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SiPM

The silicon photomultiplier is a radiation detector with extremely high sensitivity,
high efficiency, and very low time jitter. Itliased on reversed biased p/n diodes, it
can directly detect light from near ultra violet to near infrared, and it is employed
in all those applications where low light/radiation level must be measured and
quantified with high precision.

A SiPM consists af matrix of smalkized sensitive elements called miarells (or
pixels) all connected in parallel. Each micedl is a GeigeMode avalanche photo
diode (GMAPD) working beyond the breakdown voltage (Vbd) and it integrates a
resistor for passive quenaiuy.

A GeigerMode avalanche photaliodeis an avalanche diode biasbdyond the breakdown voltagén this
way in the depleted area, there is a strong electric fedugh to give a single electraine energy enough

to trigger the ionization process lmgeans of multiple collisions in an avalanche process

it is clear that a photodiode in which the arrival of a

e photon has triggezd the avalanche proceséias no

Phaton opportunity to appreciate the arrival of a second
\ /"“”"—"““HL’” photon. It isnecessary therefore a procetisat stops

z the avalanche, lowering the electric field at the ends

\ /MM of the depletion region to a value such as not to allow
h 4 more multipication by impact of the electronsThe

reverse bias voltagereturns below the value of

! breakdown for a certain period,agl time of "hold
Vi : Reverse volage off". During ths time interval, the device caot
Ver: Breakdown voltage detect the arrival of photons. To improve the
efficiency of the photodiodeét is necessary that this
blind time is as small as possible. This involveaude of a quenching circuithesimplest quenching circuit
consists of a resistor in series at the junction of the photodiode.

Commonly, the active area of the SiPM is of a few square millimeters. Depending on the model, the
number of pixels can vary between a hundred and a few thousamttieach of them is constituted by a
squarecell of side lies between 25 um and 100 .uhme various pixels are separated from each other by a
thin layer of insulating material. Considering that on average a cell is struck by a single photon, it is possibl
to derive the number of incident photons by the number of activated cells.

The SiPM have advantages such as low voltage operation, insensitivity to magnetic fields and a very high
gain: G = 100,000 to 1,000,000.

Main features ofSiPM AdvanSilNUV 4x4
4x4 mm2detection area

40 um micracells, 60% filfactor
Low dark count rate
NUMVSiIPMs420 nm peak sensitivity
Gain temperature stability < 1 %/°C
MR compatible

R
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polarizzazione dovuto alla resistenza di quencing

Trend of the current and bias voltage as a function of the resistance of quenching

Trend of the current and voltage for a pulse
produced by a SiPM. The rising edge is very fast, on
the order of 10ns. The falling edge depends on the
capacity of the junction and the resistance of
guenching, and that is in the order of 100ns

The SiPMhas to be biased with a voltag&/bias
greater than the voltagé/bd (Breakdown voltage).
The valueof the "overvoltage” ranges from 2 to 4 V.
The Vbd has a value of about 28V, it follows that the
bias voltage has a value ranging from 28V to 32V.

Vbias

Vbd = 28V
Vov = 24V
Vbias = 36B2V

Vbd

The SiPM have a significant noise, called "dark current". The phenomenon of dark current is explained by
the spontaneous generation, by thermal effect, of electtarie pairs in the depleted region. This is due to

the presenceof centers of generatiomecombination that have an energy level place approximately in the
middle gap between the valence band and the conduction band. The presence of recombination centers
arises from imperfections in the crystal latithat introduce aergy levelsvithin the gap.
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LYSGCscintillation Crystal

Lutetiumyttrium  oxyorthosilicate, also known
asLYSO, is an inorganic chemical compound with
main use as a scintillator crystal. Its chemical formula
is Lu2(x)Y2xSiO5. It is commonly used baild
electromagnetic calorimeters iparticle physics
LYSO crystals have the advantages of high light
output and density, quick decay time, excellent
energy resolution.
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Physical Properties Of LYSO crystal

Density (g/cm3) 7.4
Effective Atomic Number 66
Radiation Length (cm) 1.10
Decay Constant (ns) 40-44
Peak Emission (nm) 428
Light Yield (Relative BGO=100{ 190
Index of Refraction 1.82
Peak excitation (nm) 375
Radiation Hardness (rad) >106
Melting Point (°C) 2050
Hardness (Mohs) 5.8
Cleavage None
Hygroscopicity No
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http://en.wikipedia.org/wiki/Particle_physics

My LYSQCrystal contains the elemerttetium which is composed by two
i dex . . .
e ., | isotopes, but only one is stablE;Lu fatural percentag®7,41%) while
e 998 eV . . . .
“| the other, ™ Lu is abeta emitter and it decays with halffe of 3,78 x
dgd 10" years (2,59% natural percentgge
eV . . o
In the image is shown the beta decay chain of lutetitfiu.
— "™ | Due to the content of Lutetiumthe crystal LYSO appears to be weakly
07 ke | 4% radioactive.
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Gamma emission spectrum of a LYSO scintillator crystal
Scintillation Probeg Nal(Tl) 25.4x25.4mm crystaPMT R6095 HamamatsiLead Shielded/leasure

In the gamma spectrum are evident the photo peaks88keV, & 202keV andat 307keV. In the spectrum

are also visibleX emissions fromiutetium anda sum peak ab09keV. This set of gamma emissions, which
extend from 50keV to 500keV, produce a rmggligible background that it is not possible to shield and
therefore make the LYS@rystal less suitable for spectrometry applications of weakly radioactive sources
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GammabDetector with LYSQrystal

The crystal LYSO and the SiPM @wapled as shown in the first image to thedt, using § & 2 Ighiied Ol 2
stick the crystal to the surface of theensor. In the picture you cant see, but the crystal LYSO was
wrapped withwhite Teflon tapgsee picture on the previous pages) in order to increase the reflectivity and
thus effigency.

SiPM and LYSO were then inserted into a plastic tube covered with tape and aluminum tape, so as to
ensure the seal to light.

Inside the plast tube somefoam has been inserted in order to kedpe crystalin positionon the front
window and protecthe sensor from accidental impact.

Theremino Systerg SiPM_ENGO03/09/2015 ¢ Page7



SiPM Alapter

The signal produced by SiPM is very short and small scaltD(®0V). To be acquired by the sound cafd
Theremino MCA must be properly shaped and subsequently amplified.

The first stage of the SiPM adapter is constituted by the bias and extragtimrit of the pulse. The load
resistance R1 is set to Vbias, while the anode of the SiPM is connected to ground, this allows to obtain
negative pulses, so that, after the reversal produced by the amplification stagejuheyositive to be

sent to theaudiocard.

30V
R1 v _
1kQ i R3
100nF 4.7kQ 4.7kQ Shaper Signal Out
(o7 2 R o

The two lowpass cells R2C2 and R3C3 are intended to lengthen pulse urD008ec and round off the

tip so that during the subsequent sampling of the ADC of the sound card is easier to determine khe pea
value of the pulse . délvever, afterthe "shaper’ the pulse hasery lowamplitude thusan amplifier stagés
needed

2.
AUSN
- ' RS
10kQ
R4
1MQ
—AAMA— BC548B _
Ampli Signal In %O%U(?zlocard
n
O BC548B T "
R6 Ca § I12 glt:giocard

1kQ e 330NF
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Output pulses from SiPM and after the amplification stage

Theamplitudevalueandthe duration of the output signatlependon several factors:

- Vbias: increasing Vbias (282V) also increases the amplitude of the output signal. From tests
carried out it has been seen that, for a value of around 30V the best results in terms of energy
resolution are obtained.

- R1: thisresistor converts the current pulse in a voltage pulse. Settingo high could drive the
amplification chairn saturation Low values (50o0hm) allow us to obtain very short pulse durations.
In our case it is convenient to raise R1 just to stretch thisg

- C2, C3increasing the value of thesmpacitorsthe amplitude of the signal falls and the duration
increases

- R5: the value of this resistor determines the gain of the amplification stage

The values of the componenfgresent in the schemes allowo have an energy range more or less
corresponding to real values.

For calibration, you may want to vary the voltage Vbias within the rang@&l®9 while fine tuning is done
within the application Theremino MCA.

Particular care should be made in the cantof noise / ripple present ithe power voltage of theshaper
(30V) and the amplifier (5V). For good results the final noise should not be higher than 1mv

Batteries could also be used to get the required voltages.

dLow noisé& 30V power supply
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Gamma spectrometer with SiPM LY SO eletor, SiPM Adapter angower supply

SiPM prototype Gamma Spectromet&rith USB audio card
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Other pictures of gammapectrometer
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GammaSpectrawith LYSO
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BackgroundGamma Spectrung SiPM and.YSO

The spectrum of background includes natural background radiation and the contribution ofatbeal
radioactivity of the crystal LYSO due to content in Lutetium.

The part of the background radiation has its maximum in the range between 100 and 150keV, while the
part due to the crystal LYSO is mainly comprised between 200 and 500 keV.
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Cesiuml37
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Alpha Scintillation Detector

Americium?*Am with ZnS(AgBcintillation screen

As another example of applicatioof the SiPMa simplealpha scintillation probe has been realized. The
probe isbased on a screen of ZnS (Af3. alpha source the classic source of 0,9uCiithen has been

utilized Alpha source and scintillator screen were placed inside a cylinder of aluminum airtight and light
tight, the silicon photomultipliewas fixed on the cap of the loyder. The SiPMas been connectetb the

SiPM adapter, already described in a previous paragraph, the signal is acquired by the adapter and sent to
the sound cardTheprogram Theremino MCA / Thareéno Geiger make theounting.

b

e e e e e .
o e e v

AR OOETHI R,
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The signal that is acquirdsy the sound card and sent to Theremino MCA is very low in amplitude, slightly
above thenoise level however, it is enough to beecognized by Theremino MCA and counted by
Theremino Geiger.

To maximize the signal, the alpha source, the screen ZnS (Ag) should be placed as close as possible and in
correctaxis.

The bias voltage of the SiPM is then adjusted in the range328Vin orde to maximize the sigrid noise
ratio and thecountingrate.

The counting result is shown in tAderemino Geigescreenshot below, with a value of abot@0 CPM
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Sovemage B | Bon St new measue Jy
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o cenge ™ %60
Couns
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FIR Seconas 9998

Seroh speed 1]
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Theremino Systerg SiPM_ENG03/09/2015 ¢ Pagel7



Radium?*Ra- luminous paint

The watch hands have on the surfaeeluminescent paint basedn radiumand
zinc sulphide which acts as a scintillator.

The alpha scintillation probebased on the SiPM can be used to perform the
counting of the scintillation events that occur on the surface ofwach hands
The cont@ner with the watch handss placed iside the casing, close the SiPM
sensor

The counting result is shown in thkgheremino Geigescreenshot below, with a
value of aboutl3000 CPM
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Controls
PR Seconcs 2990
Sool spess 10
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Shaw Lwdessds | Shes)
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SiPM LYSO Gamnietector

In order to useSiPM + LYS&#3gamma detector it is better to keep the pulse signal as short as possible. One
resistor of 47ohm and a capacitor to extract the signdlrdfare a good compromise which allow to obtain
pulses of about 200mV and abaz@®0nslong.

These pulses are amplifiadith a notbuffered CMOS inverter with 100kohm resistor as a feedbackhe
amplified signal are squared by other twwverter CMOS which act &iggers.

A positive CMOS signal of 3,3V and duration of aB60nsis obtained

The CMOSinverters havebeen choserbecause of their high speed compared to standard Op Amp and
because they do not need special double voltage power supply

A couple of detectors can be managed with this circuit

74HCUO4

R3 ‘
1MQ 74HC14N ‘

30V 3.3V

R2

1MQ

‘ : ’ Output

YYYYYY

The output pulses are sent toTneremino MasteModule, thePINhas to be configured a& C | adiy” (/SINE
in order to perform the counting operations
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The upper line shows &iPM
pulse of abouR00ns.

The lower line shows a 3,3V
pulse of about 400ns
generated from inverter
chain

0V 400ns
) 0y AQ0ns

Coincidence
circuit

Gamma Detector withtwo SiPM / LY S@ensors, theB0Vpower supply, the PCB witlsensors connection
and the amplification and trigger circuit. On the right there is thEheremino MasterModule to which
are sent the pulses for counting
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Theremino Geigenas to be calibrated witkensitivity andbackgroundevel of SiPM LY SMased detector
After calibrationgood results can be obtained with this detector

Due to the scintillation crystal the sensitivity of the detector is very higlittle defect is the high count
value that is recorded idleapproximately 100CP8is is dueto the radioactivity of crystd LYSO due to
content in lutetium.

In the chart below are shown the measures of some radioactive sources

Radiation plot ( us/h ) 2015/07/05 11:04:25

o] L] (o] [ ] s

- fiems

0,1

001 bbb bl bbb b bbb b b b bbbl L bl b L b bbb b L Ll L L L

Radioactivity measureperformed with Theremino Geiger an8iPMgamma detector
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Coincidence Measurements

The excellat timing properties of SiPMare exploited to make precise measurements of events of
coincidence. The testwere madeusing two SiPM gammaetector ( see previous section) , whose logic
outputs are sent to an AND logic . In this way it is obtained an output pulse only when the two detectors
produce a pulse at the same time

7T4HC14N

1 Gamma Detector - 74HCOS
= To Fast Counter

l Output

7AHC14N1

2 Gamma Detector b % __[(

As source a tablet of 1 uC 83 has been used. K & 'y S-VBARIZS2y(i2b | yYAKAL (A
emitted ini decay The two gamma photons of 511keV are emitted in diametrically opposite directions due
to the principle of conservation of momentum.

22Na (2,58 a)

2m,c = 1,022 MeV

10,2 %
EC
89,8% B*
; 0,544 MeV
22Ne
'Jl
1,274 MeV

22Ne (st)

1 uC isotopé®Na and decay chain
The isotoe Na 22 decays (in 99.95% of cases) with alif@lbf 2.6 yearsby positron emission or electron
capture b the first excited state of 2201,274 MeV (which then lexes by emitting gamma photan)he

positrons emitted by the source annihilaieside the material that acts as a support to the source,
producing twogamma photons of enerdy.511 MeV each, according to the process

e+ 6-hH H !

The two gamma photons to 0.51MeV are issued at 180 degrees from each other. This allows
measurements bcorrelation and coincidence.
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Theremino
Master

Experimental setup
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‘ CPM CPM
0° 114 120
10° 2 \
100
20° 05 \
30° 05 80 \
40° 05 N
50° 05 . \
60° 05 \
70° 0.5 20 \
80° 05 N
900 0 . 5 0° 10° 20° 30° 40° 50° 60° 70° 80° 90°

The table shows the results of measurements ( ratemeter ) to vary the angielioftion of the two SiPM
gammadetector. The measurements were made an integration time of 200s .

The value of 0.5CPM is the value of thekmaound that is measured "idlendit is due to spurious events
and random coincidences that occur in the detector, especially because oésidual radioactivity present
in the crystal LYSO

As you can see the peak is achieved wtientwo detectors are aligned

Determination of the coincidence likelyhood in two LYSO crystals

If we assumethat the coincidence circuihas a time resolutio? ¥ _ 3he fréb&hbjlity of accidental
coincidence is:

t I H_/ M/ H/ XELXC2E H E wmn

[ I nnn yaso

C1 = counting rate on crystal 1

C2 = counting rate on crystal 2

Without externalradioactive sourcesthe crystals count natural radioactivity and the contribution of the

radioactivity of lutetium :
C1=C2=100=>P =2 x 4 %000 x 100 = 8 x &' or 1 event every 2 minutes
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Angular Correlation in Na2B-b emission

The twoSiPM detectorsiised in coincidence modeave been used to make some qualitative measures on
GKS y3dzZ NI O2NNBfFGA2y 2F 3JFYYlF LK2G2ya SYAGGSR
of the isotopeNa22.

Theremino
Master

Experimental setup
1uC Na22 source 12mm Al compton scattereg 40mm wide leadcollimatorswith 20mm hole
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The measurements were madby placing the detector in the following two positions
1 Parallel detectors
1 Orthogonal detectors

Parallel Orthogoal

Type of Measur@measure time9999s) CPM
Background withouNa22 source 0.50
Background with Na22 source without compton scatterer | 1.30
Parallel detectors 1.68
Orthogonal detectors 1.90

Subtracting the backgrounsgtalue whichis measured without Compton scatterer you get the
following values

Detector;=0.38 CPM
Detector; =0.60 CPM

These valuesare compatible wih the theoretical predictionsand Experimental verifications
made for example, in theNu - Shaknowexperimen) that establish a counting rate higher in the
case in which the detectors amethogonal .

This is considered a confirmation that the gamma photons emitted ararigedd in planes offset
by 90 ¢

This result is compatible with the hypothesis that tine gamma photons are entangled
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Fast Coincidence Counter

Per aumentare laisoluzione temporale degli eventi di coincidenza e ridurre al minimo gli eventi
&LJzZNR SR | OOARSydFfA 8§ aidldz2 LINR3ISGGlIG2 S NBI
ridurre gli impulsi fino a 10@00ns e riduce sensibilmente il conteggiddckground.

Counter
| Detector A

| Counter
Detector B

Fast Coincidence Counter
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Other pictures of the fast coincidence counter

Theremino Systerg SiPM_ENG03/09/2015 ¢ Page28



POWER SUPPLY{ SECTION

LY REGULATOR
" 5V L]
LIOV PsSU -—-.Zub 1 R I
v
FROM UINE QV I IN ouT
e i —— -5V
FROM BRATTERIES
AiT KV&DS
E ASV auD
4 L3645 ¢+ 289 w01l
ib @- J
W 3

vV
Amg % ‘#HVouT =34y

¢ 12#’: 40 F
RY PASS CAPACITOR ON EACH IC

Theremino Systerg SiPM_ENG03/09/2015 ¢ Page29



SiPM RIAS - PULSE

HV~30V
=AD¥SL
g4 CoLsg A0Omaec
// ADOmF O S5V -AV
T 11<‘1 H I\ To COMPARATOR
| seM
ABOWE | 2202 =910
77777
£5V
FAST COMPARATOR
%’m% LTACASL
OULSE IN PULSE 2‘73”/5
4 1L
200 V ¢ "0 S—KQE’(CI-{EQ
(.4 At
1 fVW S Y o 500 4000 s i/
AQDK,
S0k SV
\/THZZUOAMV
TTL 5V
% — ]
N AOOus

Theremino Systerg SiPM_ENG03/09/2015 ¢ Page30



PULSE STRETCHING wit F4ACT 74 DUAL B TYPE
POSITIVE EDGE

Fue FLop
ARSL
AMMN———
0 s i 9 =2
P(\)hsg > ® 0,20mA PULSE
e ek R 6—T—/\/\/\/\/——>‘to
4 COINC DENCE
= ABOER COUNTER
o—HCR Q.oa:c AND)
+SV
2 } YoRE
l%DPF
T
AL.Q
AN
i o !
RN Q} A0 A PULSE
M = |8 e
e . ;\;{\»(NQ_ ~ COUNTER
05_"1 TR
oV
b {3 } [r—
{ * PRE
7O A Ve
N F+ GND

Theremino Systerg SiPM_ENG03/09/2015 ¢ Page31



COINCIDENCE COUNTER
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Fast Coincidenc€ounter Measurements

Detail of the sensors and scatterer

Detail of thecoincidence counter unit

Geometrical data

Lead Bricks150x150x50mm

Hole : diametedOmm

Iron scatterer. cylinder diameter 12mm x 30mm long

Scint. Crystal4x4x20mm

Position of the crystaltouching the scatterer

Distance of the crystalaround 10mm down the scatterer front face
Distance of the Al scatterer face between the sour6@mm
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