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ABSTRACT. The performance of a silicon photomultiplier has beensse at low temperature in
order to evaluate its suitability as a scintillation readdevice in liquid argon particle physics de-
tectors. The gain, measured a$ 2 1P for a constant over-voltage of 4V was measured between
25°C and -198C and found to be invariant with temperature, the corresignsingle photoelec-
tron dark count rate reducing from 1MHz to 40Hz respectivElyllowing multiple thermal cycles
no deterioration in the device performance was observed.

The photon detection efficiency (PDE) was assessed as adnmftphoton wavelength and tem-
perature. For an over-voltage of 4V, the PDE, found agairetinisariant with temperature, was
measured as 25% for 460nm photons and 11% for 680nm photons.

Device saturation due to high photon flux rate, observed &thom temperature and -196, was
again found to be independent of temperature. Although titygud signal remained proportional to
the input signal so long as the saturation limit was not ededgethe photoelectron pulse resolution
and decay time increased slightly-a196°C.

KEYwWORDS Photon detectors for UV, visible and IR photons (solidestéPIN diodes, APDs,
Si-PMTs, CCDs, EBCCDs etc); Solid state detectors.
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1. Introduction

Typically liquid noble gas detectors (XENON [1], ZEPLIN [2CARUS [3] rely on quartz photo-
multiplier tubes (PMTSs) to detect UV scintillation lighth€ large cost, complexity of readout, and
relatively high intrinsic background][4] of PMTs has led osstudy other optical readout options
for future scintillation detectors. Requirements are lggantum efficiency~20%), fast rise-time
(~3ns), low dark count rate~(50Hz) and high gain~10’). In such detectors measurement of
the smaller primary ionization charge signal is essentih o allow characterization of the in-
teraction and to obtain positional sensitivity. Any PMT lesgement must therefore be capable of
similar performance.

The silicon photomultiplier (SiPM)[]5] 6] is a recent evatut of the avalanche photodiode
(APD) and the large area avalanche photodiode (LAARDP)[[l— G®mpact, cheap and of high
radiopurity, with low power consumption and supply voltaggquirements, and capable of reason-
ably high gain and reduced noise at low temperatures, SiRAdeke[1]] are now being considered
for low temperature photon readout applications both iniotadf[3] and high energy physicp J13].
SiPMs are particularly appropriate for use in scintillatidetection because of their high sensitiv-
ity, high quantum efficiency, and insensitivity to magnétads up to 4T [[B]. Excellent timg [14]
and energy resolution in addition to small size and highiefficy are crucial for medical physics
applications such as positron emission topography (PEd)samgle photon emission computed
topography (SPECT) and SiPM are now being considered feetapplicationg 14, 16].



Table 1. Characteristics of SensL series 1000 SiPM device and Seb®Q Zreamplifier.

Pixel |Number |Geometric |Maximum |Risetime |Decaytime|Spectral V breakdown
size |of cells |efficiency % |gain (ns) (ns) range (nm) |at 25°C
20um | 848 43 8x10° 10ns 100ns 400-700 |28.2V

The SensL Series 1000 SiPM consists of an 848 pixel array of active @48mn? arranged
on a total device area of 1nfm Manufactured as an n on p device, the n implantation layer is
very shallow, approximately 100nm, and the total depletiepth is of order im. The device was
supplied for evaluation without a protective can, the barigks secured in place with transparent
resin. The main characteristics of the device are listedhlntet 1, the risetime and decay time
referring to the preamplifier.

Each pixel operates in limited Geiger mode in which a disghas initiated by a hole or pho-
toelectron in the high electric field region of the p-n junati Each pixel is connected in parallel
to a common load with the effect that the output is the sum lopiakl signals. The SiPM de-
vice is operated with a reverse bias voltage typically 106Xbove the breakdown voltage, the
pixels electrically decoupled from one another by indigtpolysilicon resistors (R) of several
hundred kOhms. This over-voltage is defined by equafiof) (I-e individual pixel capacitance
is approximately 50fF and the charge accumulated in eaaH gixen by equation[ (1).2) is there-
fore typically 150fC. This yields a signal of several mitlits per pixel on a 5Q impedance, the
summed output signal passing through an external preaerplithe gain has a linear relationship
with over-voltage given by equatiof (IL.3) where e is the gbanf the electron. Following a pixel
discharge the avalanche current produces a voltage drbp atsistor leading to a decrease in the
local electric field and the discharge subsequently quendhiter a dead time, determined by the
pixel resistance and capacitance as shown in equdtion ¢hetelectric field is restored and the
pixel becomes reactivated.

AVoverfvoltage = Vhias— Vbreakdown (l-l)
Qpixel = Cpixel(A\/over—voltage) (1-2)
Gain — Cpier-A\/over—voltage (1'3)
e
Trecovery = R.Cpixel (1.4)

Due to the small width of the depletion region and the shoig&edischarge SiPMs typically
have a single photoelectron timing resolution of severaidned picoseconds FWHM][5]. It is
therefore the case for the majority of applications thatitinéng properties of the output signal are
representative of the type and duration of the light souand,not of the device itself.

The quantum efficiency (QE) is defined as the average numledecifon-hole pairs created by
the interaction of one photon in the depleted layer of théV/Silevice. Although dependent on the
wavelength of the photon this value is typically between B0 &%. The breakdown probability

1sensL (www.sensl.com) specialises in the developmentvofifht sensing silicon photomultipliers in addition to
providing a full range of signal preamplifiers and data asitjioin electronics.



represents the likelihood that a single photoelectrontvigiger a Geiger discharge within the pixel,
and is strongly dependent on the electric field strength enjiinction, and therefore on the bias
voltage [I]. The geometrical efficiency represents thie ratt the total active pixel area to the
entire device area. Dependent on the design of the intef pixendaries which inhibit current flow
between pixels, this is typically between 30% and 70%. Thatghdetection efficiency (PDE) is
defined in equation[(1.5) anfl (IL.6) wheageiger is the Geiger discharge probability and F is the
geometrical efficiency. Typical values of between 20 and 30€the PDE are very similar to the
QE of a standard quartz PMT.

generated photoelectrons
incident photongA)

PDE(A)% = (1.5)

SiPM devices have been widely evaluated for room tempexatpplication. However their per-
formance at lower temperatures has not been fully chaiaeter To assess the suitability of the
SiPM device for light readout applications within liquid e gas targets, its performance must
first be studied in isolation. The key aim of this work was tafoon cryogenic operation at liquid
argon temperatures. Gain in LAAPDs is known to vary with tenagure [10] by as much as 3%/
and temperature dependence of gain has also been obsenmglelaluation of SiPM devices for
room temperature operation within the ND280 of the T2K detefig].

128nm VUV scintillation light produced within argon targes typically shifted via chemical
waveshifters into the sensitive spectral region of the saadevice [IP]. Traditionally the QE
of PMTs reaches a maximum at approximately 430nm. Since xhet @mission maxima can
be adjusted via multi-waveshifter blending, it is apprafgithat the QE of the SiPM device also
be investigated over a number of photon wavelengths at lowpéeature. Any deterioration in
performance at low temperature and at high photon fluxesedalg saturation effects must also
be quantified. This work details these measurements.

2. Experimental details

The apparatus, shown in figde 1, used in all measuremenssste of an inner steel test chamber
of height 550mm and diameter 98mm held within a concentrierochamber of height 750mm
and diameter 250mm. Both chambers were contained withirppezovacuum vessel and access
to each chamber was provided through tubes in an exteriofldoge of diameter 420mm. The
1mn? SiPM device was positioned near the centre of the inner ckaimnging from an optical
fibre cable as shown in figufg 2. A pulsing circuit based ondh&tapustinsky [2p] was connected
to an externally mounted light emitting diode (LED) prochgbns rise-time 15ns decay-time light
pulses of variable intensity, which were passed througHilite optic cable to the SiPM device.
The output of the optical fibre was positioned less than 1nomfthe SiPM device so that the
total area was illuminated. The fibre was then fixed to the supgtructure to ensure that its
position relative to the device remained unchanged dettptenal contractions. The preamplifier
was powered using a Digimess DC power supply HV3003-2 andite voltage supplied by a
Thurlby Thandor PL320 32V, 2A DC supply with sense active.e Dutput signal, viewed on a
Lecroy 9350A scope prior to each measurement, was passeditogiris CC108 PCI acquisition
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Figure 1. Experimental apparatus, ancillary equipment, and dataisitign system.

system typically triggered directly from the LED generatated logic signal ensuring a trigger
on every light pulse. PT1000 platinum resistance thermplesuattached to the SiPM provided
accurate temperature information, and careful additioligofd nitrogen to the cryogenic jacket
enabled the temperature of the SiPM to be stabilized for ang to an accuracy of1°C. A
parallel plate capacitor was placed above the device tcsaxtevel sensor, indicated by the change
in the dielectric medium. The only thermal inputs to the Siéice were radiation from the walls
and conduction along the support structure and power lidgesr to all tests the inner chamber was
evacuated to 210~/ mbar and backfilled with gaseous nitrogen to 1bar to avoidiensation of
water or other gases in the optical pathway. For all measemé&sras the temperature decreased,
the pressure of nitrogen gas within the target was mairdeaéd bar until liquefaction eventually
occurred.
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3. Results

To assess the performance of the series 1000 SiPM devicgdoit rgon applications, a number
of key performance measurements were taken.

3.1 Low temperature limitations of the preamplifier

The SiPM device was attached directly to a high gain pulsarppdifier printed circuit board com-
prised of a large number of resistors and capacitors. Shisemas initially mounted within the
cryostat, preliminary measurements were undertaken tremisat the performance of the pream-
plifier was unaffected by cryogenic temperatures. The SiMo#g was removed and replaced
by an RC circuit (R=5Q, C=12.4pF at 25°C and C=12.5pF at -1@§ connected in parallel to a
signal generator supplying a 200Hz square wave pulse aiblaremplitude. Amplifier clipping,
output signal distortion, and gain were then measured gard@nplifier was slowly cooled.

At room temperature preamplifier clipping was observed®¥ butput signal height for a sup-
ply voltage of+ 5V. As the temperature was reduced for a constant signaragnénput voltage,
the gain was also noted to decrease, as shown in fifjure 3.riistof the output signal was also
observed for output pulse heights above 0.7V at <Cofeducing to pulses above 0.1V at -106
although for both room temperature and liquid nitrogen afien there remained a proportional
albeit reduced linear relationship between the input anguiwoltages, so long as the distortion
threshold was not exceeded. The preamplifier was therefmsdered inappropriate for use in lig-
uid argon environments and removed from the cryostat fdeats. Careful screening of the supply
cables between device and preamplifier was found to be ¢togieduce noise. This was achieved
using an ultrahigh vacuum Kapton insulated coaxial cahblgpsinded by an additional grounded
steel braid, the connections passing out of the target chathiough two BNC welded fittings.
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Figure 3. Preamplifier performance limitations imposed by low tenapare operation.

Finally by comparing the area of the pulses measured by ttee atmuisition system with
the charge deposited at the input of the pre-amplifier (kngWisquare C and R), a calibration of
the device gain was made, allowing the absolute gain to lrdated from the separation of the
photoelectron peak maxima.

3.2 Variation of gain and breakdown voltage with temperatuie of SiPM device

The effect of cooling the SPM1000 SensL device slowly to ¢0®6n the breakdown voltage and
the gain was assessed. Very low intensities of 460nm blue uE&es were selected so that the in-
dividual photoelectron spectrum could be more easily aleskrthe separation of the photoelectron
peaks shown in figurlg 4 being the standard method by whichetinegmeasured as detailed above.

Measurements taken within the apparatus at room temperedufirmed the device was oper-
ating correctly, SensL having previously measured a nomMRaaxkdownat 25 C of 28.2V. Liquid
nitrogen was slowly added to the cryogenic jacket to produd®C per minute cooling rate until
the temperature of -19€ was reached. At this point nitrogen gas within the targesgkbegan to
condense and this continued until the level sensor indicthte SiPM device was fully immersed.
During cooling, the photoelectron spectra were recorded frange of Va5 values and temper-
atures. On completion the liquid nitrogen in the cryogemickpt was completely removed by
pressurisation, and the liquid nitrogen in the target afldwo slowly vent. During this warming,
all measurements were repeated to test for hysteresis,eimg observed.

Excellent single photoelectron resolution for both singieton counting measurements and
moderate light intensity LED pulses indicate a high levepefformance uniformity amongst the
pixels allowing each photoelectron peak to be clearly wiggtished and fitted using a Gaussian
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Figure 4. Single photoelectron peak distributions at@5unshaded) and -196 (shaded) at bias voltages
of 31.5V and 27.5V respectively.

function. The device gain measured as a function of biasgelfor a range of temperatures is
shown in figurg].

The breakdown voltage has long been known to be heavily digmgion temperature. A linear
fit was made to the data points in figyte 5 allowingedkdown(the bias voltage at zero gain) to be
measured. This is displayed in figUde 6 plotted against teatpes, the drop in the Meakdown
coefficient measured as 18:3.5mVFC.

The over-voltag@\V, defined in equation(3.1) can then be calculated for anypeature, and
the gain measured for specific valuesWf as shown in figurg] 7.

All data indicates stable linear device gain for a constaet-@oltage from room temperature
to typical liquid argon temperatures of -19D

3.3 Spectral response and PDE of the SiPM device as a functiaf temperature

The spectral response and PDE of the device were evaluategismall pulses from 460nm blue
and 680nm red LEDs. Typically the LEDs were pulsed at a fraquef 100Hz, each pulse lasting
20ns and typically containing between 10 and 1000 photohs.r&sponse of the SiPM to the LED
pulse was defined by the number of photoelectrons producétkidevice due to the incidence
of one light pulse on the pixel array, the number of pixelsdfireferred to as the number of pho-
toelectrons within the output signal. The absolute numlbgrhotons within each incident pulse
was measured using a 2 inch Electron Tubes D749QKFLA low ¢&eatpre PMT of known QE
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and gain dependency with temperature. In order to elimigalid angle effects the quartz PMT
window was covered in highly reflective 3M foil apart from aahctentral 1mm hole, and the
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SiPM and fibre optic cable were also wrapped in 3M foil. The afsan optical fibre deteriorates
the timing resolution of the LED pulses, which should beaaty no more than the approximate
pixel recovery time. The transmission properties of thecapfibre were therefore measured as a
function of decreasing temperature using the calibratectéonperature PMT. No variation in the
measured intensity of a pulsed LED signal was observed éosliort lengths of fibre used.

The LED pulse frequency was held constant at 100Hz and teaesity adjusted to be below
the saturation threshold for either the preamplifier or tii&\VBdevice. For each LED, the number
of photoelectrons created was then compared with the limitimber of photons incident on the
SiPM device, over a range of temperatures and over-voltagesmean number of photoelectrons
observed was determined by fitting to the data to obtain a medstandard deviation. An example
plot is shown in figurg]8. For high light intensities the olveer peak was clearly defined by
multiple photoelectrons as shown in figliré 15(b). At low insiéies, such as that shown in fig{fe 4,
the peak was less well defined.

Extensive measurements revealed that although the deldéeviRas sensitive to the over-
voltage, it was found to be insensitive to temperature withrors so long as the bias voltage was
reduced to maintain a constant over-voltage with decrgasimperature. The PDE, calculated
using equation 5 for a range of over-voltages and tempa&stis shown in figures 9 and 10 for
both 460nm and 680nm photon LED 100Hz pulses. It should bednibiat a small proportion of
the observed signal in any measurement is due to crosstdl&fearpulsing.

In order to both identify any hysteresis and recheck dat&lecsnumber of measurements
were repeated as the device was gradually warmed at theustmtlof each test. No variation in
any measurement was observed outside errors.



25
| ® AV over-voltage = 1 volts

| & AV over-voltage = 2 volts

3]
o
T

- m AV over-voltage = 3 volts

[| ¢ AV over-voltage = 4 volts

-
o
T

Photoelegtrons observed
o

o
T

O I S T T NS S T T T N S T T T N T T T T A T T T YT T [N S T T [N SN S T T Y S S T T Y SO SO

0 20 40 60 80 100 120 140 160 180 200
Photons incident on device

Figure 8. Number of photoelectrons generated due to 460nm incidewibpk for four over-voltages at
-196°C.

30 |
% 25°C 460nm
25 | 0 25°C 680nm
| A-196°C 460nm %
20 H 0-196°C 680nm % %5

0.5 1 1.5 2 25 3 3.5 4 4.5
Over-voltage (V)

Figure 9. PDE as a function of over-voltage for 460nm and 680nm puliggd &t both 25C and -196C.

—10 -



30 [

25 |

—a——m— —p—
—— ——

PDE (%)
o

i i
3 @ » P i
& AV = 2 volts 460nm ®m AV = 3 volts 460nm 4 AV = 4 volts 460nm
o AV = 2 volts 680nm OAV = 3 volts 680nm 4 AV = 4 volts 680nm

+

10 [

HEH HE—
HEHHE—

- —
i

HH R e

FEHEEH e e i

T e

FOHHER He e

!
20 %
4
4
i
it

-200 -150 -100 -50 0 50
Temperature (degC)

Figure 10. PDE as a function of temperature for 460nm and 680nm pulgbtidit three over-voltages.

3.4 Effect of temperature on the dark count rate

The dark count rate was measured as a function of both bitegeohnd temperature. The LED
pulser was switched off and the optical fibre thoroughlyased from light. A signal generator
producing a 10 kHz square wave gate was connected to the tingger of the PCI acquisition
system. The acquisition window was set at 150ns and dataegasied at fixed temperatures over
a range of bias voltages. Since the PCI system was trigggréidebsignal generator and not the
SiPM output signal or the LED pulser unit, a high proportidewents contained only noise, whilst
a fraction contained a single photoelectron pulse, and éhramaller fraction contained multiple
pulses. Events also featured truncated pulses at eithetati@r the end of the acquisition window.
Although the noise pedestal, distributed approximatetyuakero area was the predominant signal,
the data also identified maxima due to single photoelectaosdouble photoelectrons. By fitting
Gaussians to both the pedestal noise and photoelectroidligins, measuring the position of the
peaks in terms of area, and then finding the midpoint betwieem t the total number of counts
above this level could be determined. The dark count ratetheasdefined as:
total numberof counts abowe5s photoelectron area
total numberof countstaker 150ns window
total numberof counts above5 photoelectron area
total numberof countstaker 150ns window

Dark count ratgspe(Hz) = (3.1)

Dark count ratg spe(Hz) = (3.2

The dark count rate above 0.5 photoelectrons is shown inef[fjlir Although 5 1P events were
not absolutely necessary for room temperature data, theodamt rate was found to drop expo-
nentially with decreasing temperature, and even 5,000e0@0ts yielded poor albeit acceptable
statistics for the first photoelectron distribution at -186

—11 -
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Figure[1l illustrates the exponential increase in the datntrate with bias voltage for a
constant temperature, suggested as due to electric fietdeatsginnelling.

Since the breakdown voltage drops with decreasing tempetadnd since the temperatures
for which data were taken coincided with previous measurgsp¢éhe exponential fits to the curves
in figure[11 were used to provide a measure of the variationardairk count rate as a function of
temperature at constant over-voltages. This data is shofiguire[1D.

Finally an attempt was made to identify the contributionhte total dark count rate due to op-
tical crosstalk. Crosstalk and afterpulsing can lead tovamastimation of the PDE as the Geiger
discharge occurs in additional pixels. If it is assumed,dark count rates significantly smaller
than the DAQ integrating time window, that dark noise in vihigore than one pixel is fired comes
predominantly from a combination of dark noise and crokstdth neighbouring pixels, the prob-
ability for crosstalk can be given by equatign [3[3) [2],.22]

rate of > 2pixel fired noise

Probability of crosstalk= rate of > 1pixel fired noise

(3.3)

The device was allowed to warm to room temperature, slowhfemband the crosstalk probability
calculated for a range of over-voltages for a number of $jgeeimperatures as shown in figjirg 13.
Despite each data set containing BP events, as the temperature reduced, the total dark count
rate quickly dropped and the crosstalk probability raticdmee limited by low statistics for all
temperatures below -88. However up to this point the crosstalk probability renegdiindependent

of temperature as shown in figJrg 13.

- 12 —
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3.5 Effect of temperature on SiPM device saturation due to fgh LED photon flux

An evaluation of the linearity of the output signal from th®® with increasing light intensity as

— 13—
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a function of temperature was made. Saturation of the SiRNt€eevas considered to be a function
of the bias voltage, the light intensity, the pulse freqyemand temperature. In all tests the pulse
frequency was maintained at 100Hz. For a fixed temperatuleomar-voltage, the intensity of
the 460nm LED pulse was gradually increased from 150 to 16@®oms, the LED flux calibrated
using the ETL D749QKFLA PMT as described earlier, until eitthe saturation point was reached
or the output signal became clipped by the preamplifier. Tiag ¥oltage was then increased and
the procedure repeated. This procedure was then repeatiesivéy temperatures.

Earlier measurements, illustrated in fig{ire 8, have shomeality of the output signal is main-
tained at low incident photon fluxes irrespective of the exatage or temperature. Unfortunately
due to a combination of the single photoelectron height1tb® preamplifier clipping level, and
the increased PDE for 460nm light at high over-voltages, exdation from proportionality could
be observed in any measurement at any temperature for amyvait@ge above 1V, the preamp
saturating at low photon fluxes. Data taken at room temperaind -196C and shown in fig-
ure[I# indicates deviation from linearity to be both indegeert of temperature, and to occur for
1V over-voltages for incident fluxes containing in exces8@d photons. On cessation of the pho-
ton flux at the conclusion of each measurement the device wtasl o return to its typical dark
count background rate within less than one second.

3.6 Effect of cryogenic operation on the single photoeleatn pulse shape

During a Geiger discharge within a single pixel, lateraldifon of free carriers assisted by avalanche
multiplication [23] spreads the development of the disghaacross the pixel surface. The rate of
discharge development may therefore be a function of temyer. The rise-time, decay-time, and

—14-—
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standard deviation of both single photoelectron and LEBgailwere measured as a function of
temperature, the over-voltage held constant throughali.at

Mean single photoelectron rise-time and decay-timesde2rés and 10%12ns respectively
were recorded at room temperature. The mean pulse area eegpanding standard deviation
were also measured to be 02851.15Vns as shown in figufe]15(a). As the temperature of the de-
vice was lowered below -13C the shape of the single photoelectron pulse was noted twgeha
Although the total pulse area and the rise-time remainedffestad, the decay-time increased to
130+12ns. The mean single photoelectron pulse area at €1@&s 0.4%0.07Vns, the bias volt-
age having been reduced to 25.2V to maintain a constantvoliage of 1V.

Measurements were then taken both at room temperature 86dC-lsing a 460nm LED
producing 100Hz pulses containing a varied number of plsotororder to characterize any per-
formance limitations at high light fluxes. So as to assessaaiujtional impact on the rise-time,
decay-time and standard deviation of the LED pulse due toa@nn effects for photon fluxes in
excess of the limit of proportionality identified in secti8rb, data was taken for incident fluxes up
to 2000 photons. No effects were noted as the photon flux veakgily increased from 300 to 2000
photons per pulse. No changes inconsistent with singleoghettron behaviour were observed ei-
ther for low photon fluxes or for high fluxes above the satoratevel, the mean pulse area and
corresponding standard deviation of a pulse containin@ phétons measured as 330.8Vns at
25°C and 32.9:0.48Vns at -196C and shown in figurg 15(b).

3.7 Resilience of the device to repetitive thermal shock

In the course of this investigation the SiPM device was tladisntycled many times and exposed
to both sustained high bias voltages and light intensitiasorder to assess any lowering of per-
formance due to ageing or physical damage, the device agsé@mluding the optical fibre was

removed from the test chamber and installed in a small metgldhole drilled through the bottom
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Figure 16. Device gain measured at -196for three over-voltages as a function of the number of tla¢érm
cycles carried out on the SiPM device.

and top walls. The box was then immersed directly in liquidagien, and once cryogenic temper-
ature had been achieved, removed and the liquid nitroganedtaff. This process was repeated
30 times over a 6 hour period, the device allowed to warm tonré@mperature prior to being
re-immersed. Measurements of the gain and dark count rate taken at three over-voltages at
every fifth immersion, shown in figufe]16. The resulting dateswithin errors equal to the initial
measurements of gain taken in section 3.2 indicating noiphlydamage had been done to the
device.

4. Discussion

Results obtained indicate that the low temperature gaiheoSensL SiPM device is well suited for
light detection in cryogenic environments, its photon diom efficiency at 460nm is well matched
to liquid argon targets featuring the waveshifter tetragphdutadiene (TPB), and in general is a
good match for medium and high energy physics applicatioot s neutrino physics and dark
matter detection. PDE, dark count rate, and single phattvele timing are comparable with tra-
ditional quartz PMTs, and the dynamic range has been shoba fiaear for typical photon fluxes
per solid angle produced in liquid argon TPCs although thistbe confirmed using simulations
which should include purity, drift distance, etc.

PiN photodiodes, Geiger mode avalanche photodiodes, &oonsphotomultipliers have al-
ready replaced traditional quartz PMTs in a number of appbos. LAAPDs have been ex-
tensively used to measure scintillation photons withinéggample the Compact Muon Solenoid
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(CMS) [R4] and Positron Emission Topography (PET) scanfgk The T2K (Tokai to Kamioka)
long baseline neutrino oscillation experiment| [26], dutate first data in 2009 has selected SiPM
devices as the baseline photosensor for the ND280 nearta@leEECAL, and their use is also being
considered in the calorimeter of the International Lineali@er.

Unlike quartz PMTs, SiPM device performance can be heaytinised for a specific purpose
during both the manufacturing stage and in normal operaigican be seen, a multi-dependency
exists between the over-voltage, the PDE, the dark couet aatd the gain, although pixel size
and dynamic range, device layer structure and pixel regoere also play a role. Inevitably a
compromise must be reached between all variables for eadifispapplication.

The optimum over-voltage for peak signal to noise ratio isegally a compromise between
the PDE and the dark count rate, both of which increase wiliage. This is particularly relevant
for applications, such as liquid argon TPCs, requiring @loregration time. Operation at liquid
argon temperatures reduces the dark count rate i®1° of its equivalent room temperature value,
with the effect that the bias voltage can be increased, ngaidi greater device gain and PDE due
to an enhanced Geiger discharge probabdiyiger and ionisation coefficient. The PDE and gain
at -196 C for 460nm photons were found to increase to 25% ang 20f respectively for an over-
voltage of 4V whilst the corresponding dark count rate abadiscrimination threshold of 0.5
photoelectrons was only 40Hz. There is also scope to ras@vbr-voltage to a maximum of
about 6V so further increasing both the gain and PDE.

The PDE of a SiPM device is mainly determined by the photogt®n length in silicon.
Unlike long wavelength photons-600nm) which penetrate deeply into the device and are mostly
absorbed in the non depleted bulk, short wavelength phatad®0nm) are typically absorbed
within 100nm of the silicon surface. It is therefore moreelikthat generation of an electron-hole
pair occurs in the highly doped top implantation layer whehert recombination times result in
a loss of charge transfer. Manufacture of SiPM devices fdclwthe PDE is maximum for blue
and violet wavelengths therefore necessitates the usetrehesly thin o™ or n** top layers, in
contrast to red and infra-red sensitive devices which redhicker depletion layers. Electrons are
more likely to initiate a breakdown in silicon than holfs]j2ahd therefore generation of free carri-
ers in the p region has a higher trigger probability. Devigatsmised for blue light generally con-
sist of p-silicon on an n-substrate. SiPM devices have besmufactured at the Joint Institute for
Nuclear Research (JINR) on a n-type substrate with a QErspheesponse peaked at 460nm and
10,000 pixels/mrhat a gain of % 10* [R§]. Future devices may feature enhanced PDE by maximiz-
ing the quantum efficiency and transmittance of charge,sivrelducing the likelihood of recombi-
nation. This may be achieved by both optimizing the thickr&fghe silicon layer and reducing its
impurity concentration. Reflections at both the proteativeer polymeric coating and the SiGur-
face can be reduced with the use of pure materials and thef gpe@alist non reflective coatings.

The dark count rate has been observed to decrease expdpeniia temperature at a con-
stant over-voltage. This implies that the dominant compobisesingle pixel discharge initiated by
thermally generated carriers, although field assistedrgdon of free carriers, which is tempera-
ture independent and can only be reduced by decreasingabevtiitage, also has an effect. Due
to the high gain, the SiPM electronics noise is very smalle @iark count rate has recently been
shown to be almost proportional to the active area sugggttiat the impact on the count rate of
large area SiPM operation at cryogenic temperatures watdibimal [29].
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Development of SiPM technology will inevitably be detereinhby market forces, with the
effect that devices may not necessarily be fully optimisdpecialist academic applications such
as operation in liquid argon. Medical physics applicatisash as PET offer a far larger market
to SiPM industry, in which large area SiPM devices, opeatiithin a magnetic field, would be
coupled to LSO or LYSO crystals emitting a high number of phstpeaked in the blue region of
the spectrum. Due to the high flux from 511keV X-rays, the dannt rate typically taken above a
threshold of no less than 5 photoelectrons, would not besarejsalthough timing resolution would
be fundamental. These characteristics are an excellent gdrticle physics applications such as
neutrino or dark matter detection.

The SensL series 1000 SiPM device has been demonstratedettigh gain with low elec-
tronic noise, excellent photon counting capabilities d@ble temperature and voltage stability,
at low cost and in a compact high purity design with positiensitivity of Imnf. SiPMs are
rugged, show no aging, and can tolerate accidental illutmnaAlthough SiPM devices have not
yet achieved the performance parameters of traditionattzjiMTs especially in terms of active
area and high rate capability, development of SiPMs is arggand improved performance is as-
sured due to the vast number of applications that would kenedfin the technology. SiPM design
is also far more adaptable to the requirements of each apiplic Devices can be manufactured
with tuned spectral response, different doping conceotrat optimised dark count rate/active area
ratio, selected pixel and total area size, and lower powssightion. Future devices will feature
larger areas and a greater number of pixels with improved BtEreduced cross-talk, and with
higher rate capability. Produced using a standard mefdkesilicon (MOS) process, mass pro-
duction is straightforward and fabrication costs are low.

5. Conclusion

Operation of the SensL 1000 series SiPM has been confirmegiuid Initrogen. Following mul-
tiple thermal cycles the device consistently recoverethital room temperature performance on
warming and no mechanical trauma was observed at the camtloktesting.

The device has predictable consistent gain fromC# -196C for constant over-voltages
between 1V and 4V. A gain of 3:610° at an over-voltage of 6.8V was recorded at <I@6the
maximum value defined as the point at which catastrophiccdawieakdown occurred, not being
reached. The breakdown voltage was found to reduce lindamhy 28.2V at 25C to 24.2V at
-196°C, the coefficient measured as I:8A5mVFC.

The dark count rate has been shown to reduce exponentidtytevnperature at all bias volt-
ages, a single photoelectron rate of 1MHz &t@%or an over-voltage of 4V reducing to 40Hz at
-196°C. Cross-talk probability, measured at 7% for an over-ggltaf 4V, was found to be indepen-
dent of temperature although linearly proportional to g&mce the dark count rate is a function of
gain, optimum working bias voltage should be selected so asriimize noise contribution whilst
maintaining a clearly discernible signal.

The photon detection efficiency was assessed as a functiphatdn wavelength and tem-
perature. For an over-voltage of 4V, the PDE, found agairetinisariant with temperature, was
measured as 25% for 460nm photons and 11% for 680nm photoad.findamental aspects, the
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performance linearity of the device was unaffected by tamipee, onset of saturation found to
occur at identical photon fluxes irrespective of the deveregderature.

Results obtained indicate that the low temperature gaih@fevice is well suited for light
detection in cryogenic environments, its photon detedtifiniency is well matched to liquid argon
targets featuring the waveshifter tetraphenyl butadigiB{), and in general is a good match for
medium and high energy physics applications such as neutiétection, large arrays of SiPMs
offering a promising approach to optical readout of cryagdiquid noble gas systems.

First measurement of electroluminescence generatedwtithiholes of a micro pattern charge
readout device within liquid argon and viewed by a SensL SiFiMbe detailed in a separate
publication [30].
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