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SiPM	
  

ü  Array	
  of	
  Single	
  Photon	
  Avalanche	
  Diodes	
  (SPAD)	
  operated	
  in	
  Geiger	
  mode	
  
ü  DetecAon	
  efficiency	
  (PDE)	
  maximized	
  for	
  IR-­‐UV	
  photons.	
  
ü  Compact	
   (~103	
   cells/mm2),	
   robust,	
   insensiAve	
   to	
  external	
  magneAc	
  fields,	
  

fast	
  response	
  (~ns),	
  operated	
  with	
  bias	
  voltage	
  VB	
  <	
  50	
  V.	
  

Silicon Photomultipliers (SiPM) – semiconductor photodetectors 
Array of Single Photon Avalanche Diodes (SPAD) operated in Geiger mode: photons 
converting inside the depleted zone (in reverse bias) start a charge avalanche and 
produce a current pulse. Detection efficiency (PDE) maximized for IR-UV photons. 
Compact (~103 cells / mm2), robust, insensitive to external magnetic fields, fast response 
(~ns), operated with bias voltage VB < 50 V. 
Response linearity determined by concurrent conversions in finite number of microcells. 
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SiPM	
  

•  Silicon	
  PhotomulAplier	
  has	
  been	
  developed	
  for	
  single	
  photon	
  applicaAons	
  	
  
(e.g.	
  IACT)	
  

•  SomeAmes	
  people	
  use	
  it	
  for	
  very	
  high	
  intensity	
  short	
  duraAon	
  light	
  (e.g.	
  
calorimetry)	
  	
  

.	
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Direct	
  X-­‐ray	
  detecAon	
  with	
  SiPMs	
  

ü Standard	
   approach	
   for	
   X-­‐ray	
   real-­‐Ame	
  monitoring:	
   coupling	
  
of	
  acAve	
  sensor	
  (ex.	
  SiPM)	
  with	
  passive	
  material	
  to	
  convert	
  X-­‐
ray	
  to	
  IR-­‐UV	
  

	
  
ü Medical	
   and	
   industrial	
   applicaAons	
   require	
   real-­‐<me	
  
monitoring	
   of	
   high	
   intensity	
   X-­‐ray	
   beams	
   with	
   minimum	
  
material	
  budget	
  exposed	
  to	
  the	
  beam	
  

	
  
ü Direct	
  detec<on	
  without	
  any	
  converter	
  would	
  be	
  preferred.	
  

ü Simple	
   measurement	
   without	
   any	
   external	
   amplifica<on	
  
would	
  be	
  another	
  advantage	
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Direct	
  X-­‐ray	
  detecAon	
  with	
  SiPMs	
  

•  We	
  inves<gated	
  the	
  possibility	
  of	
  measuring	
  the	
  current	
  
produced	
  in	
  SiPM	
  directly	
  exposed	
  to	
  intense	
  and	
  long-­‐dura<on	
  
X-­‐ray	
  beam,	
  without	
  any	
  converter	
  material	
  

	
  
•  We	
  analyzed	
  the	
  response	
  of	
  devices	
  directly	
  exposed	
  to	
  the	
  

radia<on	
  produced	
  by	
  an	
  X-­‐ray	
  tube	
  (Direct	
  detec<on	
  of	
  high	
  
intensity	
  X-­‐ray	
  fluxes	
  with	
  silicon	
  photomul<pliers,	
  E.	
  Fiandrini	
  
et	
  al.	
  2019	
  JINST	
  14	
  P05016)	
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SiPM	
  current	
  vs	
  X	
  ray	
  intensity	
  

X-­‐ray	
  tube	
  

Protec<ve	
  shielding	
  

SiPM	
  
(inside)	
  

Beam	
  

SiPM	
  in	
  dark	
  case	
  x
y

z

y

x
z

q  SiPM	
  illuminated	
  with	
  steady	
  flux	
  from	
  X-­‐ray	
  tube	
  (Newton	
  ScienAfic	
  
BJ7252	
  50kV	
  10W)	
  operated	
  at	
  Vx=15	
  kV.	
  

q  Current	
  signal	
  read-­‐out	
  with	
  Keithley	
  2400	
  SMU.	
  
q  Temperature	
  set	
  to	
  22°C	
  (surgery	
  room)	
  and	
  to	
  0°C	
  (to	
  operate	
  the	
  SiPM	
  

at	
  reduced	
  thermal	
  dark	
  noise	
  condiAons).	
  
q  Response	
  of	
  the	
  SIPM	
  verified	
  below	
  and	
  above	
  the	
  breakdown	
  voltage	
  

(Vbd	
  ~	
  27	
  V)	
  for	
  different	
  X-­‐ray	
  beam	
  intensiAes	
  (Ix	
  in	
  [10-­‐190]	
  µA)	
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Current	
  measurements	
  
•  SiPM	
  p-­‐on-­‐n	
  NUV-­‐HD	
  Low	
  CT	
  have	
  been	
  used	
  
•  Designed	
  for	
  CTA-­‐pSCT	
  collaboraAon	
  by	
  Fondazione	
  Bruno	
  Kessler	
  (TN)	
  
•  OpAmized	
  for	
  Near	
  UV	
  Cherenkov	
  Light	
  
•  6x6	
  mm2	
  with	
  22810	
  microcell	
  of	
  40	
  µm	
  size	
  and	
  a	
  fill	
  factor	
  FF	
  =	
  0.72	
  

Current	
  from	
  SiPM	
  measured	
  before,	
  
during	
  and	
  aoer	
  the	
  X	
  ray	
  irradiaAon	
  
(for	
  T~	
  12	
  s)	
  at	
  different	
  X	
  ray	
  tube	
  
intensiAes	
  and	
  overvoltages	
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Stability	
  of	
  the	
  SiPM	
  currents	
  

X	
  ray	
  OFF	
   Ix	
  =	
  30	
  µA	
  

Ix	
  =	
  90	
  µA	
   Ix	
  =	
  150	
  µA	
  

SiPM	
  δIS/IS	
  below	
  2%	
  for	
  T	
  =	
  0°C	
  and	
  below	
  1%	
  for	
  T	
  =	
  22°C.	
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Stability	
  of	
  measurements	
  
For	
  all	
  runs,	
  the	
  relaAve	
  differences	
  ∆(A,C)	
  between	
  the	
  average	
  SiPM	
  
current	
  measured	
  before	
  (I(A))	
  and	
  aoer	
  (I(C))	
  irradiaAon	
  are	
  
consistent	
  at	
  the	
  level	
  of	
  0.1%.	
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Model	
  independent	
  characterizaAon	
  

Analysis	
  of	
  the	
  SiPM	
  current	
  signal	
  intensity	
  and	
  significance	
  

IS(ON):	
  current	
  during	
  X-­‐ray	
  irradiaAon	
  
IS(OFF):	
  current	
  without	
  X-­‐ray	
  irradiaAon	
  
IS(sig)	
  =	
  IS(ON)	
  -­‐	
  IS(OFF):	
  current	
  signal	
  

RS	
  =	
  IS(sig)	
  /	
  IS(OFF):	
  signal	
  intensity	
  
S/N	
  =	
  IS(sig)	
  /	
  [ΔIS(sig)	
  ⊕	
  ΔIS(OFF)]	
  

Maximum	
  RS	
  and	
  S/N	
  just	
  above	
  breakdown	
  (T	
  dependence)	
  
To	
  be	
  further	
  analyzed	
  for	
  the	
  determinaAon	
  of	
  the	
  operaAng	
  point	
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ParametrizaAon	
  of	
  the	
  SiPM	
  response	
  

q  In	
  a	
  realisAc	
  SiPM	
  with	
  a	
  finite	
  τr,	
  the	
  response	
  depends	
  on	
  the	
  pulse	
  light	
  
duraAon	
  tp	
  compared	
  to	
  τr	
  and	
  on	
  cell	
  number	
  N	
  

q  When	
  tp	
  >>	
  τr,	
  the	
  rate	
  of	
  firing	
  cells	
  can	
  be	
  approximated	
  as	
  due	
  to	
  a	
  
steady-­‐state	
  process	
  with	
  a	
  balance	
  between	
  repeAAve	
  retriggering	
  and	
  
recovering	
  of	
  the	
  SiPM	
  microcells,	
  i.e.	
  non-­‐paralizable	
  dead	
  Ame	
  model	
  
for	
  Geiger	
  counters	
  

!nf =
!ng

1+ !ngτ r / N
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!ng = !nph + !ndcr =	
  photo-­‐generaAon	
  +	
  thermal	
  generaAon	
  

The	
  rate	
  of	
  cell	
  firing	
  in	
  a	
  “ideal”	
  SiPM	
  (zero	
  recovery	
  Ame	
  τr)	
  would	
  be	
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ParametrizaAon	
  of	
  the	
  SiPM	
  response	
  

!nph =αk(VX ) ⋅ECF ⋅VXIX

The	
  X-­‐ray	
  tube	
  provides	
  a	
  spectrum	
  jγ(E)	
  of	
  photons	
  with	
  Emin	
  <	
  E	
  <	
  Emax	
  =	
  eVx	
  
The	
  rate	
  of	
  avalanche	
  photo-­‐generaAon	
  can	
  be	
  parametrized	
  as	
  	
  

ü  α(S,r)	
  =	
  geom.	
  acceptance	
  of	
  SiPM,	
  	
  
ü  K(Vx)	
  =	
  convoluAon	
  of	
  the	
  PDE	
  with	
  

the	
  photon	
  spectrum,	
  	
  
ü  ECF	
  =	
  Excess	
  Charge	
  Factor	
  	
  

q  X	
  ray	
  tube	
  current	
  Ix	
  proporAonal	
  
to	
  X	
  ray	
  count	
  rate	
  at	
  Vx	
  const.	
  

q  à	
  use	
  Ix	
  as	
  a	
  measure	
  of	
  the	
  X	
  
ray	
  flux	
  intensity	
  

IS = eG ⋅ !ng ≈
eG !nph + Idcr
1+ !nphτ r / N

=
AIX + Idcr
1+BIX

The	
  SiPM	
  current	
  output	
  is	
  
A:	
  SiPM	
  response	
  factor	
  
B:	
  SiPM	
  saturaAon	
  factor	
  
IDCR:	
  SiPM	
  dark	
  current 

X-­‐ray	
  spectrum	
  at	
  the	
  SiPM	
  posiAon	
  
	
  

Vx	
  =	
  15	
  kV	
  
Ix	
  =	
  200	
  µA	
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Response	
  at	
  the	
  S
iPM	
  breakdown	
  volta

ge	
  

Fixng	
  the	
  SiPM	
  current	
  response	
  
A:	
  SiPM	
  response	
  factor	
  
B:	
  SiPM	
  saturaAon	
  factor	
  
IDCR:	
  SiPM	
  dark	
  current 

Fit	
  to	
  the	
  SiPM	
  current	
  measured	
  at	
  
22°C	
  for	
  different	
  SiPM	
  bias	
  voltages	
  

R	
  =	
  60	
  cm	
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� Data	
  
Best	
  Fit	
  

The	
  best	
  fit	
  compared	
  to	
  SiPM	
  
response	
  with	
  no	
  saturaAon	
  effects	
  



Goodness	
  of	
  parametrizaAon	
  

Residual	
  of	
  best	
  fit	
  
parametrizaAon	
  as	
  a	
  funcAon	
  
of	
  the	
  X-­‐ray	
  beam	
  intensity.	
  	
  

The	
  parametrizaAon	
  describes	
  the	
  SiPM	
  response	
  with	
  accuracy	
  of	
  ~0.2%	
  
up	
  to	
  X-­‐ray	
  intensiAes	
  corresponding	
  to	
  10%	
  saturaAon	
  of	
  the	
  SiPM	
  
response	
  (observed	
  for	
  Ix=190µA) 
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SiPM	
  response	
  vs	
  OV	
  

Parameters	
  obtained	
  from	
  the	
  fit	
  to	
  the	
  data	
  using	
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SiPM	
  Current	
  vs	
  X	
  ray	
  source	
  Distance	
  

q The	
  model	
  fits	
  very	
  well	
  the	
  currents	
  for	
  all	
  the	
  distances	
  
q Varying	
  distance	
  is	
  equivalent	
  to	
  change	
  the	
  photon	
  rate	
  on	
  the	
  SiPM	
  

at	
  the	
  same	
  Ix	
  
q à	
  The	
  model	
  reproduces	
  tha	
  data	
  for	
  a	
  large	
  interval	
  of	
  photon	
  fluxes	
  

OV	
  =	
  3	
  V	
  
T	
  =	
  22	
  oC	
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AyenuaAon	
  of	
  the	
  X-­‐ray	
  beam	
  in	
  air	
  

17	
  

q  It	
  is	
  a	
  measurement	
  of	
  X-­‐ray	
  absorp<on	
  length	
  in	
  air	
  
q  SiPM	
  is	
  really	
  measuring	
  the	
  X-­‐ray	
  flux	
  

Distance (mm)
40 60 80 100 120 140

A

0

0.1

0.2

0.3

0.4

0.5 A(r) = A0
e−r/λ

r2

λ	
  =	
  75.5	
  ±	
  3.5	
  cm	
  
OV	
  =	
  3	
  V	
  
T	
  =	
  22	
  oC	
  	
  

Solid	
  angle	
  

AyenuaAon	
  

IPRD19	
  

A0	
  =	
  268.4	
  ±	
  8.0	
  
λ	
  =	
  75.5	
  ±	
  3.5	
  cm	
  
OV	
  =	
  3	
  V	
  
T	
  =	
  22	
  oC	
  	
  

q  The	
  response	
  factor	
  A	
  depends	
  on	
  the	
  geometrical	
  factor	
  	
  of	
  
the	
  SiPM	
  and	
  on	
  the	
  X-­‐ray	
  ayenuaAon	
  in	
  air	
  

q  It	
  is	
  a	
  measurement	
  of	
  X-­‐ray	
  absorp<on	
  length	
  in	
  air	
  
q  SiPM	
  is	
  really	
  measuring	
  the	
  X-­‐ray	
  flux	
  



Model	
  Par.	
  vs	
  Distance	
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The	
  saturaAon	
  factor	
  B	
  and	
  the	
  dark	
  current	
  Idcr	
  depend	
  only	
  the	
  SiPM	
  
properAes,	
  as	
  expected	
  

Distance (mm)
40 60 80 100 120 140

]
-
1

B
 
[
m
A

0.2

0.3

0.4

0.5

0.6

0.7

Distance (mm)
40 60 80 100 120 140

A
]

µ
 
[

d
c
r

I

0.4
0.5
0.6
0.7
0.8
0.9

1
1.1

IPRD19	
  



Outlook	
  and	
  prospects	
  
ü  The	
  current	
  response	
  of	
  a	
  SiPM	
  directly	
  exposed	
  to	
  a	
  steady,	
  high-­‐intensity	
  

X-­‐ray	
  flux	
  is	
  well	
  correlated	
  to	
  the	
  intensity	
  of	
  the	
  X-­‐ray	
  beam.	
  

ü  The	
  SiPM	
  signal	
  current	
  is	
  well	
  above	
  the	
  dark	
  current	
  below	
  and	
  above	
  the	
  
SiPM	
  breakdown	
  voltage,	
  such	
  that	
  no	
  amplifica<on	
  is	
  needed	
  for	
  read-­‐out.	
  

ü  The	
  model	
  describes	
  the	
  SiPM	
  response	
  to	
  the	
  X	
  ray	
  beam	
  with	
  accuracy	
  of	
  
~0.2%	
  up	
  to	
  devia<ons	
  from	
  linearity	
  of	
  10%	
  	
  

	
  
ü  These	
   results	
   indicate	
   that	
   the	
   SiPM	
   current	
   response	
   is	
   a	
   poten<al	
  

dosimetric	
   variable	
   that	
   can	
   be	
   calibrated	
   to	
   perform	
   real	
   <me	
  
measurements	
   of	
   high-­‐intensity	
   X-­‐ray	
   fluxes	
   with	
   minimum	
   material	
  
exposi<on	
  to	
  the	
  beam.	
  

ü  Further	
   experimental	
   tests	
   on	
   the	
   SiPM	
   response	
   as	
   funcAon	
   of	
   SiPM	
  
microcell	
   size,	
   of	
   the	
   X-­‐ray	
   beam	
   spectrum	
   and	
   at	
   higher	
   X-­‐ray	
   beam	
  
intensiAes	
  are	
  ongoing	
  to	
  validate	
  the	
  parametrizaAon	
  for	
  a	
  larger	
  interval	
  of	
  
operaAng	
  parameters.	
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ParametrizaAon	
  of	
  the	
  SiPM	
  response	
  

!ng = !nph + !ndcr =	
  photo-­‐generaAon	
  +	
  thermal	
  generaAon	
  

q  Direct	
  X-­‐ray	
  single	
  photon	
  detecAon	
  in	
  pulse	
  mode	
  with	
  SiPMs	
  is	
  inefficient	
  
	
  
q  For	
  intense	
  and	
  long	
  lasAng	
  X	
  ray	
  fluxes,	
  the	
  small	
  fracAon	
  of	
  interacAng	
  

photons	
  is	
  able	
  to	
  produce	
  a	
  large	
  current	
  in	
  the	
  device	
  

q  The	
  rate	
  of	
  cell	
  firing	
  in	
  a	
  “ideal”	
  SiPM	
  (zero	
  recovery	
  Ame	
  τr)	
  would	
  be	
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ParametrizaAon	
  of	
  the	
  SiPM	
  response	
  

q  In	
  a	
  realisAc	
  SiPM	
  with	
  a	
  finite	
  τr,	
  the	
  response	
  depends	
  on	
  the	
  pulse	
  light	
  
duraAon	
  tp	
  compared	
  to	
  τr	
  and	
  on	
  cell	
  number	
  N	
  

q  When	
  tp	
  >>	
  τr,	
  the	
  rate	
  of	
  firing	
  cells	
  can	
  be	
  approximated	
  as	
  due	
  to	
  a	
  
steady-­‐state	
  process	
  with	
  a	
  balance	
  between	
  repeAAve	
  retriggering	
  and	
  
recovering	
  of	
  the	
  SiPM	
  microcells,	
  i.e.	
  non-­‐paralizable	
  dead	
  Ame	
  model	
  
for	
  Geiger	
  counters	
  

!nf =
!ng

1+ !ngτ r / N
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The	
  SiPM	
  has	
  been	
  illuminated	
  with	
  a	
  X-­‐ray	
  beam	
  produced	
  by	
  a	
  Newton	
  Scien-­‐	
  	
  
Afic	
  BJ7252	
  tube	
  operated	
  at	
  VX=15kV,	
  corresponding	
  to	
  a	
  nominal	
  maximum	
  
photon	
  en-­‐ergy	
  of	
  the	
  beam	
  Emax=eVX	
  =	
  15keV.	
  	
  
The	
  nominal	
  opening	
  angle	
  of	
  the	
  X-­‐ray	
  beam	
  is	
  θmax	
  =	
  0.48	
  rad	
  around	
  the	
  tube	
  
axis,	
  corresponding	
  to	
  a	
  solid	
  angle	
  covered	
  by	
  the	
  X-­‐ray	
  beam	
  of	
  
∆Ωbeam≈2π(1−cosθmax)=0.71	
  sr.	
  	
  
The	
  SiPM	
  is	
  placed	
  along	
  the	
  beam	
  axis	
  at	
  θ=0°	
  with	
  the	
  surface	
  SSiPM	
  oriented	
  
perpendicularly	
  to	
  the	
  beam	
  at	
  r	
  ≈	
  100	
  mm	
  from	
  the	
  X-­‐ray	
  tube,	
  covering	
  a	
  solid	
  
angle	
  to	
  the	
  X-­‐ray	
  beam	
  of	
  ∆Ω	
  =	
  SSiPM/r2	
  ≈	
  3.6×10−3	
  sr.	
  	
  
Assuming	
  a	
  gaussian	
  distribuAon	
  G(θ)	
  for	
  the	
  angular	
  profile	
  of	
  the	
  beam	
  with	
  
width	
  σ	
  =	
  0.14	
  rad	
  àα≈G(0)∆Ω≈3.1%	
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We investigate the possibility of direct detection of high-intensity X-ray fluxes using 
the measurement of the current produced by silicon photomultipliers directly exposed 
to the X-ray beam, without any converter material.  
We have analyzed the response of devices directly exposed to the radiation produced 
by an X-ray tube.  
The signal-to-noise ratio of the response confirms that the current produced during 
the irradiation provides information on the X-ray flux intensity.  
We parametrize the current response of devices as function of the X-ray flux intensity. 
We verify that the parametrization is accurate down to the % level and we study the 
linearity of the response to investigate the prospects for possible applications in real-
time X-ray beam monitoring and beam spatial profiling.  
	
  

23	
  IPRD19	
  



ParametrizaAon	
  of	
  the	
  SiPM	
  response	
  

The	
  rate	
  of	
  cell	
  firing	
  in	
  a	
  “ideal”	
  SiPM	
  (zero	
  recovery	
  Ame	
  τr)	
  would	
  be	
  

!ng = !nph + !ndcr =	
  photo-­‐generaAon	
  +	
  thermal	
  generaAon	
  

q  Direct	
  X-­‐ray	
  single	
  photon	
  detecAon	
  in	
  pulse	
  mode	
  with	
  SiPMs	
  is	
  
inefficient	
  due	
  to	
  energy	
  dependence	
  of	
  photoelectric	
  cross	
  secAon	
  
(and	
  increased	
  scayering	
  out	
  of	
  Compton	
  electrons).	
  

q  For	
  intense	
  and	
  long	
  lasAng	
  X	
  ray	
  fluxes,	
  the	
  small	
  fracAon	
  of	
  
interacAng	
  photons	
  is	
  able	
  to	
  produce	
  a	
  large	
  current	
  in	
  the	
  device	
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ParametrizaAon	
  of	
  the	
  SiPM	
  response	
  

q  In	
  a	
  realisAc	
  SiPM	
  with	
  a	
  finite	
  τr,	
  the	
  response	
  depends	
  on	
  the	
  pulse	
  light	
  
duraAon	
  tp	
  compared	
  to	
  τr,	
  as	
  well	
  as	
  on	
  the	
  number	
  of	
  concurrently	
  
converAng	
  photons	
  compared	
  to	
  the	
  number	
  of	
  SiPM	
  microcells	
  N	
  	
  

q  When	
  tp	
  >>	
  τr,	
  the	
  rate	
  of	
  firing	
  cells	
  can	
  be	
  approximated	
  as	
  due	
  to	
  a	
  
steady-­‐state	
  process	
  with	
  a	
  balance	
  between	
  repeAAve	
  retriggering	
  and	
  
recovering	
  of	
  the	
  SiPM	
  microcells,	
  i.e.	
  non-­‐paralizable	
  dead	
  Ame	
  model	
  
for	
  Geiger	
  counters	
  

!nf =
!ng

1+ !ngτ r / N
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