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A step back: APD

In the beginning there was the APD:
A photodiode with a high depleted
region:

2

1.

A photon absorbed in the
depletfion region produces a new
electron-hole pair;

The electron-hole pair IS
accelerated by the high electric
field generating further electron-
hole pairs;

An  Avalanche  multiplication
happens with a Gain proportional
to the applied reverse bias
voltage

(Gain ~100-500).
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Then: the SiPM

When the reverse voltage applied to an APD is set higher than the
breakdown voltage, the electric field in the APD becomes high
enough to cause a discharge (Geiger discharge) even by input of
one single photon.

- The Geiger mode  allows
obtaining a large output by way

of the discharge even when
detecting a single photon. Once
the Geiger discharge begins, it
continues as long as the electric
field in the APD is maintained.
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Quenching resistor

One specific example to stop the Geiger discharge is a technique
using a so-called quenching resistor connected in series with the
APD. This quickly stops avalanche multiplication in the APD because
a drop in the operating voltage occurs when the output current,
caused by the Geiger discharge, flows.

MPPC §tructure w/o the quenching

with the quenching

Quenching resistor

Geiger-mode
\APD pixel \ /
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A parallel combination of many pixels

The basic element (pixel) of an MPPC is a combination of the
Geiger mode APD and quenching resistor, and a large number of
these pixels are electrically connected and arranged in two
dimensions array; s | Resistor
« Each pixel in the MPPC (multi-pixel :—

photon counter) generates a pulse of

the same amplitude when it detects :

a photon. Pixal V

y L

Ground

« The pulses generated by multiple
pixels create the output signal as a
superimposition of the single pixel o7
pUlseS. Depletion region —"'—,‘j"f'.——‘?—.—"" )

~ 2 um
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PDE

The photon detection efficiency is the product of 3 components:

1) The quantum efficiency @ the silicon surface
2) The "filing factor” of active area with respect to the total area

of the MPPC
3) The avalanche probability (that is function of Vi)
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Thin Film coating and Silicon resin coating has PDE advantage in UV region.
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Silicone, Epoxy resin coating

4 100um

resin coating
MPPC chip

Array substrate

mmerit
* robust to the mechanical shock
« easy handling (during assy.)
* superior transparency in UV region
- silicone resin coating type -

Thin Film coating

j 20um

l MPPC chip

Array substrate

mmerit
* tough coating
(mechanical shock should be avoided)
* superior transparency in UV region
- cross-talk suppression in the coating
* super flatness (minimum bending)
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Phototube vs SiPM
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Requirements

Photosensors must meet the following requirements:

(R1) Have a high quantum efficiency @ 315 nm (the emission peak for Csl)
and a large active area to maximize the number of collected
photoelectrons;

(R2) Have a high gain, fast signal and low noise (MeV equivalent);

(R3) withstand a radiation environment of 3x10'' n/cm?@ 1 MeV,, and
20 krad for photons;

(R4) Work in vacuum at 104Torr;
(R5) Have sufficient reliability to allow operation for 1 year w.o. interruption;

(R6) Allow replacement of photosensors after 1 year of running if needed

9 |. Sarra @ University of Rome "Tor Vergata" 15/05/2017



Mu2e Photosensor will be a custom SiPM

« We have chosen a modular SiPM layout that allows us to enlarge the
active area, maximizing the number of collected photoelectrons.

« The crystal dimension, increased from 30x30 to 34x34 mm?, accommodates
a 2x3 array of individual 6x6 mm?2 SiPM modules

« This allows us to work use an air-gap while satisfying the p.e./MeV
requirement with a single photosensor, although two are used for
redundancy

« The SIPM will be made of a 2x3 matrix (6 cells) of 6x6&7 mm? UV extended

J orl, }g Tolerances [ 07/02/2017
We use a parallel arrangement | o /p
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Series vs Parallel polarizations

~50V

i1+12+3 = 341
Cioi = 3*CI

~ 150 V

« When SiPMs are connected in series, the voltage
applied to each SiPM is determined by the
common leakage current. Then, the difference
in breakdown voltages is absorbed, and the
over-voltages are approximately aligned.

* While the individual breakdown voltages differ by
a few hundred millivolts, the shapes of the |-V
curves are quite similar.

. = I =1 | R S T
Parallel  Series 3 7
,§ 10= —— Sample 1
« Sample 2
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|-V characteristics of individual SiPMs

11 I. Sarra @ University of Rome "Tor Vergata" 15/05/2017



Series Connection

The advantage of series connection is that the resultant pulse shape
becomes narrower than that from a single SIPM. This is in contrast to
the case of parallel connection, where the signal becomes wider
and pulse shaping is required.

This effect is due to the reduction of the total capacitance of the
series circuit consisting of the junction capacitances of the reverse-
biased diodes and the associated stray capacitances.

v The fast rise time is of particular importance for optimizing the time
resolution.

v The decay (“quenching”) time is relevant to reduce the overall

slow component of the Crystal+SIPM response and increase pileup
discrimination capability.

2% Fermilab
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Shape

» Example: Haomamatsu MPPC series connection shows a good
signal shape (when coupled to a 50 Q voltage amplifier) when
fired with a ps blue laser
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13 l. Sarra @ University of Rome "Tor Vergata" 15/05/2017



» Silicon Photo Multiplier
- Introduction

> SIPMs for the Mu2e calorimeter
- A Custom Layout

» An international Tender
- Measurements performed
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Procurement Plans

An international tender has been open for the procurement of the our
custom SiPMs:

« 3 factories have been selected to provide SIPMs for evaluation
« 50 pieces each with the final packaging

October 2016 — May 2017 = test of the SiPMs:

« Size/Packaging

« Gain / PDE / Shape specifications

« Radiation hardness: Irradiation campaigns

 MTTF measurement

« Sensors that don’'t meet the requirements are rejected.

« The ones those meet the requirements have been mounted in the
Module-0 and used for the test beam.

2% Fermilab
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What we measured (1)

« The test involved 105 photosensors from the pre-production, 35 from
each of the three vendors: Haomamatsu, SensL and Advansid-FBK.

« These SiPMs will be assembled in the Modulo-0.

The QA procedure has been performed in a temperature controlled
station at 20 that provides for each cell:

(i) the l-V dark curve from which the breakdown voltage is
exfracted

(i) the Gain at Vop using the photo peaks method

(i) the PDE by uniformly flashing the cell with 315 nm few-photons
light pulses.
— $& Fermilab
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Experimental setup for pre-production QA

Measure of I-V curve, Vb and PDE I

Black Box

LabView

— e I T == S —F & & & & & & = & & & & & r |

Temperature
Sensors

One Wire

o
_

Measure of Gain and Decay Time

2% Fermilab
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R1: Operative Voltage

The operative voltage has been defined as Vop = Vb + 3 V.

We acquired the I-V dark curve in a range that varies among the
vendors:

2> Hamamatsu [50, 56] V, SensL [24, 30] V, Advansid [26, 32] V

For each cell we find the peak of dlog(l)/dV curve to determine
the Vg
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R1: Operative Voltage - Results

R1) arelative spread in Vop (operational voltage)
between the sensor cells < 0.5%.

Entries

Measured Vop RMS Vo p
30: T I T T T | T T T | T T T | T T r‘I I T T T : .8 g T LI LI l LI | LI | LI ! rrri '|1 rrri I LI I—:
E vop ~ S i rmsvop =
B Enties 210 oG 8 ! TEnties g5 ¥
25 Mean 5485 3 4 Mean 007051
C RMS  0.1186 J RMS 00371 o
20 5 Underflow 0 6 Underflow 0 3
N Overflow 0 Overflow 0o 3
C Integral 210 5 Integral 35
15 Skewness 0.2 A Skewness 2.359 3
10 ] 3 E
55 = 2 .
- : L [ ] —i
o 55 552 554 5 e b2 030X
; ; : { : Voy I ; ; : ; 0. Rla g I<9/ s (9%

Example of results from one vendor
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R2: Dark Current at Vop

From the same |-V scan we obtain also the Idark value at Vop for

each cell.
hcur_1
g
o hcur_1
g En¥ies 289
o
Mean 5454
C RBMS 08425
10k
10k
10
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3¢ Fermilab
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R2: Dark Current at Vop - Results

R2) a relative spread in the dark current at Vop between
the sensor cells < 15%.

Measured Id RMS Id
.5 25—_| T T I T T T I T T T l T T T I T T T I T T |_—. '3 |||||||| I T T T T | T T T |_:
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5:— N BB nns ‘ ‘.‘ ‘. —: E
: H ‘ ittt . o
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' 30
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Example of results from one vendor
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R3: Gain at Vop

22

The LED is powered by 20 ns wide pulses at a frequency of 100 kHz.
The amplified pulses is integrated in a gate of 150 ns (tender
requirement).

Each charge peak corresponds to 0, 1, 2 .. n photons hitting the
sensor.

The gain is therefore obtained from G = AQueqk / (€7 Ggmp )-

Charge_ham_ 19 1
Entries 1001
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5 i 9 F o3
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R3: Gain at Vop - Results

R3) a gain (measured in a gate of 150 ns) at Vop > 108 for each cell.
Will be evaluated the uniformity (relative RMS) inside each array.

Measured Gain RMS Gain
P4 =T LA L B B L L B L B B B 5 b LB [ 1 [ L) EL L) PSR BUSUEL R T LT
s - 1 hgain 5 = hrmsgain -
& 251 | Entries 2107 i Entries 35
- i Mean 2403 Mean 1.695 -
= RMS 00672 RMS 1053 ]
20 Undeflow 0 Undeflow 0
N : Overflow 0o 7 Overflow 0 ]
15 i Integral 210 7 Integral 35 ]
- Skewness 1461 Skewness 1.473 -
i - ]
10F - =
- ] ;
| 3 :
E : ]
0— i 1 1 1 I 1 1 1 1 I 1 l l 1 1 I 1 1 1 N 1 I 11 1 l 11 1 I 11 1 l 11 1 I 11 1 l 11 1 I 11 I-
1 1.5 2 2.5 3 3.5 6 8 10 12 14 16_ 18 0
Gain x 10° RMS . /<Gain> [%]
Example of results from one vendor
& Fermilab
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R4 - Relative PDE at Vop [1/3]

- The PDE is defined as the rafio between N, the average number
of detected photoelectrons, and Nyymmq. the average number of
incident photons on the sensor.

« The probability P(n) of detecting n photons by the sensor is given
by the Poisson distribution:

P(n,: - _ (npe + Ndark)" - e~ (Mpe+ndark)
“(n, Tpe, Ndark) =

n!

* Inverting the Poisson equation, it is possible to obtain Np:
Npe = —In(P(0, Npe, Ndark)) + In(P(0, ngark))

« And express the two probability in quantities measurable by
analyzing the signal waveforms, Nn>1 and Nd:

N. N
Npe = —In(1 — ‘\7;12"1 ) +In(1 — ‘N;)

)

2% Fermilab
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R4 - Relative PDE at Vop [2/3]

 The LED is powered by 20 ns wide pulses at a frequency of 100 kHz.
« Triggering on the light pulse, a waveform of 1 s is acquired.
 The peak time of each pulse is stored.

H. 0.1_ IIIIIIII Illlllllllllllll IIIIIIII [TTTTT TTTTTTTTT ]
= H Dark Pulses WA :
|£| 0.05 — (out of tImE) ——— Filtered waveform ]
g :
- E il
— - T
E_—0.0S_— : - —
= - LED Pulse .
< _0'1:_ E E E : (sync) E
~0.15}- g
_O 2: III|IIII|IIIII|I.III|IIIIIllllllllIII|IIII|IIII|III :

"0 0.1 02 03 04 05 06 0.7 08 09 1
time [us]

2% Fermilab

25 l. Sarra @ University of Rome "Tor Vergata" 15/05/2017



R4 - Relative PDE at Vop [3/3]

« To evaluate Ndark and Nn>1, we look at the distribution of the
peak times, fixing two time gates of 20 ns each.

200 -100 0 100 _ 200 _ 300
time [ns]
 To simplify Nyomma: the obtfained PDE has been rescaled relafively
to a reference sensor of well known PDE of 22%.

2% Fermilab
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R4 - Relative PDE at Vop - Results

R4) a PDE at Vop > 20% for 315 nm, evaluated using a
reference-device.

0 = =
o 4F ! 5
= E hpde_ham 3
i 3eE: 1 Entries 8 -]
= Mean 28 3
3 RMS 1135 3
- : Underflow 0 9
2.5 1 Overflow 0 —
E Integral 18 3
2 1 Skewness 0.5827 —
= o x
1.5 | ==
= 1 B
f|= -
= w
0.5F i =
- i =
O : 1 i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 :
20 25 30 35 40
PDE [%]

Example of results from one vendor
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What we measured (2)

The SiPMs have to grant an MTTF of 1 million hours when operating at 0 °C.
For the MTTF evaluation the following equation is used:
0.5 x N o urs X AF X Ngippy ~ 0.6 x10¢ hours

Where Ny, = 2 556 (start: 25 November 2016, end: 12 March 2017),
Nsem = 5 (per each vendors), AF =100

The Acceleration Factor is extracted from the Arrhenius equation:

N e

use TStT’@SS

where E = 0.6 eV for Silicon, T .= 273 °K and T...= 323 °K

2% Fermilab
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What we measured (2)

The SiPMs have to grant an MTTF of 1 million hours when operating at 0 °C.
For the MTTF evaluation the following equation is used:
0.5 x N o urs X AF X Ngippy ~ 0.6 x10¢ hours

Where Ny, = 2 556 (start: 25 November 2016, end: 12 March 2017),
Nsem = 5 (per each vendors), AF =100

The Acceleration Factor is extracted from the Arrhenius equation:

N e

use TStT’@SS

where E = 0.6 eV for Silicon, T .= 273 °K and T...= 323 °K

2% Fermilab
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MTTF - experimental setup

» 15 SiPMs (parallel of 2 series
made of 3 6x6 mMm2SiPMs) from
different vendors tested;

» Temperature @ 50 °C using 2
Peltier cells;

» SiIPM temperature monitored
by a PT 1000;

» Led pulse every 2 minutes;

» Current value acquired once @
day if possible.

SiPM

Aluminum plate

2% Fermilab
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MTTF - Resulis
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1400 Vendor C

Due to unexpected changes in the
clean room temperature we have
adjusted the box temperature:
Now T,.,= 51.03 °C
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What we measured (3)

Irradiation with both neutrons and ionization dose (for a randomly
selected sub-sample) is one of the evaluation criteria for the
qualification of the pre-production SiPMs.

It is required that:

When the SiPM is exposed to a neutron fluency of 3x101!
Nimeveq/ CM?, the acceptable levels of deterioration (for each éxé
Mmm2SiPM cell in the array) are:

a dark current smaller than 10 mA

a gain reduction of up to a factor of 4

The test will be done reading the dark current with a picoammeter
and measuring the response to a UV led during the irradiation
while keeping the array at 25 °C

2% Fermilab
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Radlclhon Hardness Neutron test @ HZDR

33

Photon fluence (photons/cm2/s) at 100uA e- beam

|. Sarra @ University of Rome "Tor Vergata"

Helmholtz-Zentruf Dresden
Rossendord (HZDR, Dresden,
German) test in March.

It provides neutrons of 1 MeV

Max Integrated flux:

3 Sipm tested at the same time

current acquired
with a Keythley

Chiller+ Peltier cell

Thaek Monitored with a PT 100

2% Fermilab
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Radiation Hardness: Setup [1/2]

l ' 3 N

*“‘ ---—3—"-“-“ : ‘\‘

== Peltier Cell vt\\\

. Tl
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Radiation Hardness: Setup [2/2]

€7
SiPM 2 -
o)
SiPM 1 SiPM 3

: \ <=
- g e e

2= Fermilab
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Radiation Hardness - Results

Temperature kept almost stable

during all the irradiation test

| [mA]

Considering the flux limif
imposed in the bid we
obtained that:

* |_SiPM1 = 8.39 mA
« |_SIPM2=13.33 mA
* |_SIPM 3 =28.98 mA
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Summary

37

The silicon photomultiplier well match the requirement as a good
readout for the e.m. calorimeters

- caveat, keep the proportionality of the response (< 10-15% of the
total pixels fired)
Q Excellent fime resolution

The MPPC radiation hardness to the neutrons flux and photons dose
has been investigated

- keep the device at low temperature helps to mitigate the damage

Three different firms appear to be capable of producing the Mu2e
final SiPM thermal package (2x3 array of 6x6 mm?2 cells)

- Hamamatsu, FBK and SensL
- The infernational tender will conclude at the end of June

|. Sarra @ University of Rome "Tor Vergata" 15/05/2017



SPARES
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RS — Recovery Time

R5) arecovery time 1 < 100 ns on a load greater than 15
Q

 The measurements have been performed using a load of 50 Ohm
and after rescaling the fime to a 50 Ohm load.

= - h1ham
T 350 - 5198508
: K 557.5
5 45.67
L St 2555
2 H 84.46
a 2501 1.274e+05 / 879
i 17.44 + 0.00
200 161.3+0.0
94.32 +0.34
[ 10.69 £ 0.02
150 1 0.9771 +0.0002
R 94.32 +0.01
100 |-
s0f
S S IR I e TR Dl il

200 300 400 500 600 700 800 $00 1000
Time (ns)

2% Fermilab
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(R3) - Derived FEE/Cooling requirements

Starting point: after 6 years of Running
We have measured, for a 3x3 mm?2 MPPC, a leakage current of 2.3 mA after a flux of
2.2x10'"" n_14MeV/cm? (4x10"" n_TMeV/cm?) @ 25°C

- This corresponds to 9 mA for a 6x6 mm?2 MPPC @ 25°C
1) Assuming a factor 2 for annealing

- 4.5 mA per a MPPC of 6x6 mm?2 @ 25°C (Vop)
for the proposed SiPM (matrix 2x3 of 6x6 mm?2) we expect:
2> 9 mA for the parallel of two series @ 25°C

2) We have measured a leakage current reduction of a factor 5 operating at 0°C
-2 9/5=1.8mA for the device @ 0°C

3) we can take advantage of an addifional factor of 2 if needed by lowering of 0.5 V the
Vbias with respect to Vop (@ 0°C )

2> 1.8/2=1mA @ 0°C

at the experiment end, we will get 1 mA with 200 V of bias, 200 mW @ 0°C , Vop-0.5V for
the innermost Layer of Disk 1= 120 crystals 2 240 photosensors
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(R4) - Operation in vacuum

The working condition will be different working outside or inside the
Detector Solenoid (DS):

» Outside the DS: we will run at ~ 20°C, Vbias = Vop

> Inside the DS: we will run at ~ 0°C, Vbias = Vop — temperature
voltage coefficient

Each photosensor will be characterized with the QA Photosensor
Station

at 20, 10 and 0°C—-> We will know the working point for each running
condition (for MPPC this corresponds to around 50 mV/°C)

After the high radiation damage (> 2 years of run), we can still work
outside the DS with an under bias sefting. We will check the signal
with the laser

sending a x10 light output.
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(R6) > Photosensor Reliability

d Determination of the MTIF requirements calculated with standalone
simulation assuming independent behavior of 2 SiPMs/crystals.

O This estimate indicates the need of an MTTF of < 2 x 10¢ hours

d Existing measurement from literature indicates an MTTF for
3x3 mm?2 MPPCs of 4 x 104 hours when running at 25 °C
(DOI 10.1109/NSSMIC.2013.6829584).

d Working at 0 °C, we gain a reliability factor of 11 so that this translates
to an MTTF of 44 x 10¢ hours. Scaling down this result for SiPM area
(X 4 i.e 6x6 vs 3x3) and number of SIPM in a Mu2e array (x 6), we have
to correct by 24 > MTTF(measured) ~ 1.8 x 10° hours

d Anindependent determination needed for final packaging.

First test underway: 4 6x6 mm?2 FBK SiPM in an oven at 50 °C
After 1 month of running, all 4 SiPM are still perfectly OK.
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