F

SiPM readout for cryogenic applications

i
»
." A



Several particle detectors use liquified noble gasses as target
L Xe =165K -- LAr=87K --LNe=27K
Liquified noble gasses shows
Very high light yield O(z0 pe/keV)
Very high electron livetime O(20 ms)

Beam experiments:
Neutrino Long and Short baseline experiments at FNAL: DUNE/ICARUS
MEG/MEG-II

Low Background experiments:
Dark Matter detectors: DarkSide-20k, Xenon-nT
Double beta detectors: NEXO



SiPMs are working down to the freeze-out at ~ 25 K
Their compact size and no HV simplify the design of new detectors

High PDE and high granularity offers uncharted possibilies for segmented
detectors (CALOCUBE)

On the other hand for large detectors the small size of SiPMs compared to PMTs is a
problem

The cryogenic read-out poses a number of problems
Optimize connection schemes
Development of cryo-electronics
Number of signal extractions

Dissipated power
Radiopurity of components and circuits
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Over-Voltage
=5F x3 doped
- -LF x1 doped
=5F x1 doped

FBK: Low AP SIPMs &

Extended Gain SiPM for Cryogenic Application
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FBK: Low AP SiIPMs

The increased stability at cryogenic temperarure
can be beneficial to:

Increse the gain
or

Decrease the recharge time
or

Decrease the DCR

FBK produced several SiPM variants for DarkSide

Extensive tests are ongoing to best match:
The experiment specifications (PDE/DCR/AP/DICT)
The coupling with the cryogenic FEB

DarkSide-20k
Photo Detector Module
specifications:

Surface = 25 cm2
PDE > 45 % @ 420 nm
DCR =0.08 cps/mm2

TNC < 40%

: : SNR > 8
N.0|s.e Hits ~ DCR BW - 30
Timing ~10ns MHz

Dynamic range > 5o pe
Total power < 250 mW

10
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SiPM Electrical Model
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SiIPM detailed electrical model

2 NG MSIOCOND. -« POSER INIDRRTE » o v oo o SPE recharge time

PD18
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NR,R,C2
Rq(Cq+ Cq) + NRL(C4||Cy)
Ta2 =~ Rq(Cy + Cy) + NRL(Cy||Cy)

Tio =

Tq ‘= Rq(CdJqu) & T = NRL(CdHCq)

SiPM signal shape

R N zrid
g E i ﬂ]L:E;t parasitic FC = Cd/cq
,,,,,,, | capacilance

FC(TQHTL)

Tq + 7L

- D. Maranoetal., IEEE TNS 11,11,13
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SiIPM detailed electrical model

tiring microcells passive microcells
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SPE recharge time

NR,R,C2
Rq(Cq+ Cq) + NRL(C4||Cy)
Ta2 =~ Rq(Cy + Cy) + NRL(Cy||Cy)

Tio =

TqZ:Rq(Cd—l—Cq) & T I:NRL(CC;HCQ)
FC = Cd/Cq

7, ~ CsipmRL
Feo(ryllme)

Tq + 7L o N
(Cd + Cq)(CdHCq) B

Fe
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SiIPM detailed electrical model

SPE recharge time

PD18

tiring microcells passive microcells
L T T

& COTE e R R

I% H; - E Ry~ 1-10 MQ
:z 2l e b R, ~10-50 Q

i s : : Cd. Np I : Cirm. N
£ . N-~1-100k
ol i i F-~5-10
| ,“}* in i i__ ! i_ i Td2 S 5
W3 oupu L e . .
| perasinc The knowledge of the signal shape is important to

= ' lpad

,,,,,,, capacilance o ] T _
%1 optimize connection scheme and amplifier design
Long recharge times are preferred for charge amplifiers

*  |LD-Maranoetal, IEEE TNS 11,11,13 Short recharge times are preferred for trans-impedance

amplifiers
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C 2R
MPPC ...
segment -

C ~10nF
R ~10k0

SiPM passive ganging
allows to connect more SiPMs with the same read-
out channel

In parallel: increasing the capacitance
or

In series: reducing the effective gain
MEG-Il uses a hybrid passive ganging mode
Signal in series
Bias in parallel

Signal then extracted to room temperature

This allows fast recovery time
Small number of channels

18



bias ~65 V

MPPC-..
segment

C ~10nF
R ~10k(

i T TTTT T T R TTTITTT TR

Tio ~ FoTr

Td2 ~ Tq

Assuming:
N= 40k
Rg=1MQ
Rs=50Q
Cd=30fF
F=5

=30nNs
'T,,P=120ns

.T,>=20Nns
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C 2R
MPPC ...
segment -

C ~10nF
R ~10kQ

Bias uniformity is provided by the resistor
network

Auto-balancing does not work at
cryogenic temperature

The dark rate is too low
Leackage current would dominate the divider

20



SiIPM detailed electrical model

tiring microcells passive microcells

PD18

Static SiPM model

h} ‘t For FBK at 77 K:

* C4 ~20-100fF

W
[

| T ‘ Rq - 2-10 MO
o | ienlE ; RIS
5 SR grid Transition frequencies =
et il parasitic . .
b i ] capacilance are size Independent
1 A

The static model defines the noise gain of the
connected amplifier
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C4/R4 with impedance analyzer |32
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Noise Model



Noise contributions

Several effects contribute to the noise budget
The thermal noise of the resistors in the SiPM: e, = 0.1—0.6 nV vHz
The voltage noise of the amplifier: e, = 0.2 - 5 nV y/Hz
The current noise of the amplifier:i = 0.001—1 pA yHz

Considering a BW of 5o MHz the current noise is negligible
10° e- in 5oo ns (T) -> current of 300 NA
1 pA * \/50 MHz -> noise current of 7 nA

The voltage noises are amplified by the noise gain

25



Noise gain

BW & output noise spectrum depends on the SiPM
static model
4 regions can be identified

Nose Gain
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Nose Gain

Noise gain

BW & output noise spectrum depends on the SiPM
static model

4 regions can be identified

1
2n(NRs + Rq)Cq
1 Rf

wR,C, ‘Enter amplified by RN + R,

F <<

: intrinsic unamplified e,

F <<

1 _ e Ry .
F> R.C, Gnter amplified by - (if present)

5
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Noise gain

BW & output noise spectrum depends on the SiPM
static model

4 regions can be identified

1

F << : intrinsic unamplified e,
27(NR, + R,)C,
Fe< oo - lified by =t
<< 3rm,c, ©en+eramplifiedby poT
F> !

: e, + e; amplified by % (if present)

5

2R, C,

Nose Gain

Natural cut-off of the amplifier
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Rq transition ——

L R

For some SiPM classes Rq nullifies at few MHz
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Amplifier selection



—— PHOTODIODE ——

For fast TIA amplifiers e is more important than i,
FET technology typically
* e ~4nV[/Hz & i ~10fA/\Hz

Ba+H.,

FET technology may not be the best choice

* Most producers are distributing heterojunction BJT based amplifiers
— For high bandwidth applications GHz
— Forvery low noise applications sub-nV/y/Hz

* HBTs are great signal amplifiers at cryogenic temperature
— TheyareBJT ->verylowe,
— Low 1/f noise
— Noise and BW are better at cryogenic temperature

33



[GHZ]

ndwidth Product

Gain Ba
-
1

LMH6629 from TI:
* Works down to 40 K
* Stable for |Av| > 10
*Very high bandwidth
* Increasing atlow T
* ~0.2 pFin Fb path
*Very low noise
* Max bias 5V
* 60-8o0mW

* P,,1dB =16 dBm
(3.8Vpp)

s Current [uA]
1

£ T
A\ 30
77 K
.
b
S S
! e — ——eih
g
X
M
————— - -
r T - T T y T r r " otoo T T ~1sboo "
£ [Chm]
T Supply
. 3
%_H Y |
i N =5
A"
.‘\
. r
Temperatu. [K]
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LMH6629 Noise Model i

0.2 B[] Fit results: T AT G ."r . b 9 -5 9
E‘ - 10 Bg=-3.4%t0.8% ____,,,f”’;# No = EV—.HBTR”; Ll f"'ul[T} T .'r'ul[T}Ri
= 4200 e,=20+110 A
3 °2] =620 i,=3.5t0.6un  __— B Where: constant
= == 1000 e ' | .
3 oo1s L * Reqaccounts for all resistors
3 e ___— * e_ismodeled as a Johnson source
@ . 5 n
3 +— i — .. . . A
R e « i is modeled as Shotky noise of |i,| + |i,|
I .| * Nisthe output noise density @ 1MHz
— The fit reproduces the data at better
s 100 Tase " Tzoo 7 T=2s0 " a3go 0
Temparature [K] than 2-5 A)

The voltage noise density of the LMH6629 is equivalent to a 20 Q resistor

M D’Incecco et al., IEEE TNS 65,4,18
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DarkSide-20k Amplifier
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TIA design & results on single SiPI\451F8

10k i <f
i al - ATATdT o i P P . .
- | Standard Transimpedance design except:
J— o * Few tweaks for stabilization
- Wee
H Rsipm 5 - }"::Ici * R+ I R-l Ci
T : R lip R |- S0 * Ccis due to parasitic effects (~0.2 pF)
1= T ; * The series resistor Rs
. S LMHGEE29
= = R *idd
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TIA design & results on single SIPMs..

Charge Spectrum
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1cm? @ 77 K:

Using matched filter
Gain 10°

With standard NUV-HD-LF
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Filtered Peak [a.u.]

100 -

1cm? @ 77 K:

Using matched filter

Gain 10°

Counts:
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25
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1cm? @ 77 K:
R,=20 Q
R.=20 Q

Req =60 Q)
Rf=3.9kQ
N, =-141dBm

10% of noise

=135+

=140+

Output Noise Power Density [dBm/Hz]

0.1 1 10 100
Fregquency [MHz]

M D’Incecco et al., IEEE TNS 65,4,18
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DarkSide-20k ganging scheme
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Rp

100M

Rp

* Toread 6 cm? with the same amplifier a
hybrid ganging solution is used
* Virtual ground summing does not change
the shape of the signal

* This design increases the capacitance seen by

Rp Rp

Rp Rp
Rs - Rs<62 —
1k

_ D> the TIA only by 50%

 For cryogenic use a precision voltage divider is
required

» Otherwise the voltage division will be defined by the
leakage current

Four 6 cm? channels are summed with an active adder
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DUNE SP ganging scheme

i



ARAPUCA

L1 nm < CUTOFF < L2 nm (L p-ierpner
| SIPM |

S1,L1nm
S2, L2nm

128
nm

¥
3
2
-
-

Filter is reflective
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Rf=100 Ohm
Signal

DUNE SP Ganging

Rt=50 Ohm

A second stage Rt=50 Ohm

works as a buffer

i i Bias
to sum the first Rf=100 Ohm

s i

20

Design similar to DarkSide
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Rf=100 Ohm
Signal

DUNE SP Ganging

Rt=50 Ohm

OPA656

FET-Based A second stage

e,=7 nV/vHz (300 K) works as a buffer
to sum the first

stages

Rt=50 Ohm

Rf=100 Ohm Bias

s i

The virtual The OpAm

ground of the el ol

<_ inverting imput “E Charge hares 200
allows to 80 StdDev_ 4038

i = connect SiPMs 70

] - decoupling the 50

I s — == capacitance and 5

hence preserving

the signal shape.
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Conclusions

Interest on cryogenic readout is increasing

We proved that large SiPM arrays O(25 cm?) can be read with outstanding
SNR and timing performances

SNR > 20 & timing down to few ns
Shortly we will test fast FBK SiPMs tiles which should increase further the SNR

The cryogenic electronics built on commercial components ready available
Using radiopure components

Groups are starting to develop cryogenic capable integrated solutions
INFN-Torino for DarkSide
NEXO 3D development
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Temperature: Fit results:

00 K A 300 E: " = 6 ns, 1 = 150 As
77 E s I'\\“_T'? K: °" = 8 ns, 1! = 540 n=

Matched filterings

Amplitude [mV]

-

a
wm

.. Unfiltered 1 PE signal template

2018-01-30
- — 13:43:37

o " so0 oo is00 zo00
Tima [ns]

[{"Meas R...1[EN)( x )

(e 35107 m¥

Matched filter is the optimal linear filter to extract a signal of
know shape in the presence of additive stochastic noise.

The filtered signal is obtained by cross-correlating the raw
waveform for the signal template

The output is symmetric around the peak, giving a better
identification of the timing.

We successfully tested an online FPGA based
implementation




6 cm2 SIPM readout
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6 cm2 SIPM readout
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