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Beyond PMTs VSiPMT

fluctuations in the first dynode gain = single phOtOﬂ counting di||'ICU|t; \

linearity strongly related to the gain (decreases as gain increases);

transit time spreads over large fluctuations;

complex and expensive mechanical structure;

sensitivity to magnetic fields;

need of voltage dividers =» power consumption and failure risks increase.

New generation of semiconductor photodetectors, g:A y
based on inverse p—n junction:
. ) E Linear E \
* PIN photodiodes: no gain; | regime ||t or
e avalanche photodiodes (APD): gain of few hundreds; | APD | regime
» avalanche photodiodes in linear Geiger-mode (GM- : .1, SPAD
APD, or SiPM): gain of 105 — 106. N /
: Ve s
Bias
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The Vacuum Silicon PhotoMultiplier Tube (VSiPMT) VSiPMT

An innovative design for a modern hybrid photodetector based on the combination of
a Silicon PhotoMultiplier (SiPM) with a Vacuum PMT standard envelope

Photocathode

I
Focusing ring |

:: > | " === ]| Focusing grid

SiPM

concept view

The classical dynode chain of a PMT is replaced with a SiPM, acting as an electron multiplying detector.
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Expected advantages

Incoming
Photon\ o

Unprecedented features: Ky / | ynodes | | Anode |
* Photon counting capability; -

* Low power consumption;
e Large sensitive surface;
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* Excellent timing performances (low Focusing | RAAARRR A :
° 1 1 " Ti1i Ty . ::.
TTS); Vottage Dropping t H
* High stability (not depending on HV). lpowrs“pp,y Sheter
Multiplication gain (series) “Parallel” gain (digital)
* Photon counting Energy resolution o 1/(dst)1/2 no statistic fluctuations
G=d"=(kV,)"
0-ztotaIzo-zpc_em-l-o—zem Oztotalzozpc em+(Xm
* Time resolution -
0‘pc_em a (Vpc_em)-l/2
Gem Ql (dlst)-l/Z
* Gain stabilization dG/G=ndV,/V,=ndV, /V, easy, low voltage
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A ptolemaic revolution!

VSiPMT

The VSIPMT follows a technology path pioneered by HAPDs
Both hybrid photodetectors, based on the combination of photocatdode and semicon. technologies. Anyway...

In a HAPD bombardment gain is required

APD drawbacks;

- G=E, ./E. ,=10%-10°

- too low Gain. HV gain required

- G depending on HV

- Need a strong HV critical stabilization
- Difficult and expensive insulation

In a VSiPMT the gain is made by the
amplification stage only, as for PMTs.

VSiIPMT advantages:

- G > 106°: a factor 10 higher.

- Low HV, no need for bombardment gain
- Low voltage Gain: easy to stabilize

- Normal insulation

HAPD

9112 KeV/
| —

o--n/APD

Apparently similar
but deeply different
In the concept

pho Iectronﬂ photocathode

nglgﬂvswﬂ 2/3 KV

VSiPMT

-2/3KeV

(MPPC (70 V)
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Timeline VSipMT
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Today: second generation of VSiPMT prototypes VSiPMT

- - : : : HAMAMATSU
Side view Dimensional outlines PHOTON IS OUR BUSINESS
I35,
44 7 2751
v _}1 \ 1
| oy h e
o o] —r—mr i L e il e C e -
A B . = -
e 2 - -
s = N
PHTOCATHODE / / \ SIGNAL i \SHORT PIN
MPPC pixel size: -
MPPC (03 it rvad HY_INFUT L #1905 |
Vbd = 70V 2 .
Specifications
1.0E-06 Parameter Value Unit
Spectral Response 200 to 650 nm
Material Bialkali -
1.0E-07
g Photocathode Effective Area ©22 mm
€ L oe0e Window Material Borosilicate Glass -
Fé Target MPPC 3x3 mm -
8
3 1.0E-09
g Maximum Ratings (Absolute Maximum Values
= 010 Parameter Value Unit
Photocathode Voltage -2000 V dc
0BT . ‘ ‘ ‘ MPPC Reverse Bias Voltage at 25°C +72.0 V dc
) 0 10 20 30 40 50 60 70 80
MPPC Reverse Bias Voltage [V]
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. [
Experimental setup VSIPMT

DARK BOX
Laser head | Variable
407 nm attenuator
Power meter
Laser PLP s
splitter H! -

Oscilloscope
LeCroy WaveRunner 104 Mxi, 1 GHz
Analog Bandwidth, 8 bit resolution
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VSiPMT

Dark noise

Photon spectra

A7 TELEDYNE LECROY 7 400 T
\ - gmi —plasre
A A N M g r.+..'-.':~m-¢'m. 8 ne < g _+_
250? + + :
. - + 4+ +
e 50mV/div -
* 100 ns/div « wb —+ —
1005— T _%—
E +
o Photocathode HV: =19 kV o= T ' ‘711.1‘ - ‘711.2‘ - ‘711.3‘ - ‘711.4‘ - ‘711.5' - ‘711.6‘ ‘th)ia‘s
* SiPM bias voltage: 71,0V
3 Gain
e O
;‘_&soo_—
24005—
2200}
20005—
18005—
* Excellent photon counting capability! -
1600[—
* Dark noise and gain exhibit no significative difference between i
1400f—
HV On (-1.9kV) and HV Off 70.8 70.9 7 7141 71.2 71.3 71.4 7\1/: W
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SiPM photoelectron trigger efficiency VSipMT

Phenomenology

photoelectrons from photocathode

1] 2| 3
-V Sio, layer
p+ |1
Ve
n
n-
0

1. photoelectron with not enough energy to
enter in depletion region (p*n) and to trigger
Geiger avalanche.

2. photoelectron with very marginal energy to
enter in depletion region (p*n) and to trigger
Geiger avalanche.

3. photoelectron with enough energy to enter in
depletion region (p*n) and to trigger Geiger
avalanche.

11

Definition

E:totaI(PDE) = Ephotocathode X Eﬁll-factor-SiPM X Etrigger X E:focusing

* € notocathode = PhOtocathode efficiency (fixed number @fixed A)
*  Ehifactorsipm = geometrical efficiency (fixed number)

= trigger efficiency (depends on the High Voltage)

= focusing efficiency

Etrigger

Efocusing

When the high voltage gives to all the photoelectrons enough
energy to penetrate inside the p-region of the SiPM, the behaviour
Of €ig0er @S @ function of high voltage becomes flat (plateau
=1) and the total efficiency will be a fixed number (@fixed A).

trigger
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SiPM photoelectron trigger efficiency VSiPMT

Simulations

MAB110

Range and energy deposit of the photoelectrons in the SiPM as a function of SiO, passivation
layer thickness have been simulated (range: 150 to 15nm).

Assumption: the average energy of photoelectrons outcoming from the photocathode is 1 eV.

0 05 1 15 2

energy of photoelectrons (aV)

150 nm passivation layer 100 nm passivation layer 15 nm passivation layer
T F
G061 5 EO5F = f T
a [ ’ %5— ] 51 L 2 R ;‘T s oL °
r £ [ s | & L S5l & [
Zos|- gl & % = 5 %’5 ; + L]
- ir @ Soa- % L ¢ = ¢ 8.
5T * [ el . E *
"t H : S . "t é : *
] i ° =
- L ] 03 5 g4 .
3 F t Q
1 § |:> | 1 i |:> I § )
! s i ¢ . L .
r ¢ L 02 r P r &
r [ H L S0 *
o2 @ L L ] s L 2r s 0z F
r L] - *
[ ® . 0.1 ¢ - *
o1 . P R 1 N 01l . *® o
. 4 4 T | | | 4 Py M | | | | ¢ *
sligdigded L Ollig-lg g8 dig il | | | Iy | | L | | r
° 2 3 § 8 o 2 3 § 6 % 1 2 3 4 5 6 % 1 2 3 4 5 6 o ! 2' al : _,! ; % . 2' sl : _,|7 ‘i
ElkeV] Elkev] Elkev] ElkeV] - -

Simulations show that the HV to have &, =1 rises with the passivation layer thickness.
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Focusing efficiency VSiPMT

Focusing efficiency (and linearity, as well) are maximized if in a condition of uniformly illuminated photocathode
all the SiPM pixels are hit by the accelerated photoelectrons.

The ideal case:
focusing efficiency = 1, optimized linearity .

If the photoelectron spot is larger than

photocathode uniformly illuminated the SiPM size, some photoelectron will
systematically miss the target =
incident light ! l l l focusing efficiency < 1
photocathode
photoelectrons * On the other side, if the photoelectron wiT
beam is too much “squeezed”, the LrEEEEYa
SIPM focusing efficiency will still be 1 but the AN
device will lose linearity TERT

85% of pixels

2re fitad Even in the ideal case, the SiPM pixels that are not involved in

the detection process are still contributing to dark noise!
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One step back

Front View

33mm

7x7 mm? Borosilicate glass entrance window
3 mm diameter GaAsP photocathode

2 protoypes:
MPPC 1 mm? /50 mm / 400 cells
MPPC 1 mm?2 /100 mm / 100 cells

Bias cable

SMA
connector

-HV cable

otocathode
2.5Gohm
MPPC 2.5Gohm

100kohm
0.022ul

HV

! |
GND Amplifier

14

SiPM Bias

Special non-windowed series for e optimization.
Low photocathode voltage (-2,5/3 kV expected).

Photocathode Spectral Response
(Photocathode applied voltage: 90V)

60 |

N
/

Quantum Efficiency [%]
N w
o o

Lo

yyyyyyyyy

500
Wavelength [nm]

||||||||||||||||||

t

200 300
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Efficienc

0.2

0.15

0.1

0.05

VSiPMT

HAMAMATSU

PHOTON IS OUR BUSINESS

VSIPMT (ZJ5025) Operating Point

: | | | W | | ] | |
B l . 1
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 [ 1 1
2000 2500 3000 3500 4000 4500
HV (V)

€ = € photocathode X € siPM (50)

0,

™\
Fill factor

23 = 0,38 x 0,61

Efficiency is highly stable over 3200 V.
No need for high voltage stabilization.
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20

Quantum Efficiency [%]
= o

]

PDE (%)

1

o

=
U

n

Photocathode VSiPMT

Assuming a plateau region working regime and an optimized focusing

EtotaI(PDE) = Ephotocathode X Eﬁll-factor-SiPM X Etrigger X Efocusing

0,09 0,12 x 0,78 x 1 x 1

200 300 400 500 600 700

Wavelength [nm]

S %  The maximum PDE measured for the prototype is = 2%
-  The plateau region is not reached!
2._
o Reason: maximum rating for PMT HV is -2kV! (insulation issue)
C ¥
1 %
C . EtotaI(PDE) = Ephotocathode X Eﬁll-factor-SiPM X trigger X Efocusing
5 *
E.T.T.T.T.T.T.T.T.T.T.T.T.f.|...|...|...|, 0'02 = 0112 X 0178 X
OO 200 400 600 800 1000 1200 1400 1600 1800 HZ\E)?\(})
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Focusing

No clue about the characteristics of the SiPM inside the prototype.

Measurement of focusing efficiency is done as follows:

 the photocathode is illuminated with high photon number.
 Under this condition, the SiPM is saturated.

* Number of maximum fired cells is calculated as:

Q (total MPPC charge collected)
Q (single MPPC charge)

max fired cells =

Results: max fired cells =900 + 15
over a total MPPC cells =900

circumscribes the MPPC square shape or
outside the square. The system
UNDERFOCUSED.

Not possible to say how much! g, ..< 1

Radius of photoelectron focusing area

is
IS

Daniele Vivolo - TIPP 2017

VSiPMT

Total MPPC charge collected

|

makx fired cells = 900 + 15

P3:min(C2) P4 area(C2)

3524V 134 6652 nWb

} 56667 V 136.605 nWb

3762V 143 6506 nWb

3380V 129.1099 nWb
5020mv
6 069e+3
v
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N Cells Fired

400

300

200

100

Linearity

VSiPMT

The linearity curve of a SiPM follows the well-known formula:

Nfired = Ntotal x [1 -exp

|

|

|

|

|

|

5000

10000

15000

20000

25000

30000
N Inc Photons
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-Nphoton x PDE)]
Ntotal

From the linear fit:

Ntotal (max fired cells) = (9.40 £ 1.0) x 102
PDE = (2.77 £ 0.12) %

\

in quite good agreement with the
measured PDE

N UNDERFOCUSED system

\: ‘, (Sfocusing< 1)

1/ Awell-focused devise would have
,// Ntotal (max fired cells) = 700

22/05/17



Transit Time Spread VSiPMT

Photocathode fully illuminated with single photons MPPC bias
* The output from the VSIiPMT is fed as the
stop signal via a discriminator;
Pulse laser : VSIPMT
Optical "
Fiber
Ext. . :
Trigger AMP * We measure the time interval between
ETRtoeT the "start" and "stop" signals.
START STOP

> Oscilloscope <

1 PHOTON

Histogram
Entries 67765
Mean €.205e-08
Std Dev 1.093e-03

ummi M ...

; ; | 1500

I
i
I
| TTS = 2.58 ns (FWHM)

P5:min(C2)
-386 v 1000
-1.567 mV
-95.6 mV

21mVv 500
2790 mv
1.054407e+6 . .
e e e oA e Wl
40 50 60

Daniele Vivolo - TIPP 2017 22/05/17

N

(=3

(=4

o
IIIIIIIIIIllIIIIIIIIIIIIIIIIIIIIII

70 80

Dt (ns)




Photocathode scan VSiPMT

4% of over-efficiency for photon transparency only at center of photocathode.
Negligible effect in all usual photodetection applications

Projection:
optimized device (photocathode QE = 30%, =1)

Sfocusing_

=27.4%
A +4%

23,4%
23,4% 23,4%

Photocathode surface

-~ & tot.

SiPM

v

€=78%

Quantitative effect:
+4% of over-efficiency in 1,7% of total 1
projection of 3x3 the SiPM on the inch photocathode surface area
photocathode obtained by direct Wl
photon detection when H.V. is off 2 inch photocathode: less and less effect

19
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Conclusions VSiPMT

The aim of the EB-MPPC100 1INCH prototype is the proof of feasibility of an inch-size VSiPMT.
Results are excellent!

The device exhibits outstanding features:

20

Excellent photon counting capability

Large sensitive surface (first inch-size prototype)

Challenging time performances

Major limit: High Voltage limited to 2000 Volt.

The drawback is the low efficiency. The energy inferred by HV to the photoelectrons is not enough to overcome
the SiPM entrance window and to penetrate in the p-region of the SiPM (absence of a plateau in the efficiency
plot). Consequently, also stability is affected.

Also the underfocusing of the photoelectrons could be improved by a better spatial positioning of the SiPM.
Undramatic: easy to solve (not optimized device).

CAUTION: HV TOO CLOSE TO

GROUND - SPARKLES MAY OCCUR
S T An optimized insulation or an improved design can
| 1B — R help to bring the HV at the correct point, thus
8- f== i‘ allowing to work in the PDE plateau region and so
| == at the maximum efficiency.
'PHOTOCATHODE,::. ol = | '
__SiPM =\ -HVINPUT Ready for the next step!

AVOID HV > |2000|V
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