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•• AP D ’ sAP D ’ s f or  s uper collid er  f or  s uper collid er  -- r eq uir ementsr eq uir ements

•• D if f er ent AP D  s tr uctur esD if f er ent AP D  s tr uctur es

•• AP D sAP D s f or  the C M S  E C ALf or  the C M S  E C AL

•• R ad iation har d nes s  and  r eliab ilityR ad iation har d nes s  and  r eliab ility

•• AP D sAP D s at low  temper atur esat low  temper atur es

•• N ew  AP D  d evelopmentsN ew  AP D  d evelopments

•• C onclus ionC onclus ion
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Avalanche multiplication Avalanche multiplication 
Avalanche photodiodes are photodiodes with built- in hig h electric f ield reg ion.  W ith increasing  
reverse bias voltag e,  electrons ( or holes)  are accelerated and can create additional electron-
hole pairs  throug h im pact ioniz ation.

Silicon is a good material for APD construction: high sensitivity  in visib le and 

U V  range,  significant difference b etw een ioniz ation coefficients for electrons 

and holes – smaller p ositive feedb ack  and smaller multip lication noise

I oniz ation coef f icients as a f unction of  
electric f ield in silicon

E x cess N oise F actor:
F = k *M + ( 1 - k ) ( 2 - 1 / M )
k = β/α  β/α  β/α  β/α  ( k - f actor)
ββββ - ioniz ation coef f icient f or holes
αααα - ioniz ation coef f icient f or electrons
( see R . J .  M cI nty re,  I E E E  T r.  E D - 1 3  ( 1 9 7 2 )  1 6 4 )
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APD’sAPD’s f o r  f o r  su p e r c o l l i d e r ssu p e r c o l l i d e r s

•• APDsAPDs a r e  u se d  i n  t e l e c o m m u n i c a t i o n s >  3 0  y e a r sa r e  u se d  i n  t e l e c o m m u n i c a t i o n s >  3 0  y e a r s

•• T o  b e  u se d  i n  H E P t h e y  sh o u l d  sa t i sf y  c e r t a i n  T o  b e  u se d  i n  H E P t h e y  sh o u l d  sa t i sf y  c e r t a i n  
r e q u i r e m e n t sr e q u i r e m e n t s

•• R e q u i r e m e n t s d e p e n d  o n  t h e  a p p l i c a t i o nR e q u i r e m e n t s d e p e n d  o n  t h e  a p p l i c a t i o n

Applications:Applications:

�� C alor im e tr yC alor im e tr y

�� S ciF iS ciF i tr ack e r str ack e r s

�� C h e r e nk ovC h e r e nk ov lig h t d e te ctionlig h t d e te ction

�� T O FT O F

�� ……

Here I will discuss mainly the applications of the A P D s for HE P  calorimetry

CMS ECAL is a good example
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Lead Lead T u n g s t at eT u n g s t at e P r o p er t i esP r o p er t i es

Advantages:
• Fast
• Dense
• Radiation hard
• Emission in visible

Disadvantages:
• Temperature dependence
• Low light yield

PWO Radioluminescence Spectrum
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Density [g/cm3] 8.28

Rad length, X0 [mm] 8.9

Interaction length [mm] 224

Molière radius [mm] 21.9

Decay time [ns] 5(39%)
15(60%)
100 (1%)

Refractive index 2.30

Max emission [nm] 425

Light yield [photon/MeV] ~50

Temp coeff [%/ºC] -2
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Photo Detector RequirementsPhoto Detector Requirements

In the CMS ECAL :In the CMS ECAL :
-- hi g h r a d i a ti o n l ev el shi g h r a d i a ti o n l ev el s
-- 4 T  m a g neti c  f i el d4 T  m a g neti c  f i el d
-- l i m i ted  s p a c el i m i ted  s p a c e
-- P b W OP b W O

4 4 ( l o w  l i g ht y i el d ,  4 2 0( l o w  l i g ht y i el d ,  4 2 0 -- 4 5 0  nm  em i s s i o n p ea k )4 5 0  nm  em i s s i o n p ea k )

P ho to d etec to rP ho to d etec to r m u s t b e :m u s t b e :
-- r a d i a ti o n ha r dr a d i a ti o n ha r d
-- o p er a ti o na l  i n hi g h m a g neti c  f i el do p er a ti o na l  i n hi g h m a g neti c  f i el d
-- s m a l l  nu c l ea r  c o u nter  ef f ec t a nd  r ea s o na b l e g a i ns m a l l  nu c l ea r  c o u nter  ef f ec t a nd  r ea s o na b l e g a i n
-- s m a l l  ex c es s  no i s e f a c to rs m a l l  ex c es s  no i s e f a c to r
-- m a tc h the p r o p er ti es  o f  P b W Om a tc h the p r o p er ti es  o f  P b W O

44
l i g ht ( hi g h Q E,  hi g h s p eed )l i g ht ( hi g h Q E,  hi g h s p eed )

-- l o w  s ens i ti v i ty  o f  the g a i n o n tem p er a tu r e a nd  v o l ta g el o w  s ens i ti v i ty  o f  the g a i n o n tem p er a tu r e a nd  v o l ta g e
-- hi g h r el i a b i l i ty  ( 1 0  y ea r s  o f  LH C)  a nd  l o w  p r i c e ! ! !hi g h r el i a b i l i ty  ( 1 0  y ea r s  o f  LH C)  a nd  l o w  p r i c e ! ! !

P IN  p ho to d i o d e ha s  no  g a i n a nd  ha s  hi g h P IN  p ho to d i o d e ha s  no  g a i n a nd  ha s  hi g h ““ nu c l ea r  c o u nter  ef f ec tnu c l ea r  c o u nter  ef f ec t ””
Av a l a nc he P ho to  D i o d eAv a l a nc he P ho to  D i o d e

AP D sAP D s f r o m  s ev er a l  p r o d u c er s  ha d  b een c o ns i d er ed  f r o m  s ev er a l  p r o d u c er s  ha d  b een c o ns i d er ed  
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“Beveled edge” APD (API)“Beveled edge” APD (API)

It is made by growing the p-type 

epitax ial l ayer on n-type neu tron 

transmu tation doped sil ic on.   T he 

broad gain  region enabl es dev ic e

operation at high gain with l ow 

ex c ess noise and ex c el l ent gain 

u nif ormity.  

T he A P D  edge ( perpendic u l ar to

the j u nc tion)  is bev el ed in order 

to redu c e the f iel d al ong the 

dev ic e edge,  enabl ing the dev ic e 

to su stain the high biases nec essary 

f or A P D  operation.

Schematic cross- section  an d  el ectric f iel d  p rof il e,

accord in g  to A d v an ced  P hoton ix I n c.

( f rom M . M osz y n sk i et al . ,  N I M  A 4 8 5  ( 2 0 0 2 )  5 0 4 )
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DeepDeep-- d i f f u s ed  “ b ev el ed  ed g e”  A P D ( R M D)d i f f u s ed  “ b ev el ed  ed g e”  A P D ( R M D)

R. Farrell et al., NIM A353 (1994) 176

Gain  ~104 p o s s ib l e

L o w  e ne r g y  g am m a d e t e c t io n ( ~2 00e V  t h r e s h o l d )  
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API API APD sAPD s ( G a i n  a n d  Q E )( G a i n  a n d  Q E )

� High gain >100

� L ar ge  ar e a – u p  t o  16  m m  in d iam e t e r

� High Q E

� L o w  e x c e s s  no is e  f ac t o r

(measured by Advanced P h o t o ni x ,  I nc. )
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Pulse height spectrum of scintillation due to 5.5 M eV
α- particles in liq uid X e ( λ = 1 7 8  nm) ,  measured 

at T = - 1 0 2  C  and  M = 1 2 0

(V.N. S o l o v o v e t  a l .,  NI M  A 4 8 8  (2 0 0 2 )  5 7 2 )

API APD API APD –– S c i n t i l l a t i o n  L i g h t  De t e c t i o nS c i n t i l l a t i o n  L i g h t  De t e c t i o n

Energy spectrum of 662 k eV g- ra ys mea sured  

w i th  C sI ( T l )  a nd  Y A P : C e crysta l s

(M . M o s z y n s k i e t  a l .,  NI M  A 4 9 7  (2 0 0 3 )  2 2 6 )
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When operating these A P D s at high gain in b eam  l ine env ironm ent,  ab norm al  b ehav ior and  
ev entu al l y  perm anent d am age to the d etec tors w ere ob serv ed .  T hese ab norm al  ev ents w ere 
prob ab l y  triggered  b y  rare b u t highl y  ioniz ing nu c l ear c ol l ision ev ents

(From G. A n z i v i n o e t  a l .,  N I M  A 4 3 0  (1 9 9 9 )  1 0 0 )

“Beveled edge” “Beveled edge” A P D sA P D s i n  H E P  en vi r o n m en ti n  H E P  en vi r o n m en t

Pulse height spectra of APD response 

to αααα- particles at d ifferent b ias v oltages:

U = 1 0 0 0  V ,  M = 1 . 2

U = 1 5 0 0  V ,  M = 2

U = 1 6 5 0  V ,  M = 4
U = 1 7 0 0  V ,  M = 5

U = 1 7 5 0  V ,  M = 6  

A P D  l eak age c u rrent v s.  b ias v ol tage b ef ore and  
af ter l ethal  a- partic l es d am age
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“Beveled edge” “Beveled edge” A P D ’ sA P D ’ s s u m m a r ys u m m a r y

Excellent Excellent p h o to s ens o rp h o to s ens o r ::
•• Large area Large area 

•• H i gh  Q E  an d  gai nH i gh  Q E  an d  gai n

•• G o o d  u n i f o rm i t y  o v er t h e s en s i t i v e areaG o o d  u n i f o rm i t y  o v er t h e s en s i t i v e area

•• Lo w  ex c es s  n o i s e f ac t o rLo w  ex c es s  n o i s e f ac t o r

•• Lo w  v o l t age an d  t em p erat u re s en s i t i v i t yLo w  v o l t age an d  t em p erat u re s en s i t i v i t y

B u t:B u t:
•• H i gh  o p erat i n g v o l t age ( ~ 2 0 0 0  V )H i gh  o p erat i n g v o l t age ( ~ 2 0 0 0  V )

•• H i gh  s en s i t i v i t y  t o  h eav i l y  i o n i z i n g p art i c l esH i gh  s en s i t i v i t y  t o  h eav i l y  i o n i z i n g p art i c l es

•• S t ru c t u re s h o u l d  b e s en s i t i v e t o  S t ru c t u re s h o u l d  b e s en s i t i v e t o  h ad ro nh ad ro n i rrad i at i o ni rrad i at i o n

•• D i f f i c u l t  f o r m as s  p ro d u c t i o nD i f f i c u l t  f o r m as s  p ro d u c t i o n

•• H i gh  p ri c eH i gh  p ri c e
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“Reach“Reach-- t hr o u g h”  A P D  t hr o u g h”  A P D  
Schematic cross- section  an d  el ectric f iel d  p rof il e

Structure optimized for red light detection,
(see for example: I. W eg rz ec k a,  M . W eg rz ec k i ,

N IM  A 4 2 6  (1 9 9 9 )  2 1 2 )

Structure w ith improv ed s ens itiv ity  for b lue light 
(see for example R . L ec omt e et  al.,  N IM  

A 2 7 8  (1 9 8 9 )  5 8 5

Low operating voltage, easy to produce - good f or m ass production, b ut h igh  signal f rom  ioniz ing 
particles crossing th e A P D  depletion region ( “ nuclear counter ef f ect” )  and h igh  dark  current 
induced b y h adron irradiation ( th ick  depletion region)

• G u a r d - r i n g  - t o  r e d u c e  e l e c t r i c  f i e l d  a t  t h e  e d g e
• R e g i o n  w i t h  h i g h  e l e c t r i c  f i e l d  i s  t h i n n e r  t h a n  i n  t h e  c a s e  o f  b e v e l e d  e d g e  A P D s
• R e g i o n  w i t h  l o w  d o p i n g  - t o  r e d u c e  c a p a c i t a n c e  a n d  o p e r a t i n g  v o l t a g e  ( < 5 0 0  V )
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“Reverse” or ““Reverse” or “B a ri edB a ri ed J u n c t i on ” A P D  ( E G & G )J u n c t i on ” A P D  ( E G & G )

Standard or “rich-throu g h”  A P D

“R e v e rs e ”  or ““R e v e rs e ”  or “b arie db arie d j u nction”  A P Dj u nction”  A P D

T he  p e ak  f ie l d is  ~ 4  T he  p e ak  f ie l d is  ~ 4  µµ m  de e pm  de e p

R. L e c o m t e e t  a l .,  N I M  A 4 2 3  ( 1 9 9 9 )  9 2
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“Reverse” APD performance“Reverse” APD performance

R. L e c o m t e e t  a l .,  N I M  A 4 2 3  ( 1 9 9 9 )  9 2

Area:                                    5x5 mm2

C ap ac i t an c e:                          ~ 3 0  p F ( f o r 1 2 0  µm d ep l et i o n  reg i o n )
E xc es s  n o i s e f ac t o r ( M = 50 ) :    3 . 5
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Doping profile and electric field Doping profile and electric field 

dis trib u tion ( calcu lated)dis trib u tion ( calcu lated)

Y. M u s i e n k o e t  a l .,  N I M  A 4 4 2  ( 2 0 0 0 )  1 7 9

A P D  i s  m a d e  o n  1 2 0  µµµµm  t h i c k  h i g h  r e s i s t i v i t y w a f e r . F o r  m a s s  
p r o d u c t i o n  2 0 0  o r  e v e n  3 0 0  µµµµ m  t h i c k  w a f e r  i s  p r e f e r a b l e  
( l o w e r  p r o d u c t i o n  c o s t  a n d  b e t t e r  y i e l d )
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Thick Thick A P D sA P D s u n d e r  n e u t r o n  ir r a d ia t io nu n d e r  n e u t r o n  ir r a d ia t io n

Y. M u s i e n k o e t  a l .,  N I M  A 4 4 2  ( 2 0 0 0 )  1 7 9

Neutrons cause the change of the doping 

profil e,  el ectric fiel d distrib ution and shift 

the gain curv e.  E ffect is proportional  to the 

sq uare of the depl etion region thick ness

Calculated and measuredCalculated

A P D s w i th  dep leti o n reg i o n o f  ~ 4 0 -6 0  µm 
are o p ti mal
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“High C” “High C” Ha m a m a t s uHa m a m a t s u A P DA P D

Sensitive area                19.6 mm2

O p erating  vo l tag e      ~ 15 0  V

E x c ess no ise f ac to r       2 .0

1/ M *d M / d T -2  % / C

E f f ec tive th ic k ness       ~ 4  µm 

Q E ( 4 3 0 nm)                  60  %

C ap ac itanc e                3 2 0  p F

1/ M *d M / d V 15  % / V

Produced by ep i t a x i a l g row t h ,  i on  i m p l a n t a t i on  a n d di f f us i on  – ea s y t o p roduce
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R&D on APD for CMS ECALR&D on APD for CMS ECAL
In 1995 there was no APD which was suitable for CMS ECAL

Main goal of R&D – op t im iz e  A P D s t r u c t u r e  for  t h e  C MS  E C A L

1 9 9 5  - De v e lop m e nt  c ont r ac t  w it h  H am am at s u P h ot onic s  and  E G &G  O p t o-e le c t r onic s ,  t h e y  
h ad  A P Ds w h ic h  w e r e  c los e  t o t h e   C MS  E C A L  r e q u ir e m e nt s  

H am am at s u :
s m all N C E  ( ~ 4 µm ) ,  s m all F ,  s m all t e m p e r at u r e  s e ns it iv it y  of t h e  gain
h igh  c ap c it anc e ( 3 2 0 p F  for  5  m m  in d ia.  A P D) ,  1 5 % / V  c h ange  of t h e  gain ( w h e n M~ 5 0 )

G oals  of R&D:
- r e d u c e  c ap ac it anc e
- r e d u c e  v olt age  s e ns it iv it y  of t h e  gain

E G &G :
s m all c ap ac it anc e  ( ~ 3 0 p F  for  5 x 5  m m 2 ar e a) ,  s m all v olt age  s e ns it iv it y  of t h e  gain ~ 1 . 5 % / V
h igh  F  ( 3 . 5  for  M~ 5 0 ) ,  h igh  t e m p e r at u r e  s e ns it iv it y  of t h e  gain 

G oals  of R&D:  
- r e d u c e  F
- r e d u c e  t e m p e r at u r e  s e ns it iv it y  of t h e  gain 

C ont r ad ic t ion: low  nu c le ar  c ou nt e r  e ffe c t                        h igh  c ap ac it anc e ,  h igh  v olt age  
s e ns it iv it y  of t h e  gain

3  y ears of ex citing  ( ! ! ! )  work  on CMS ECAL APD d ev elop m ent…

C h oic e  b e t w e e n t h e  t w o v e nd or s  m ad e  in J u ly  1 9 9 8  in fav ou r  of H am am at s u P h ot onic s  ( b ot h  
p r od u c e r s   p r od u c e d  good  A P Ds ,  b u t  H am am at s u h ad  b e t t e r  r e liab ilit y  and  s m alle r   p r ic e )

N e w  R&D c ont r ac t  w it h  H am am at s u :  - r e d u c e  c ap ac it anc e  fr om  1 2 0  t o 8 0  p F ,  lar ge r  V B -V R,  
im p r ov e  r e s is t anc e  t o r ad iat ion ( ~ 1 0 0 %  s u r v iv al! )

… 2  m ore y ears of R & D …
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HamamatsuHamamatsu A P D  str uc tur e  A P D  str uc tur e  

( f i n al  C M S  A P D )( f i n al  C M S  A P D )

20

Photo-electrons from THIN 
p-layer induce avalanche

at p-n junction

Electrons from ionizing particles
traversing the bulk amplified with relatively 

small gain (Me=50, Mh=1.5)

2 APDs (each 5 x 5 mm)
mounted in a capsule

ready for gluing
to a crystal
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20

APD’sAPD’s i n  t h e  C M S  d e t e c t o ri n  t h e  C M S  d e t e c t o r

PbWO4
crystal

61200
Crystals
in Barrel2 APDs per Crystal

Electromagnetic
Calorimter
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APD Impact on ECAL ResolutionAPD Impact on ECAL Resolution
Resolution:Resolution:

where,where, a  a  :: due to intrinsic shower fluctuationsdue to intrinsic shower fluctuations

bb : related to stability and reproducibility: related to stability and reproducibility

cc : noise contributions: noise contributions

CMS design goal :CMS design goal : aa ~3%,~3%, bb~0.5%, ~0.5%, cc~200 ~200 MeVMeV

APD contributions:APD contributions:

aa -- photon statistics (area, QE) & excess noise factorphoton statistics (area, QE) & excess noise factor

bb -- gain variation with bias voltage and temperaturegain variation with bias voltage and temperature

cc -- capacitance as series noise and dark current as parallel noisecapacitance as series noise and dark current as parallel noise

Optimise all these parameters to reach design goalOptimise all these parameters to reach design goal

E

c
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GeVE
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Nuclear Counter EffectNuclear Counter Effect

80 GeV electrons in PbWO4 PIN diode or APD readout

PIN diode

APD

Tail due to particles leaking 
through crystal and 

traversing diode

No tail !

APD effective thickness
for traversing particles:

~6 µm
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APDsAPDs i n  t h e  m a g n e t i c  f i e l d  ( 7 . 9  T )i n  t h e  m a g n e t i c  f i e l d  ( 7 . 9  T )

APD surface oriented perpendicular to the field APD surface oriented parallel to the field

Gain of APD is unaffected by the 7.9 T magnetic field

APD g ain curv e m easured outside the field

J.Marler et  al.,  N I M A 4 4 9  ( 2 0 0 0 )  3 1 1
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APD  Gain, Quantum efficiencyAPD  Gain, Quantum efficiency
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PbWO4 peak emission 420 nm

Gains can go to over 1000

We demand good behavior
up to gain 400

Q.E. is ~73% at peak emission

Operating Voltage, M=50
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Voltage and Temperature Voltage and Temperature 

C oef f i c i entsC oef f i c i ents
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At M=50 :

dM/dV* 1 /M =  3.1 % /V dM/dT * 1 /M =  - 2 .4 % /C
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Gain vs. WavelengthGain vs. Wavelength
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Main junction is close to the entrance window – red lig ht has sm aller g ain
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Excess Noise FactorExcess Noise Factor

statistical fluctuations of the avalanche multiplication statistical fluctuations of the avalanche multiplication 

F  =  kF  =  k ×× M  +  ( 2M  +  ( 2 -- 1 / M )1 / M ) ×× ( 1( 1 -- k )         ( fr om theor y  of R .  M cI nty r e)k )         ( fr om theor y  of R .  M cI nty r e)

k  k  -- r atio of the ionisation coefficients for  holes and  electr ons,  Mr atio of the ionisation coefficients for  holes and  electr ons,  M -- g aing ain

C ontr ib utes to the stochastic ter m in ener g y  r esolution as:  S Q R TC ontr ib utes to the stochastic ter m in ener g y  r esolution as:  S Q R T ( F /( F / NN p.ep.e.. )  )  
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Summary of APD parameters Summary of APD parameters 

( M = 5 0 )( M = 5 0 )
Active areaActive area 5  x  5  m m5  x  5  m m

O p eratin g  vo l tag e ( T = 2 5 C )O p eratin g  vo l tag e ( T = 2 5 C ) <  4 2 0  V<  4 2 0  V

Q u an tu m  E f f icien cy  ( 4 2 0  n m )Q u an tu m  E f f icien cy  ( 4 2 0  n m ) 7 3  %7 3  %

C ap acitan ce C ap acitan ce 8 0  8 0  p Fp F

S erial  res is tan ceS erial  res is tan ce <  1 0  <  1 0  ΩΩ

D ark  C u rren t ( t= 2 5  C )D ark  C u rren t ( t= 2 5  C ) ~ 3 . 5  ~ 3 . 5  n An A

V o l tag e s en s itivity  ( 1 / MV o l tag e s en s itivity  ( 1 / M ** d M / d Vd M / d V )) 3 . 1  %  /  V3 . 1  %  /  V

T em p eratu re s en s itivity  ( 1 / TT em p eratu re s en s itivity  ( 1 / T ** d M / d Td M / d T )) -- 2 . 4  %  /  2 . 4  %  /  °° CC
E x ces s  n o is e f acto rE x ces s  n o is e f acto r 2 . 12 . 1

B reak d o w n  B reak d o w n  -- o p eratin g  vo l tag e (o p eratin g  vo l tag e ( V bV b -- V rV r )) 4 5  4 5  ±± 5  V5  V

F o r G O O D  F o r G O O D  AP D sAP D s ::

R AD I AT I O N  H AR D N E S S :R AD I AT I O N  H AR D N E S S :

Af ter 1 0  y ears  o f  L H C  eq u ival en t Af ter 1 0  y ears  o f  L H C  eq u ival en t h ad ro nh ad ro n irrad iatio n ,  O N L Y  p ro p erty  irrad iatio n ,  O N L Y  p ro p erty  

to  ch an g e is  th eto  ch an g e is  th e d ark  cu rren td ark  cu rren t,, w h ich  ris es  tow h ich  ris es  to ~ 5  ~ 5  µ Aµ A at 1 8at 1 8 °° CC

AG I N G :  AG I N G :  N o  ef f ect s een  af ter ~ 1 0  y ears ’  eq u ival en t in  an  o ven .N o  ef f ect s een  af ter ~ 1 0  y ears ’  eq u ival en t in  an  o ven .
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Test beam:  Energy ResolutionTest beam:  Energy Resolution

Reconstructed energy with 280 G eV el ectrons incident on 5 x 5  crysta l  m a trix
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Radiation level after 10 yearsRadiation level after 10 years

Radiation doses are in red, 104 Gy. 
Neutron fluence is in green, 1013 neutrons/cm 2 with E > 100 keV.

Crystal 
calorimeter

100
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Irradiation with 70 Irradiation with 70 M e VM e V p rotonsp rotons

APD’sAPD’s i r r a d i a t e d  a t  PS I  7 0  i r r a d i a t e d  a t  PS I  7 0  M e VM e V p r o t o n  b e a m  f o r  1 0 5  m i n u t e s p r o t o n  b e a m  f o r  1 0 5  m i n u t e s 

9 x 1 09 x 1 0 12 12 p r o t o n s/ c mp r o t o n s/ c m 2 2 
≡≡ 2 x 1 02 x 1 0 13  13  1 M e V  n e u t r o n s/  1 M e V  n e u t r o n s/  c mc m 22

≡≡ 1 0  y e a r s 1 0  y e a r s f l u e n c ef l u e n c e e x p e c t e d  i n  C M S  b a r r e l  e x p e c t e d  i n  C M S  b a r r e l  

Total Current (dark current + inonisation current)
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Neutron irradiation resultsNeutron irradiation results

705  APD's Irradiated - Includes Source Decay

y = 1.3954E-11x
R2 = 8.6333E-01
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To date >1000 A P D ’ s h av e b een  i r r adi ated b y  252C f  n eu tr on s  an d al l  h av e s u r v i v ed
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Effect of Irradiation on Q.E.Effect of Irradiation on Q.E.
QE vs. Wavelength
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No change in quantum efficiency for No change in quantum efficiency for λλ’’ss of interestof interest

V ery smal l  change of gain curv e and  A P D  b reak d ow n v ol tageV ery smal l  change of gain curv e and  A P D  b reak d ow n v ol tage

up  to 1 0 14 n/ cm2
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Dark Current & NoiseDark Current & Noise
After 2*1013 n/cm2 and annealing 

Id~5µµµµA @ 18 oC

ENC~12 500 el (τ τ τ τ = 50 ns)  � 50 MeV/ch

Noise [ENC], ττττ=1µµµµsec
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Radiation Hardness, StabilityRadiation Hardness, Stability

Good APDs are very Robust, Radiation HardGood APDs are very Robust, Radiation Hard

T h ey stil l  w ork  af ter m ore rig orous tests ( som e “ viol ent” )T h ey stil l  w ork  af ter m ore rig orous tests ( som e “ viol ent” )

B U TB U T

Desp ite h eroic  ef f ort by Ham am atsu Desp ite h eroic  ef f ort by Ham am atsu 

-- f ew  %  die or g et sic k  under g am m a irradiationf ew  %  die or g et sic k  under g am m a irradiation

-- a f ew  m ore in an ex tended a f ew  m ore in an ex tended ““ burnburn-- inin”” at 8 0  at 8 0  °° CC

Rel iabil ity g oal  9 9 . 9 % , f or 1 0  years of  L HCRel iabil ity g oal  9 9 . 9 % , f or 1 0  years of  L HC

==> Screen all APDs==> Screen all APDs
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Change of VB after irradiation and Change of VB after irradiation and 

anneal inganneal ing
Lot 34 Breakdown Voltage Comparison
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Dark Current and Noise  Dark Current and Noise  

APD with a 
s ig n if ic an t s hif t 
o f  V b af te r  60 C o  
ir r ad iatio n  s ho ws  

ab n o r m al  b e hav io r  
o f  I d / G ain  c u r v e  

an d  hig h n o is e

I d / G ain

N o is e
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Screening ProcedureScreening Procedure

APDs

Cylinder 32
60Co wires

60Co, 5 kGy,
isotropic (2 hrs)

Measure Vb, Id
1 day later;

Noise > 1 week

Cook at 80 °°°°C
for 4 weeks 
under bias

Measure Vb, Id

Select, pair

Make Capsule
Measure Noise

PSI CERN

Lyon
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Rejection CriteriaRejection Criteria
APDs are rejected if after irradiation or cooking:APDs are rejected if after irradiation or cooking:

C h ange of C h ange of V bV b ( b reakdow n v ol tage)( b reakdow n v ol tage) :: >  5  V>  5  V

I d ( dark cu rrent) :I d ( dark cu rrent) : anom al ou sl y  l argeanom al ou sl y  l arge

I d/ M  ( I d div ided b y  gain,  M ) :I d/ M  ( I d div ided b y  gain,  M ) : rises in range rises in range 

M  =  5 0  M  =  5 0  -- 4 0 04 0 0

N oise:N oise: anom al ou sl y  l arge anom al ou sl y  l arge 

at M  =  1 ,  5 0 ,  1 5 0 ,  3 0 0at M  =  1 ,  5 0 ,  1 5 0 ,  3 0 0

Al so:Al so:

B ad Positions:     B ad Positions:     Al l  APDs in a L ot from  a p osition on w aferAl l  APDs in a L ot from  a p osition on w afer

w h ere >  3 0 %  fail  screening w h ere >  3 0 %  fail  screening 



Innovative Detectors for Supercolliders, Erice, 03/10/2003Innovative Detectors for Supercolliders, Erice, 03/10/2003 Advances in APD's    Y.MusienkoAdvances in APD's    Y.Musienko 4141

Efficiency of the screening methodEfficiency of the screening method

Double irradiation (225 APDs from lot##33,34)
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834 APD`s which passed 1st irradiation and annealing were irradiated the
2nd time. Only 1 APD failed the second irradiation.
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Production Status (to end 8/03)Production Status (to end 8/03)

115,000 delivered

On schedule to 
complete � by
January 2004

(140,000 APDs)

90,000 screened

On schedule to 
complete by

May 2004

Cumulative Total 
Delivered
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Summary on CMS Summary on CMS A P D ’ sA P D ’ s

The Hamamatsu APD for CMSThe Hamamatsu APD for CMS

-- i s v ery  rob ust i s v ery  rob ust 

-- i s rad i ati on  i s rad i ati on  ““ hardhard ””

-- w i l l  hav e I d  after 1 0  y ears of L HC w i l l  hav e I d  after 1 0  y ears of L HC 

~  5 0  MeV  n oi se p er c ry stal~  5 0  MeV  n oi se p er c ry stal

B y  sc reen i n g  out c a 5 %  of APDs,  an ti c i p ate B y  sc reen i n g  out c a 5 %  of APDs,  an ti c i p ate 9 9 . 9 %  9 9 . 9 %  

rel i ab i l i ty  i n  CMSrel i ab i l i ty  i n  CMS

Prod uc ti on  an d  sc reen i n gProd uc ti on  an d  sc reen i n g on  sc hed ul eon  sc hed ul e



New APD developmentsNew APD developments
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Planar APDs from RMD

This APD is really large!

6 4 - p ix el APD array 

0 . 9 x 0 . 9  m m 2 p ix el siz e
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AvalancheAvalanche p ho t o d i o d esp ho t o d i o d es :  Ar r ay s:  Ar r ay s

Arrays of Arrays of AP D sAP D s c anc an

b eb e p rod u c e dp rod u c e d w i t hw i t h a a 

v e ryv e ry g ood  g ood  fi l lfi l l fac t orfac t or..

T h eT h e b i g g e stb i g g e st p rob l e mp rob l e m

i si s t h et h e c on n e c t i onc on n e c t i on t o t o 

t h et h e re ad ou tre ad ou t

e l e c t ron i c se l e c t ron i c s..

16 16 C s I ( T lC s I ( T l )  )  c r y s t a lc r y s t a l c o u p l e dc o u p l e d t o  t o  

t h et h e a r r a ya r r a y a n d  a n d  i l l u m i n a t e di l l u m i n a t e d b yb y

a  a  2222 N a  N a  s o u r c es o u r c e

R. Farrell et al., NIM A442 (2000) 171

2.1x2.1mm2

pixel size

S 8 5 5 0  4 x8  pixel a r r a y ,  
1 . 6 x1 . 6  m m 2 pixel size,  
2 . 3  m m  elem en t  pit c h ,  
lo w  n o ise a n d  en h a n c ed  
U V  sen sit iv it y   
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(From talk given by K.S. Shah at “ N ew  d evelop ments  in p hotod etec tion” ,  B eau ne,  2 0 0 2 )

Position Sensitive A PD s ( R M D )
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Quantum efficiency and spatial Quantum efficiency and spatial 

r eso lutio n ( 1 4 x 1 4  mmr eso lutio n ( 1 4 x 1 4  mm22 A P D ,  2 5  C )A P D ,  2 5  C )

(From talk given by K.S. Shah at “ N ew  d evelop ments  in p hotod etec tion” ,  B eau ne,  2 0 0 2 )
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Photon counting at low Photon counting at low 
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Hamamatsu 5 x 5  mm2 A P D  suc c e ssf ul l y  

o p e r ate d  at  T = 1 0 0 K .  F o r  4 7 0  n m l i g h t 

~ 1 6  %  p h o to n  d e te c ti o n  e f f i c i e n c y  w as 

me asur e d  w i th  an  A P D  o p e r ate d  at 

M ~ 8 0 0 0  an d  2 5 5 0  e l .  e l e c tr o n i c s 

th r e sh o l d ,  w h i l e  n o i se  c o un t w as 

e x tr e me l y  l o w  ( 0 . 1  Hz )

A. D o r o k h o v e t  a l .,  N I M  A5 0 4  ( 2 0 0 3 )  5 8
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APD’sAPD’s o p e r a t e d  i n  G e i g e r  m o d eo p e r a t e d  i n  G e i g e r  m o d e

•• Single pixel Geiger mode Single pixel Geiger mode A P D ’ sA P D ’ s dev eloped long t ime a godev eloped long t ime a go

(( s ee f or exa mple:  s ee f or exa mple:  R . H a i t zR . H a i t z e t  a l ,  e t  a l ,  J . A p p l . P h y sJ . A p p l . P h y s .  (1 9 6 3.  (1 9 6 3 -- 1 9 6 5 )1 9 6 5 ) ))

•• C ommerc ia lly  a v a ila b le f rom s ingle produ c er:  C ommerc ia lly  a v a ila b le f rom s ingle produ c er:  P erk inP erk in E lmer O pt oelec t ronic s  E lmer O pt oelec t ronic s  
( u p t o ( u p t o ØØ 5 0 0  5 0 0  µµm a c t iv e s iz e)m a c t iv e s iz e)

A prototype of s c i .  fi b er h od os c ope ( ØØ 1 m m  fi b ers )  w a s  b u i l t a n d  
effi c i en c i es  u p to 9 0 %  for 2 0  G eV el ec tron s  w ere rea c h ed . H i g h  
s en s i ti v i ty to ra d i a ti on  d a m a g e b y n eu tron s  w a s  fou n d ( W .  B ru c k n er
et a l . ,  N I M  A3 1 3  ( 1 9 9 2 )  4 2 9 )

•• Single pixel dev ic es  a re not  c a pa b le of  opera t ing in mu lt iSingle pixel dev ic es  a re not  c a pa b le of  opera t ing in mu lt i -- ph ot on modeph ot on mode

•• Sens it iv e a rea  is  limit ed b y  da rk  c ou nt  a nd dea d t ime ( f ew  mmSens it iv e a rea  is  limit ed b y  da rk  c ou nt  a nd dea d t ime ( f ew  mm22 Geiger mode Geiger mode 
A P D  c a n  op era t e on l y  a t  l ow  t emp era t u re,  n eeds  A P D  c a n  op era t e on l y  a t  l ow  t emp era t u re,  n eeds  ““ a c t iv e q u en c h in ga c t iv e q u en c h in g”” ))

Solution: Solution: m ultip ix e lm ultip ix e l G e ig e r  m od e  A P DG e ig e r  m od e  A P D
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MRS MRS A P D sA P D s ( o l d  d e s i g n )( o l d  d e s i g n )

Few % p h o t o n  d et ec t i o n  

ef f i c i en c y  f o r  r ed  l i g h t  wa s  

m ea s u r ed  wi t h  0 . 5 x 0 . 5  m m 2

A P D .  G o o d  p i x el -t o -p i x el  

u n i f o r m i t y .  S m a l l  g eo m et r i c a l  

ef f i c i en c y .

LED pulse h i g h t spec t r um
( A .  A k i n d i n o v et  a l. ,  N I M 3 8 7  ( 1 9 9 7 )  2 3 1 )
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New APD designsNew APD designs

Today there are at least Today there are at least -- 3  p rodu c ers:3  p rodu c ers:

-- P u l s a r /P u l s a r / M E P h IM E P h I ( s e e  p r e s e n t a t i o n  o f  ( s e e  p r e s e n t a t i o n  o f  
B .  B .  D o l g o s h e i nD o l g o s h e i n ))

-- C P T A  (C P T A  ( V . G o l o v i nV . G o l o v i n ))

-- D u b n aD u b n a ( I N R / J I N R ,  ( I N R / J I N R ,  Z . S a d y g o vZ . S a d y g o v ))

I will briefly describe structure and I will briefly describe structure and 
p erfo rm ances o f C P T A  and p erfo rm ances o f C P T A  and D ubnaD ubna A P D sA P D s



Innovative Detectors for Supercolliders, Erice, 03/10/2003Innovative Detectors for Supercolliders, Erice, 03/10/2003 Advances in APD's    Y.MusienkoAdvances in APD's    Y.Musienko 5353

CPTA APD CPTA APD 

CPTA APD, T=2C, M=230 000
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Schematic APD structure

~ 1 440  p ix el s/ mm2,  g eo metric f acto r ~ 6 0 %

g ain =  2 ÷ 4*1 0  5,  ex cel l en t temp erature 

stab il ity  – 1 5 %  chan g e o f  the g ain  f o r 

∆ T = 2 0 C  an d  g ain =  4*1 0  5,  1 x 1  mm2 an d  

3 x 3  mm2 APD hav e b een  p ro d uced

CPTA 1x1 mm2 APD
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DubnaDubna ( I N R / J I N R )  ( I N R / J I N R )  A P DsA P Ds

INR/JINR APD, 0.7x0.7 mm2, T=2C, M~20 000
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Excellent gain uniformity, 0.7x0.7 mm2, 

and  2 .7x2 .7 mm2 A P D ’ s are p rod uced

INR/JINR APD, 0.7x0.7mm2 , T=2C
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APD designed to be sensitive for blue and UV 

ligh t.  Pix el siz e is small ~ 1 0 x 1 0  µµµµm2 –

inc reased dy namic  range ( up  to 1 0 4  g/ mm2 )
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Photon Detection Efficiency and Photon Detection Efficiency and 

N ois e C ou ntN ois e C ou nt
Photon detection efficiency (Room temperature)
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Photon detection efficiency vs. 

w a vel eng th for  C PT A ,  D u b na A PD s a nd 

X P2 0 2 0  p hotom u l tip l ier

D a r k  cou nt vs. el ectr onics thr eshol d 

( ca l ib r a ted in el ectr ons)  F or  D u b na

A PD  cr oss-ta l k  b etw een p ix el s is ver y 

sm a l l . F or  C PT A  A PD  it is l ess tha n 
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Noise count vs. threshold
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Low temperature operationLow temperature operation

Dark count reduces exponentially with the reduction of temperature .  

Dub na A P D prov ed to b e operational at T ~ 2 0  K

Dubna APD Dark Count, M=20 000 

(0.7x07 mm2 and 2.7x2.7 mm2 APD)

y = 4E-08e0.1023x

y = 7E-10e0.0994x
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ConclusionConclusion

•• Last 5Last 5-- 7  y e ar s 7  y e ar s -- e n o r m o u s p r o g r e ss i n  A P D  d e v e l o p m e n te n o r m o u s p r o g r e ss i n  A P D  d e v e l o p m e n t

•• Li n e ar  m o d e  Li n e ar  m o d e  A P D sA P D s ( th an k s to  c o o p e r ati o n  b e tw e e n  C M S  ( th an k s to  c o o p e r ati o n  b e tw e e n  C M S  

an d  an d  H am am atsuH am am atsu )  b e c am e  r o b u st r e l i ab l e  an d  r ad i ati o n  h ar d)  b e c am e  r o b u st r e l i ab l e  an d  r ad i ati o n  h ar d

•• E x c e l l e n t E x c e l l e n t A P D sA P D s f r o m  se v e r al  p r o d u c e r s (f r o m  se v e r al  p r o d u c e r s ( H am am atsuH am am atsu ,  A P I ,  ,  A P I ,  

R M D ,  R M D ,  P e r k i nP e r k i n E l m e r )  ar e  av ai l ab l e  o n  th e  m ar k e t E l m e r )  ar e  av ai l ab l e  o n  th e  m ar k e t ––

p h o to se n so r sp h o to se n so r s -- c an d i d ate s f o r  c an d i d ate s f o r  su p e r c o l l i d e r ssu p e r c o l l i d e r s

•• N e w  N e w  A P DA P D ’’ ss d e v e l o p m e n ts l o o k  v e r y  p r o m i si n gd e v e l o p m e n ts l o o k  v e r y  p r o m i si n g

Solid state photomultipliers Solid state photomultipliers –– dream,   b ec omin g  a dream,   b ec omin g  a 

reality  ?reality  ?


