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•  Introduc/on	
•  Timeline	
•  The	EB-MPPC100	prototype	
•  Characteriza/on:	

o  experimental	setup	
o  photon	spectra	
o  dark	noise	
o  gain	
o  efficiency	
o  focusing	
o  linearity	
o  /ming	
o  photocathode	homogeneity	

•  Conclusions	and	perspec/ves	



Beyond	PMTs	
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New	genera3on	of	semiconductor	photodetectors,	
based	on	inverse	p–n	junc3on:	

•  PIN	photodiodes:	no	gain;	
•  avalanche	photodiodes	(APD):	gain	of	few	hundreds;	
•  avalanche	photodiodes	in	linear	Geiger-mode	(GM-

APD,	or	SiPM):	gain	of	105	–	106.	

•  fluctua/ons	in	the	first	dynode	gain	è	single	photon	coun/ng	difficult;	
•  linearity	strongly	related	to	the	gain	(decreases	as	gain	increases);	
•  transit	/me	spreads	over	large	fluctua/ons;	
•  complex	and	expensive	mechanical	structure;	
•  sensi/vity	to	magne/c	fields;	
•  need	of	voltage	dividers	è	power	consump/on	and	failure	risks	increase.	



The	Vacuum	Silicon	PhotoMul3plier	Tube	(VSiPMT)	
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An	innova/ve	design	for	a	modern	hybrid	photodetector	based	on	the	combina/on	of	
a	Silicon	PhotoMul/plier	(SiPM)	with	a	Vacuum	PMT	standard	envelope	

The	classical	dynode	chain	of	a	PMT	is	replaced	with	a	SiPM,	ac/ng	as	an	electron	mul/plying	detector.	

Photocathode	

Focusing	grid	

Focusing	ring	

SiPM	

concept	view	



Expected	advantages	
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Mul/plica/on	gain	(series)	
Energy	resolu/on	α	1/(d1st)-1/2	
G=dn=(kVd)n	

•  Photon	coun3ng	
“Parallel”	gain	(digital)	
no	sta/s/c	fluctua/ons	

•  Time	resolu3on	
σ2

total=σ2
pc_em+σ2

em	
	
σpc_em	α	(Vpc_em)-1/2	
σem	α	(d1st)-1/2		

σ2
total=σ2

pc_em+σ2
em	

•  Gain	stabiliza3on	 dG/G=n	dVd/Vd=	n	dVb/Vb	 easy,	low	voltage	

X 

Unprecedented	features:	
•  Photon	coun/ng	capability;	
•  Low	power	consump/on;	
•  Large	sensi/ve	surface;	
•  Excellent	/ming	performances	(low	

TTS);	
•  High	stability	(not	depending	on	HV).	



A	ptolemaic	revolu3on!	
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HAPD	 VSiPMT	

In	a	HAPD	bombardment	gain	is	required	 In	a	VSiPMT	the	gain	is	made	by	the	
amplifica/on	stage	only,	as	for	PMTs.	

The	VSiPMT	follows	a	technology	path	pioneered	by	HAPDs	
Both	hybrid	photodetectors,	based	on	the	combina/on	of	photocatdode	and	semicon.	technologies.	Anyway…	

APD	drawbacks;	
-	G=Ephe/Ee,h≈104-105		
-	too	low	Gain.	HV	gain	required	
-	G	depending	on	HV	
-	Need	a	strong	HV	cri/cal	stabiliza3on	
-	Difficult	and	expensive	insula3on	

VSiPMT	advantages:	
-	G	>	106:	a	factor	10	higher.		
-	Low	HV,	no	need	for	bombardment	gain	
-	Low	voltage	Gain:	easy	to	stabilize	
-	Normal	insula3on	



Timeline	
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2007 

2014 



Today:	second	genera3on	of	VSiPMT	prototypes	
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Dimensional	outlines	Side	view	

EB-MPPC100		



Experimental	setup	
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Title	
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Total	Gain	=	GVSiPMT	x	GAMP	

Ideal Working Point: 71.0V!
•  G ≈ 6x106 (GAMP = 20);!
•  Dark Count ≈ 200 kcps;!
•  TTS < 0.5ns.!

no	difference	between	HV	on	and	HV	off	

Dark	noise	

Gain	

Photon	spectra	

•  Photocathode	HV:	-1.9	kV	
•  SiPM	bias	voltage:	71,0	V	

•  50mV/div	
•  100	ns/div	

•  Excellent	photon	coun3ng	capability!	
•  Dark	noise	and	gain	exhibit	no	significa3ve	difference	between	

HV	on	(-1.9kV)	and	HV	off	



SiPM	photoelectron	trigger	efficiency ︎		
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Phenomenology	

1.  photoelectron	 with	 not	 enough	 energy	 to	
enter	 in	deple/on	 region	 (p+n)	 and	 to	 trigger	
Geiger	avalanche.		

2.  photoelectron	 with	 very	 marginal	 energy	 to	
enter	 in	deple/on	 region	 (p+n)	 and	 to	 trigger	
Geiger	avalanche.		

3.  photoelectron	with	enough	energy	to	enter	in	
deple/on	 region	 (p+n)	 and	 to	 trigger	 Geiger	
avalanche.		

εtotal(PDE)	=	εphotocathode	x	εfill-factor-SiPM	x	εtrigger	x	εfocusing		
	
•  εphotocathode	=	photocathode	efficiency	(fixed	number	@fixed	λ)	
•  εfill-factor-SiPM	=	geometrical	efficiency	(fixed	number)		
•  εtrigger	=	trigger	efficiency	(depends	on	the	High	Voltage)		
•  εfocusing	=	focusing	efficiency		
	
	
When	 the	 high	 voltage	 gives	 to	 all	 the	 photoelectrons	 enough	
energy	to	penetrate	inside	the	p-region	of	the	SiPM,	the	behaviour	
of	 εtrigger	 as	 a	 func/on	of	high	voltage	becomes	flat	 (plateau	εtrigger	
=1)	and	the	total	efficiency	will	be	a	fixed	number	(@fixed	λ).		
	

Defini3on	



SiPM	photoelectron	trigger	efficiency ︎		
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Range	and	energy	deposit	of	the	photoelectrons	in	the	SiPM	as	a	func/on	of	SiO2	passiva/on	
layer	thickness	have	been	simulated	(range:	150	to	15nm).		
	
Assump/on:	the	average	energy	of	photoelectrons	outcoming	from	the	photocathode	is	1	eV.		

15	nm	passiva3on	layer	150	nm	passiva3on	layer	

Simula3ons	

Simula3ons	show	that	the	HV	to	have	εtrigger	=1	rises	with	the	passiva3on	layer	thickness.		

100	nm	passiva3on	layer	



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

Focusing	efficiency	<1	

The	ideal	case:		
focusing	efficiency	=	1	,	op3mized	linearity	 •  If	 the	 photoelectron	 spot	 is	 larger	 than	

the	 SiPM	 size,	 some	 photoelectron	 will	
systema/cally	 miss	 the	 target	 è		
focusing	efficiency	<	1	

•  On	 the	 other	 side,	 if	 the	 photoelectron	
beam	 is	 too	 much	 “squeezed”,	 the	
focusing	 efficiency	 will	 s/ll	 be	 1	 but	 the	
device	will	lose	linearity	

Even	in	the	ideal	case,	the	SiPM	pixels	that	are	not	involved	in	
the	detec/on	process	are	s/ll	contribu/ng	to	dark	noise!	

SiPM	



One	step	back	
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Special	non-windowed	series	for	e	op/miza/on.	
Low	photocathode	voltage	(-2,5/3	kV	expected).	

7x7	mm2	Borosilicate	glass	entrance	window	
3	mm	diameter	GaAsP	photocathode		

2	protoypes:	
MPPC	1	mm2	/	50	mm	/	400	cells	
MPPC	1	mm2	/100	mm	/	100	cells	

ε = ε photocathode x ε SiPM (50)"
0,23 ≈  0,38       x      0,61"

Fill factor"

Efficiency	is	highly	stable	over	3200	V.	
No	need	for	high	voltage	stabiliza/on.	



Photocathode	
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Assuming	a	plateau	region	working	regime	and	an	op/mized	focusing		
	

•  The	maximum	PDE	measured	for	the	prototype	is	≈	2%	
•  The	plateau	region	is	not	reached!	
	
Reason:	maximum	ra/ng	for	PMT	HV	is	-2kV!	(insula/on	issue)	

εtotal(PDE)	=	εphotocathode	x	εfill-factor-SiPM	x	εtrigger	x	εfocusing	
						
						0,09					=								0,12						x							0,78							x					1					x						1		

εtotal(PDE)	=	εphotocathode	x	εfill-factor-SiPM	x	εtrigger	x	εfocusing	
						
						0,02					=								0,12						x							0,78							x					?					x						?		



Focusing	
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No	clue	about	the	characteris/cs	of	the	SiPM	inside	the	prototype.	
	
Measurement	of	focusing	efficiency	is	done	as	follows:	
•  	the	photocathode	is	illuminated	with	high	photon	number.		
•  	Under	this	condi/on,	the	SiPM	is	saturated.		
•  	Number	of	maximum	fired	cells	is	calculated	as:		

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

Radius	 of	 photoelectron	 focusing	 area	
circumscribes	the	MPPC	square	shape	or	is	
outside	 the	 square.	 The	 system	 is	
UNDERFOCUSED.	
Not	possible	to	say	how	much!	εfocusing<	1	



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

From	the	linear	fit:	
•  Ntotal	(max	fired	cells)	=	(9.40	±	1.0)	x	102		
•  PDE	=	(2.77	±	0.12)	%		

UNDERFOCUSED	system	
(εfocusing<	1)	

A	well-focused	devise	would	have	
Ntotal	(max	fired	cells)	≈	700		

in	quite	good	agreement	with	the	
measured	PDE	



Transit	Time	Spread	
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•  We	 measure	 the	 /me	 interval	 between	
the	"start"	and	"stop"	signals.	

•  The	output	from	the	VSiPMT	is	fed	as	the	
stop	signal	via	a	discriminator;	

TTS	=	2.58	ns	(FWHM)		



Photocathode	scan	
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projec/on	of	3x3	the	SiPM	on	the	
photocathode	 obtained	 by	 direct	
photon	detec/on	when	H.V.	is	off	

4%	of	over-efficiency	for	photon	transparency	only	at	center	of	photocathode.		
Negligible	effect	in	all	usual	photodetec/on	applica/ons		
	

Quan3ta3ve	effect:		
+4%	of	over-efficiency	in	1,7%	of	total	1	

inch	photocathode	surface	area		
ê	

2	inch	photocathode:	less	and	less	effect		

SiPM	

ε	tot.	 Photocathode	surface	

=27.4%	
+4%	
23,4%	

23,4%	 23,4%	

Projec3on:	
op3mized	device	(photocathode	QE	≈	30%,	εfocusing=1)	



Conclusions	

20	 22/05/17	Daniele	Vivolo	-	TIPP	2017	

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:	
•  Excellent	photon	coun/ng	capability	
•  Large	sensi/ve	surface	(first	inch-size	prototype)	
•  Challenging	/me	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	bexer	spa/al	posi/oning	of	the	SiPM.	
Undrama/c:	easy	to	solve	(not	op/mized	device).		

SiPM	

An	op/mized	insula/on	or	an	improved	design	can	
help	to	bring	the	HV	at	the	correct	point,	thus	
allowing	to	work	in	the	PDE	plateau	region	and	so	
at	the	maximum	efficiency.		

Ready	for	the	next	step!	


