thus on different CFD triggering time. Hole multiplicat will affect pulse shapes. At higher
temperatures, the differences are more linear.

As seen in equationl(5), the excess noise factor increase&sisfor high gain values. Since
k is of ©(107%) in our device, the ternkM will start to dominate for gains above 3,0hence
the decreased energy and time resolution at higher biasagels observed, even without hole
multiplication. In addition, the onset of hole multiplicat will result in a higherkgs, causing a
higher excess noise factor (equatidng). In a similar device as the one under study, an increased
k was observed for gains greater thanl®® [39]. Figure 7 indeed shows a steep degradation in
energy resolution at the highest voltages. The intersectiethod succeeds at predicting the bias
voltage at whictkM becomes the dominating contribution to the excess noigerfac

The higher excess noise factor also explains the detadarat time resolution and flood
histogram quality, seen in figurd8 and14. The degradation is worse at lower temperatures than
at higher ones, confirming the greater contribution of holatiplication at lower temperatures.
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Figure 21. Difference in arrival time between signals coming from BT and the PSAPD for various
PSAPD temperatures as a function of bias voltage. For lityitdata points are connected by a line.

Energy resolution does not improve much with temperaturdy .25 percentage points
between 40C and 5C, showing that the LSO crystal is the dominating contritnutio the energy
resolution (equationl(8)) as also mentioned in sectidnl.3 The signal to noise ratio for APDs
(Isig-M/+/eq (1.6)) suggests an optimal gain for which the signal-to-noisi ia maximum. The
optimal gain is dependent on the signal magnitude and mayuoh fower than the gains obtained
in this work, as argued bytp]® and for instance observed b§4].

From figurelb, time resolution improves from 3.4 ns to 2.4 ns betweeiC4ihd 17C, beyond
which it does not further improve. The lack of improvementtiemperatures below 1T is due
to the PMT contribution, since pulser measurements shotetbatronic noise decreases at lower
temperatures and also because the width of the crystal pleaksases below 1C.

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

Despite these limitations the time resolution is an exoél#servable to assess the optimal
bias voltage at different temperatures due to its signific@pendence on bias voltage: the time
resolution increases as a function of bias voltage due toedeed noise, decreased junction
capacitance, and increased saturation velocity. At higbkage the increased excess noise factor
causes the time resolution to degrade.

Finally, it should be noted that the properties of the PSARBIf will be more precisely
determined when not coupled to a scintillation crystal yartzecause of the resolution blurring
caused by the scintillator. A calibrated laser orXamay source could be used to irradiate the
PSAPD directly. This method is in particular better for istigating properties such &g;, device
gain and hole multiplication. Such a study is outside of tt@ps of this work as our goal is to
characterize performance of the PSAPD in combination wighltSO crystal array.

SNote that these authors ignore the contribution of the Wleitur.
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5 Conclusion

We present measurements of leakage current, gain, timtutiesoand flood histogram quality
for an 8x 8 array of 0915x 0.915x 1.0 mn? LSO crystals coupled to a PSAPD at temperatures
varying between 8 and 40C. Lower temperatures yield superior performance. Thecasrd
excess noise factor and the onset of hole multiplicationgit bias voltages degrades all important
observables.

Different methods to predict the optimal bias voltage ahaamperature are presented. From
a practical point of view it is hard to use time resolution aseatimator of optimal bias voltage,
since it requires a relatively slow coincidence acquisitend a radioactive source. A more
practical method involves analyzing the width of the peakseoved in the crystal flood histogram,
which follow a similar behavior as the time resolution. Thigthod has the disadvantage that a
large amount of data and a radioactive source are needechrBlyef most practical method is the
leakage current intersection method, since no source isresly Up to 28C, the leakage current
method agrees well with the predictions of the time resofuthethod.

Due to their exponential dependence on bias voltage, the gahues of the optimal gain and
leakage current differ quite significantly even though tthegitimal bias voltage prediction only
differs by a few \olts (see tabl2). However, results suggest an optimal gain around 1500K pea
at 2.2 V) at all measured temperatures. Time resolutionadiegr by 10 % withint15 V of the
optimal bias voltage. The window of about 30 V over which parfance does not significantly
degrade relaxes the requirements on the accuracy of theditage selection.

At optimal bias voltage, the energy resolution degradé4@5-+0.1) 4 (0.038+0.006) - T %.
Coincidence time resolution stays constant.872-0.02 ns below 15C. Above this temperature,
time resolution deteriorates &3.67 4+ 0.06) + (0.042+0.002) - T ns, and the FOM decreases
by 0.11+0.02 % Even at high temperatures, all 64 peaks are still cleadiblé in the flood
histogram. The width of the peaks in the flood histogram shoguadratic degradation with
temperature(2.6+0.1)- 102+ (1.6+0.2)-10°°- T2

A temperature gradient of°€ is expected across the detector panels in the breast PET
camera under development in our lab. In order to maintainnsteot gain, a voltage adjustment
of 1.70£0.04 lc is needed. In order to obtain superior performance, theagelineeds to be
increased by B4+ 0.07 V for every degree decrease of temperature change. Biktients
are similar, indicating that we can maintain optimal parfance at comparable gains over a
temperature range betweetCsand 40C.
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