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x-ray scattering (probe electronic states)
neutron scattering (probe nuclear states)

electron microscopy (focus, Coulomb 
interactions)

Brightness Mean Free 
Path

Absorption 
Length

Spatial 
Resolution

/cm2/sr/eV nm nm nm
n 1014 107 108 106

! 1026 103 105 101

e! 1029 101 103 0.05

Peter Denes
Lawrence Berkeley National Laboratory
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Electronics

Detection

Detector

Concept

Data
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The thing 
between your 

sample and the 
computer

Distinguish between detector systems that fit the picture above
(i.e. they have an ~ immediate electronic output)

and those that are indirect (or use human processing)

Concept
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Particle to be 
detected

Detection 
system
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WB$-)B1&QS*+(-*%

Baseball:
Batting Average = hits / at bats

Particle detection:
Quantum efficiency= detected / 

incident quanta

Note that the Q.E. may
depend on the energy
of the incident quanta

(we’ll come back to this)

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

P+1+-3&$-6&Q-(#3%&X(8,2B)+,-

&YB#&(M$1/2(&0$8&)+1+-3&#(8,2B)+,-
&ZL)N&+8&/#())%&3,,6
&[L)N&1$%&-,)&9(&)0$)&3,,6

&YB#&(M$1/2(&$28,&0$8&(-(#3%&#(8,2B)+,-
&ZLQN&1,#(&*,1/2+*$)(6



!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

=$2,#+1()#+*&J0,),-&'()(*),#

Calorimetric detector: absorbed energy measured by change of temperature
(more generally, “calorimeters” measure total absorbed energy)

[superconducting calorimetric detectors]

Photon
Source

Thermally
Reactive
Detector
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x
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Detector
Response
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Death-ray setting
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Saturated

e.g. diffraction
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A “point” detector (“0D”)
Responds to hits in sensitive 

area

No way to know where in the 
sensitive area the hit occurred

There may be additional 
information
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Airport (pulsed induction) 
metal detector

“yes / no” – along with 
additional information

'$%"),"6$%&;'&'()(*),#&QM$1/2(
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Theory Experiment
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v="x/"t
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Herr Röntgen Frau Röntgen
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K*0(1$)+*&,7&QM/(#+1(-)

Incident
Radiation

Variable
Density

Attenuator

Detector Image
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P0(&'()(*),#&`&J0,),3#$/0+*&5+21a

AgX + gelatin
(emulsion)

sub-micron to few micron grains
backing

*Primitive, but still unbeaten for certain things
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Incident light

/0,),)(2(*)#,-8&*,-?(#)&]3b

8+)(8&),&]3;&`&$)&)0(&8$1(&
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),&3()&0+)<&&P0B8A&2$#3(#&3#$+-8&
$#(&.7$8)(#4&9B)&.3#$+-+(#4
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.\2$*D&9,M4&JK5&+-*2B6(8&
$22&(g(*)8&)0$)&1+30)&
9#,$6(-&,#&8*$))(#&)0(&
+-/B)
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!"#$$%&'

()*
+,

-

-./

-.0

-.1

-.2

&.-

- /3 3- 43 &--



!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

=,-8+6(#&k

Stepping a knife edge across the film
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K/$)+$2&'()(*),#&=,-*(/)8

&IA"(+A3&;J%$)(%-
&]*)+?(&$#($

&@'(+0"#+&5K1LF&M,L9
&K/$)+$2&L7#(^B(-*%&6(/(-6(-*(N

PSF = 0* PSF = 1% PSF = 5%
*of full image dimension
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Pulsed Operation

Yeow!
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Consider temporal 
characteristics of
• source
• detector
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&l)&LO:A&OGN&mm&n'QPQ=PYXA&$-6&JLoO&m&:N&pp&:
&'()(*),#&.*,B-)84&8+-32(&/0,),-8

&l)&LO:A&OGN&mm&n'QPQ=PYXA&$-6&JLoO&m&:N&pp&:&&#()
6()(*),#&*$-&^B$-)+_(&oO

'()(*),#&.*,B-)84&8+-32(&/0,),-8

&l)&LO:A&OGN&mm&n'QPQ=PYX

&h($8B#(&$&.*B##(-)4&pImTp6^q6)m

&QM$1/2(r&]@K&l)\so=R&T&G&-8A&@=@K&l)\so=R&T&t&18&"
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K),#$3(&X+-38&$-6&5Q@8

LCLS

Storage Rings

FELs

~ps

~fs

~ns

~ms

nJ/pulse

mJ/pulse

ALS

FEL detector can not count individual photons (they all 
arrive at the same time)
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t
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t
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Pileup
May or may not be a problem

(can recover with signal
processing)

If photons arrive synchronously, maximum rate ~ 1/#
If photons arrive at random, maximum rate ~ 1/10# 

#
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&6,*#4+$/')#&"&5*0"%+$%"29&*7'+'(&/)+)%+'0&
"%+A"22-&/)+)%+&*7'+'(#
&N)()0"22-&+7)&*7'+'(&$#&%'(>)0+)/&$(+'&'()&5'0&

3'0)9&#)%'(/"0-&*"0+$%2)#
&,7'#)&#)%'(/"0-&*"0+$%2)#&5A#A"22-&)2)%+0'(#9&

"0)&+7)(&/)+)%+)/F&'0&%0)"+)&+)0+$"0-&*"0+$%2)#&
67$%7&"0)&/)+)%+)/

&O&$&)u
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Practically speaking, 3 possibilities:

Elastic
Scattering

Compton
Scattering

Photoelectric
Absorption

Ee " E! Ee = E!

Electron range (very crudely) R [%m] ! E [keV]

Detection
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&56--
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&56-- &56-& &56-/ &56-7
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Photoelectric
Total

For detector, high ! and all photoelectric 

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

Qg(*)&,7&v&L'()(*),#N&$-6&Q

Photoelectric
Absorption:

& ~ Zn/E3

n ~ 4 – 5

The only thing photons are good for is to make electrons
Scattering

& ~ Z x
(curve)

Scattering is elastic  (e! stays in ground state)
or Compton (e! ejected)

Z' ⇒ &'
& &- &-- &---

X-ray Energy [keV]
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WB$-)B1&QS*+(-*%&L$3$+-N

&K0'="=$2$+-&'.&/)+)%+$(4&$(%$/)(+&*7'+'(
J0,),-&0$8&),&*#($)(&+,-+_$)+,-&(2(*)#,-
I,-+_$)+,-&(2(*)#,-&0$8&),&9(&6()(*)(6
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F0$)&*$-&)0(&I,-+_$)+,-&Q2(*)#,-&',w

Form free charge Scintillation
(radiative)

Charge collection
in semiconductor

!

"

! ! ! ! ! ! !
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K*+-)+22$),#

&Y#3$-+*
&I-",#3$-+*
&h,-,"*#%8)$28
&J,C6(#8
&@+^B+68
&J2$8)+*8
&k

“Converts” x-ray (or other
higher energy particle) 

into visible light
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xA&nA&oOA&k

For more, see http://scintillator.lbl.gov/
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Radioactive
 Source

ZnS 
Fluorescent 

Screen

Scintillation
Light

Particle
Detector

y+8+92(&K*+-)+22$)+,-&=,B-)+-3

)P4P&QA+7)0.'0/&GRGG&S&:$#%'>)0-&'.&+7)&(A%2)A#
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3Li7 (3 p, 4n)
(target)

p beam

( particles

First demonstration that E (from p + 3Li7 $ ( + () = "mc2  
("m is difference between initial and final nuclei masses)

Graduate 
Student !

metal foils to
range particles

(deduce E)

Graduate 
Student " ZnS

=,+-*+6(-*(&QM/(#+1(-)

=,*D*#,7)bF$2),-A&:z{G



!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

'()(*),#&J#,/(#)+(8

2 x 0D detectors
Coincidence technique

~Hz data rate
E via attenuation
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]6?$-)$3(8&$-6&'+8$6?$-)$3(8

@,C&J,C(#&L3#$6B$)(&8)B6(-)8&6,->)&-((6&1B*0&7,,6N

&@,C&K/((6&"&*,B-)+-3&#$)(&2+1+)$)+,-8&|&:&R_

&P0#(80,26&8(-8+)+?+)%&
L$2)0,B30&h$#86(-&*,B26&6+8)+-3B+80&}&$-6&/&9%&9#+30)-(88N

& ])&~&|&�;;&-1A&P0#(80,26PX]IoQ'&Y\KQXyQXK&|&:Ä&O&&7,#&)5@]KR&m&U;&Å8

&Ç+(26r&....at one famous laboratory during this period 
all intending  research students were tested in the 
dark room for their ability to count scintillations 
accurately. Only those whose eyesight measured up to 
the standards required were accepted for nuclear 
research; the others were advised to take up 
alternative, less exacting, fields of study4

From Birks
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P%/+*$2&K*+-)+22$)+,-&'()(*),#

Photomultiplier

I-*+6(-)&/0,),-&*#($)(8&L+,-+_+-3N&/0,),"
(2(*)#,-

I,-+_$)+,-&3(-(#$)(8&?+8+92(&/0,),-8
y+8+92(&/0,),-8&*,-?(#)(6&+-),&(2(*)#,-8
Q2(*)#,-8&.$1/2+e(64&9%&8(*,-6$#%&

(1+88+,-
YB)/B)&*B##(-)&6()(*)(6
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Gas Ionization
Chamber

Oscillograph

One of the last visual counting experiments
(and one of the first electronic counting experiments)

=,+-*+6(-*(&QM/(#+1(-)

@'%T%0'.+UV"2+'(&S&;2)%+0'($%&W)0$X%"+$'(
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I,-+_$)+,-&=0$19(#

J$#)+*2(&/$88(8&)0#,B30&
*0$19(#&$-6&*#($)(8&$-&
+,-+_$)+,-&)#$*D

I1$3(&*0$#3(&W;&$//($#8&,-&
/,8+)+?(2%&*0$#3(6&/2$)(

Q2(*)#,-8&1,?(&LC+)0&8/((6&
T&!"#$%&'()*+#%,N&),C$#68&
/,8+)+?(2%&*0$#3(6&/2$)(

]8&)0(&(2(*)#,-8&$##+?(A&)0(%&
#(6B*(&)0(&*0$#3(&,-&)0(&/2$)(

]&*B##(-)&/B28(&0$8&9((-&
*#($)(6&$)&)0(&8$1(&)+1(&)0(&
/$#)+*2(&0$8&/$88(6&)0#,B30&
)0(&*0$19(#

?@

; ; ; ;
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Q2(*)#,-+*&'()(*),#8

Direct

Indirect

Historical terms
Semi-meaningless

N "

Incident radiation 
converted into N charges 

inside “Sensor”

N’ "

Incident radiation 
converted into some other 
form of radiation, which in 
turn is converted into N’ 
charges inside “Sensor”
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Q-(#3%&o((6(6&7,#&'()(*)+,-

“Sensor” ) = E per
secondary quanta

Mechanism

Gas 30 eV e!/ion pairs

Scintillator 10 – 1000 eV optical excitation

Semiconductor 1 – 5 eV e!/hole pairs

Superconductor ~meV breakup of Cooper 
pairs

Superconducting 
calorimeters

~meV phonons

Stolen from H. Spieler

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

K)$)+8)+*8&`&5$-,&5$*),#

“Sensor” ! = E per
secondary quanta

Mechanism

Gas 30 eV e!/ion pairs
Scintillator 10 – 1000 eV optical excitation

Semiconductor 1 – 5 eV e!/hole pairs

Superconductor ~meV breakup of Cooper 
pairs

Superconducting 
calorimeters

~meV phonons

+V

+ + + +

&8-)*'-('%$#(8,2B)+,-&+8&9,-0:4'&')#.
&Zoqo&#&$8&É&#

R(-*(&+-)(#(8)&+-&8B/(#*,-6B*)+-3&
*$2,#+1()(#8

&P0(#(&$#(&$66+)+,-$2&C$%8&),&0$?(&
cB*)B$)+,-8&,-&o
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o(M)&J#,92(1&`&)0(&*B##(-)&/B28(&+8&B8B$22%&?(#%&81$22
I)&1B8)&9(&$1/2+e(6

+

VS+

VS-

VIN+

VIN-
VOUT

VOUT =
VS+ if VIN+ > VIN-
VS- if VIN+ < VIN-

Electronics

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

@()>8&)$D(&)0+8&7B#)0(#&LÄ;&%($#8&,7&(2(*)#,-+*8&+-&{&8(*,-68N
=0$#3("8(-8+)+?(&/#("$1/2+e(#

+
VOUT

RF

Charge appears all at 
once (* function)

CF
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]21,8)&]2C$%8&@+D(&P0+8

VOUT

RF

"V

REFF

"I

C

CF

"V = Q/C
"I = gm$"V
“swing” = "I$REFF
 QFB = Q = CF$VOUT

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

o,+8(&$-6&K)$)+8)+*8

I-*+6(-)&/0,),-&*#($)(8&(2(*)#,-&,7&(-(#3%&QO&
L/0,),(2(*)#+*N&,#&p&QO&L=,1/),-N&&LC+)0&/#,9$9+2+)%&.WQ4N

Q2(*)#,-&*#($)(8&"#)&*+%&,+)o&T&Q(qÉ&(q0&/$+#8
YB)/B)&/B28(&0(+30)&T&d$+-&M&o&y,2)8
YB)/B)&(2(*)#,-+*&-,+8(&yo&y,2)8

Some terms to get started
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K(1+*,-6B*),#&'()(*),#
p-i-n diode

-V Reverse-biased diode
Similar to gas ionization chamber

N = E!/+
&2

N = F$E!/+  , F = Fano factor

E!

Material Si Ge GaAs Diamond
) [eV] 3.6 3.0 4.4 13.1
F 0.12 0.13 0.10 0.08
, [g/cm3] 2.3 5.3 5.3 3.5

Detection

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

R,C&+)&F,#D8

&X(*,19+-$)+,-
&(u&#(*,19+-$)+,-&)+1(

!":&q&0,2(&*,-*(-)#$)+,-
&'+gB8+,-

&I-&e(26"7#((&#(3+,-A&(u&6+gB8(8&
L+-),&UVN
'&T&LDPq^NÅ&LÅ&T&1,9+2+)%N

&'#+7)
I-&-,-"_(#,&e(26&#(3+,-&(u&1,?(8&

),C$#68&/,8)+?(&/2$)(&C+)0&?(2,*+)%&
Å#Q

-V

E!

e/h pair
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'(/2()+,-

-V t

E
Fully depleted
Partially depleted

d

capacitance
per unit area

depletion
depth

Fully depleted % minimize diffusion (and recombination)

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

I1/,#)$-*(&,7&'(/2()+,-
& Fully depleted detector
No recombination – collect all charge (spectroscopic)
Charge drifts to collection electrode
PSF = 0 (best spatial resolution)

& Undepleted detector
Diffusion + recombination
Poorer PSF
Poorer spectroscopic capability

& Partially depleted detector
PSF and charge collection depend on site of photoconversion
Charge collection
" drift - all charge drifts directly towards anode
"diffusion - charge goes into 4#
"recombination - no charge collected

" " " " 
"

V

"""
!

V

""
!

V

" 
"
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]98,#/)+,-&+-&K+

From Janesick

Bandgap of Si at 300K = 1.1 eV
! pure Si transparent for ! > 1.1 "m

Ignoring reflection #

Visible light or x-rays:
4-5 orders of magnitude

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

K(-6&o&!"#$%8&L,7&Q-(#3%&QN&I-),&'()(*),#

Nu
m

be
r

Histograms of detected
photon energies

- = N

Nu
m

be
r

N

Fano,
NoiseCompton

Absorption
Scattering

Desired

E

Measured
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o,+8(

VOUT

RF

"V

REFF

"I

C

Source #1 – “input stage”
Source #2 –  the detector

Source #3 – everything 
else

Electronics
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P0(&'()(*),#&h$D(8&o,+8(w

&P0(#1$2&(M*+)$)+,-
&.2($D$3(4&,#&.6$#D4&*B##(-)&

LI@Q]Ñ&(uq8N

&.2,,D8&2+D(4&8+3-$2
&L.80,)&-,+8(4N
&X(6B*(6&9%&*,,2+-3

&o,+8(A&!"ÖI@Q]Ñ&A&9(*$B8(&
2($D$3(&+8&-,)&,#6(#2%

!

"

! ! ! ! ! ! !

Semiconductor detector
i.e. valence band ~full,

conduction band ~empty

eV band gaps % thermal
excitation of carriers

t
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K,1(&h,#(&Q2(*)#,-+*8

RP
+

RF

CF

CP

+
R

# = CFRF

# = CPR

CFRF = CPRP

#
“shaping time” #

Bandwidth = 1 / 2# #

In frequency domain: lo
g 

G
ain

log Frequency

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

P0+-38&!&n

&',B92(&/B28(&#(8,2B)+,-&&l)&!&n
o,+8(&6B(&),&2($D$3(&*B##(-)&!

ÖI&`&#$-6,1&$##+?$2&,7&2($D$3(&*0$#3(
&I&|&(uPqPG

&Ön&`&+<(<&ÖÜ(uq8á$Ü8á

&@,-3(#&+-)(3#$)+,-&)+1(&LnN&+-*#($8(8&-,+8(&
6B(&),&2($D$3(&*B##(-)

&hB8)&C$-)&+,-.#/+-)(3#$)+,-&)+1(
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Q2(*)#,-+*&o,+8(

VOUT

RF

"V

REFF

"I

C

Resistors make noise
(Thermal excitation of 

carriers in resistor 
means I x R = VNOISE.)

Thermal noise is truly 
random, VN ~ $4kTR

lo
g 

No
ise

log Frequency

CF

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

=,-)#+9B)+,-&,7&P0(#1$2&o,+8(

&!"#$%&+8&7#(^B(-*%&+-6(/(-6(-)
&K,&#(8/,-8(&+8&!&Ö\$-6C+6)0&

hB8)&C$-)&$-&)/+-)(3#$)+,-&)+1(

lo
g 

No
ise

log Frequency
Noise

lo
g 

G
ain

log Frequency
System Response

x
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I)>8&F,#8(

VOUT

RF

"V

REFF

"I

C

Thermal noise $(4kT/gm)

% *VOUT (from noise)
Input stage will 
“compensate”

Noise “charge” at input 
*Q = CF*VOUT

"V (at input) = *Q/C

Noise ! C

CF

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

I)>8&Q?(-&F,#8(

Many physical systems are 
subject to fluctuations ~ 1/f(
You know this from driving:

RMS of time you wait getting 
onto the freeway ~ 1/f

Same with electronics.  So 
there is an optimum

lo
g 

No
ise

log Frequency
Noise

lo
g 

G
ain

log Frequency
System Response

x
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o,)&8,&K+1/2(

GP &52B*)B$)+,-8&+-&-B19(#&,7&/0,),-8&.$98,#9(64
HP &52B*)B$)+,-8&+-&-B19(#&,7&8(*,-6$#%&/$#)+*2(8&

*#($)(6
YP &L52B*)B$)+,-8&+-&-B19(#&,7&)(#)+$#%&/$#)+*2(8&

*#($)(6N
ZP &Q2(*)#,-+*&-,+8(

&-#+%,.)#(8,2B)+,-r&GA&{&$-6&U
&WB$-)B1&(S*+(-*%r&:&L9B)&1$%9(&GA&{&$-6&UN

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#>0&%#;<==

'()(*)+?(&WB$-)B1&QS*+(-*%

&=,19+-(&-,)+,-&,7&
WB$-)B1&QS*+(-*%&
L/#,9$9+2+)%&,7&6()(*)+-3&$&
/$#)+*2(N&C+)0&8/$)+$2&
#(8/,-8(&L/#,9$9+2+)%&,7&
6()(*)+-3q^B$-)+7%+-3&
oLMA%N&/$#)+*2(8&% 'WQ

R,C&7$+)07B22%&6,(8&)0(&
6()(*),#&)#$-87(#&)0(&
L8/$)+$22%&?$#%+-3N&
cB*)B$)+,-8&,7&)0(&+-/B)&
8+3-$2
'WQLiMA&i%N

&h$-%&6(e-+)+,-8&`&1,8)&
*,11,-&+8

&QM$1/2(A&c$)&e(26&
+22B1+-$)+,-&LcBM&.N&,7&
6()(*),#&C+)0&*(#)$+-&WQ
&&&&&&&&&&&&&&&&&&&&&&&&&&LJ,+88,-N

&&&

7,#&(2(*)#,-+*&-,+8(&Zo

Detection
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KqoA&'%-$1+*&X$-3(A&oB19(#&,7&\+)8

&K+r&É&T&{<à&(y<&&I-â(*)&{<à&D(y&O8&L3(-(#$)(8&,-&$?(#$3(&:A;;;&(q0&
/$+#8N&$-6&1($8B#(&)0(&,B)/B)&/B28(&0(+30)&%&.*,-?(#8+,-&3$+-4&T&
y,2)8&q&(u&T&y(

&XhK&-,+8(&$)&,B)/B)&T&yo

&-/0)L;<='5,4#-)$>0'(#$?",*2#N&T&yoqy(

&I7&)0(&1$M+1B1&?,2)$3(&)0$)&)0(&8%8)(1&*$-&1($8B#(&+8&yh]!A&
)0(-&)0(&6%-$1+*&#$-3(&+8&yh]!&q&yo

&QM$1/2(r&y(&T&:&Åy&q&(u&A&yo&T&:;;&Åy
&Qo=&T&:;;&(u&T&{à;&(y&ÜXhKá&
&yh]!&T&:y&"&'X&T&:y&q&:;;&Åy&T&:;U

o\IPK&T&4-L'XN&q&4-LGN
&4-L:;UN&q&4-LGN&T&:{&9+)8&L+<(<&G:{&ä&:;UN

&Kqo&0$8&8/(*+e*&1($-+-38A&)0$)&$#(&-,)&$-%&,7&)0(8(E

Usually mis-stated!

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

]&)$2(&,7&{&6+g(#(-)&Öo

&s-+7,#1&cBM&.&ÜOq*1Gq8á&,-&$#($&]&%+(268&
o&T&.A&ÜOq8á&ã&Öo&+-*+6(-)&/0,),-8q8

&/0,),8)$)+8)+*8

&Q$*0&,-(&L)0$)&+8&*,-?(#)(6N&/#,6B*(8&oã&T&
oQqÉ&ã&ÖL5oãN&(q0&/$+#8q8

&+-)#+-8+*&#(8,2B)+,-

&F0+*0A&$8&$&*B##(-)&8$1/2(6&+-&)+1(&n&0$8&
cB*)B$)+,-8&|&ÖLoãnN

&80,)&-,+8(
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.=2$88+*$24&!"#$%&'()(*),#

&J0,8/0,#&L/,C6(#(6&
8*+-)+22$),#N

&5+9(#",/)+*$22%&*,B/2(6&),&
$&=='&LG'&8,2+6"8)$)(&
6()(*),#N&*$1(#$

&b&$-6&`
&.3(-(#$2&/B#/,8(4
&#$6+$)+,-&6$1$3(
&$#($
&/0,8/0,#
&e9(#",/)+*

Phosphor

Fiber

Coupling

CCD

Detector
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K*+(-)+e*&=='8&L=0$#3("=,B/2(6&'(?+*(8N

=='&+-?(-)(6&+-&:zàz&9%&\,%2(&
$-6&K1+)0&L\(22&@$98N&$8&
$2)(#-$)+?(&),&1$3-()+*&9B992(&
1(1,#%&8),#$3(

@KP&L.@$#3(&K/$*(&P(2(8*,/(4&
`&2$)(#&RB992(N&:zà�&`&0,C&),&
+1$3(w

5+21&C$8&,9?+,B8&*0,+*(A&9B)&"
I)&C,B26&.*2,B64&6B(&),&#$6+$)+,-&
6$1$3(&+-&8/$*(
=0$-3+-3&)0(&e21&+-&)0(&*$1(#$&-,)&
8,&)#+?+$2

:zÄG&=='&/#,/,8(6
Dumbbell nebula - LBNL CCD

Blue: H-# at 656 nm
Green: SIII at 955 nm

Red: 1.02 mm
2009 Nobel Prize in Physics
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K+&J#,*(88+-3r&I-)(3#$)(6&=+#*B+)&Q2(1(-)8

MOS Transistor pn Diode

S G D 
B 

p Si 

n+ n+ 

L 
W

 

SiO2 

tOX 

p+ 

p Si 

SiO2 

p+ n+ 

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

I-)(3#$)(6&=+#*B+)&Q2(1(-)8

MOS Capacitor

B 

p Si 

SiO2 

tOX 

p+ 

xD 
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]**B1B2$)(&=0$#3(
V+ V–V–

––
–

–

–
–
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]**B1B2$)(&$-6&P#$-87(#&=0$#3(
V+ V–V–

–

–
–

–

––

V+V–
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=,-?(-)+,-$2&{"J0$8(&=='

o,+8(2(88A&|2,882(88&*0$#3(&)#$-87(#
R+30&3$+-&*0$#3("),"?,2)$3(&*,-?(#8+,-&ly&T&^q=5'

YB)/B)&$1/2+e(#&L8,B#*(&7,22,C(#A&,#&kN&,-"*0+/

/1/2/3
RST VDD

VDD

Out
FD

!V

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

h$-%&C$%8&),&6,&)0+8

/1

/2

/3

Pixel 1 Pixel 2

Implant –
modifies potential

/1

/2

Pixel 1 Pixel 2 Pixel 1 Pixel 2

/3

/1

/2

/4

!"# !$#

!"# !$#!%#

!"# !$#

!"# !$#

!"# !$#

!"# !$#

!"# !$#

!"# !$#
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R,C&+)&F,#D8

&I1$3(&$#($&`&o!&M&oÇ&
/+M(28
&YB)/B)&80+7)&#(3+8)(#&
Lo!&/+M(28N

&QM/,8(&+1$3(&$#($
&K0+7)&,-(&#,C&+-),&
,B)/B)&80+7)&#(3+8)(#
&K0+7)&,B)&($*0&/+M(2
&X(/($)
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K(?(#$2&$#*0+)(*)B#(8

Full frame Frame transfer
Rapid shift from image 

to storage
Slower readout of 

storage during integration

Interline

!"
#$
%&
'(%
')
%*
+(

,)#-.)/0&'(%')%*+(

!"
#$
%&
'(%
')
%*
+(

,)#-.)/0&'(%')%*+(

!"
#$
%&
'(%
')
%*
+(

,)#-.)/0&'(%')%*+(



!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

5#,-)8+6(q\$*D8+6(&I22B1+-$)+,-

T E
PI T E

Fill factor < 1 Fill factor = 1

0A

0.2µm@400 nm
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P#+/2(&J,2%&=='&J#,*(88

Poly 1
Poly 2

Poly 3

Gate oxide

ILD
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h,-,2+)0+*&I1$3(&K(-8,#8

SELECT

Active Pixel Sensor
Also proposed 1968
Many ways to make 
the photodiode

RESET

SELECT

Passive Pixel Sensor
Proposed 1968
No Reset, no 
in=pixel amplifier
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=='&?8&]JK

]JK&`&)#$-87(#8&$&504),2#&6,C-&)0(&*,2B1-
=='&`&L-,+8(2(882%N&)#$-87(#8&$&%",*2#&6,C-&)0(&*,2B1-
]JK&`&*$-&9(&1,#(&8(-8+)+?(&L8,B#*(&7,22,C(#&6,(8&-,)&0$?(&),&6#+?(&,g"*0+/N
]JK&`&e22&7$*),#&p&:&+-&3(-(#$2
J0,),3$)(&]JK&`&2+D(&$&1$)#+M&,7&+-6+?+6B$2&=='8
\$*D8+6(&+22B1+-$)+,-&`&$))(1/)(6&7,#&]JKA&C,#D"+-"/#,3#(88

PGlike CCD
OTG

RESET

SELECT

FD
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=hYKA&=hYK&.,/),4&$-6&=='&/#,*(88(8

CCD CMOS

tOX (Å) 500 - 
1000 5-20

Well depth (!m) 2.5 0.5
deeper for RF

Implant (!m) ~1
channel stop

0.1
S/D implants

V "10
<3.3
<2.5

<1.x …

Poly layers 3 (2) 1
2 for analog

Subst. quality Low 
leakage

Don’t care
Except opto

Gate

n+ S n+ D

Channel Length L $L /1

tOX $tOX /1

WD

V$V /1

CMOS driven by
constant field scaling

p substrate
Doping – NA! " NA

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

F0%&=='8w

@,C&-,+8(&L-,+8(2(88&*0$#3(&)#$-87(#A&6,&
(?(#%)0+-3&),&1$D(&=5'&81$22&+-&,#6(#&),&3()&2$#3(&
*,-?(#8+,-&3$+-N

5+22"7$*),#&T&:&L7,#&9$*D8+6(&+22B1+-$)+,-N
@+-($#&$-6&($8%&),&*$2+9#$)(
1"#,)23'$"%.)"4)'!3+#$35!)6'+
@$#3(&$#($&6(?+*(8&($8+(#&L*0($/(#N&),&6(?(2,/&$8&

=='8&)0$-&$8&8)$)(&,7&)0(&$#)&=hYK&6(?+*(8
X($6+2%&C$7(#&8*$2(

=,11(#*+$22%&/#,6B*(6
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.=2$88+*$24&!"#$%&'()(*),#

&J0,8/0,#&L/,C6(#(6&
8*+-)+22$),#N

&5+9(#",/)+*$22%&*,B/2(6&),&
$&=='&LG'&8,2+6"8)$)(&
6()(*),#N&*$1(#$

&b&$-6&`
&.3(-(#$2&/B#/,8(4
&#$6+$)+,-&6$1$3(
&$#($
&/0,8/0,#
&e9(#",/)+*

Phosphor

Fiber

Coupling

CCD

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

=='8&$#(&F,-6(#7B2A&9B)&K@YF

Now it gets more difficult
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I-*#($8(&]'=&8/((6

NV, NH&T&å&RA&y&/+M(28

BV, BH&T&RA&y&9+--+-3

TV, TH&T&RA&y&80+7)&)+1(

Nport T&å&/,#)8

TCONV&T&),)$2&*,-?(#8+,-&
)+1(&+-*2B6+-3&#(8()A&
8B11+-3&C(22A&k

ADCADC

ADCADC

top+bottom readout

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

5,#&(M$1/2(

'$28$&`&5P�;h
:;GU&M&:;GU&M&�<à&ç1&/+M(2
5#$1(&)#$-87(#&q&G&/,#)8
:;;&7/8&T&:;;&hJ+Mq8
::<:&9+)8&ÜàÄ&6\á&$)&{;qà;&7/8
:;<:&9+)8&Üà:&6\á&$)&�;q:;;&7/8

Increase readout/ADC speed

S/F Limitations

RST VDD

Out

VDD

FD
CL

gm~W/L ⬆
CG~WL⬇
#~CL/gm  ⬇

RST VDD

Out

VDD

FD
CL

VDD
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ÖDP=&o,+8(&*,-)#+9B)+,-&7#,1&hX&L#(8()&8C+)*0N&#(1,?(6&9%&='K&
L*,##(2$)(6&6,B92(&8$1/2+-3&`&1($8B#(&yX&$-6&yX&b&yKN

o,+8(&*,-)#+9B)+,-8&7#,1&hK&L8,B#*(&7,22,C(#N

P0(#1$2&-,+8(&

:q7&-,+8(

o,+8(&7#,1&*B##(-)&8,B#*(

@+1+)$)+,-8

H/1 H/2 H/3

RST VDD

Out

FD

OSW OTG

VDD

MR

MS

⬆~ $rate

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

]66&1,#(&/,#)8

X(8()&$-6&,B)/B)&
)#$-8+8),#8&-((6&#,,1

F$-)&),&1+-+1+_(&=5'

o((6&8/$*(&7,#&)0(&
,B)/B)&8)$3(E

H/1H/2H/3

RSTVDD

OSWOTG

VDD

FD

RST
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L$21,8)N&=,2B1-"J$#$22(2&=='

Constant
Area
Taper

Mini-shift reg.
Output stage

~300 µm pitch
bond pads

(wire-bondable)

Mini-SR with taper
Metal strapping

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

]@K&q&]JK&=,22$9,#$)+,-

Data

Acquisition
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'+#(*)&'()(*)+,-

This should be depleted – generally thin with
conventional processes

LBL CCD – S. Holland et al.

Previous example of CCD usage was for optical photons.  What about x-rays?

T
$ add a layer which can be used as an electrodet

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

'()(*),#&P0+*D-(88&),&=,22(*)&zzé&,7&J0,),-8

Hard X-ray challenges

T

!"#

!""#

!"""#

!""""#

!"""""#

"# $"""# !""""# !$"""# %""""# %$"""# &""""#

!"
#$
%&

'(
()*
+,

-)

."/0/&)1&'234)*'5-)

'(#

)*#

)+,-#
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P0+-&.C+-6,C4&7,#&K,7)&!"#$%8

t

!"#

$!"#

%!"#

&!"#

'!"#

(!"#

)!"#

*!"#

+!"#

,!"#

$!!"#

$!!# $!!!#

!"
#$

%&
'%
%'
($

)

*+"#,)-$."/,)0.12)

-./01#
$!#23#
%!#23#
$!!#23#

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

à�;&ç1&)0+*D&=='
55Fe K( and K2. Resolution ~ 126 eV at 5.6 keV
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Aluminum on Silicon

'  Sample is raster-scanned under a submicron-sized white (or monochromatic) 
X-ray beam focused by Kirkpatrick-Baez mirrors. At each step a  diffraction 

pattern is recorded.
' Analysis of the diffraction pattern scans provides with phase distribution, 

crystal orientation maps, strain/stress maps, dislocation structure and 
distribution

'  The technique helps understanding the complexity of the micromechanics of 
materials (strength, resistance to failure, …) at granular and subgranular level

Laue pattern captured by a 
X-Ray CCD detector

White or 
Monochromatic X-ray 

beam

Focusing optics 
(KB mirrors)

Sample on a 
XY scanning 

stage

Conventional
X-Ray CCD Detector

Y

X

'  No sample rotation required !

;["3*2)\&]SQ"-&3$%0'/$^0"%+$'(&"+&+7)&<_1

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

h+*#,6+g#$*)+,-

KTP crystal indexed. The energy of each 
reflection can be measured !

! Laue ab-initio indexation (of unknown 
structures, heterogeneous samples, !)

! Energy-resolved Laue diffraction for 
structure solution using Laue (pb of 
harmonics, scaling,!)

hours ( seconds
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QM$1/2(r&!J=K&$)&]JK&\@&t"I'

FastCCD at 8-ID

XPCS Example – 71nm radius latex spheres in glycerol at ~-20 deg C 
(Data courtesy of Suresh Narayanan and Alec Sandy)

time average

time autocorrelation

10 ms exposures

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

QM$1/2(r&=,0(#(-)&I1$3+-3&$)&]@K&\@&z<;<:
aperture

10 nm should be possible in near future

Soft X-ray Ptychography
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5$8)&X($6,B)&T&@,)8&,7&'$)$

1 Gb/s 

Ethern
et Sector 

1Sector 
2

Sector 
9

Sector 
3

LBLnet
Router

Phase 1 - ATCA to LBLnet
Phase 2 - Install multiport

10 Gb/s switch at Sector 9
10 Gb/s 

Ethernet

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

XK!K&Q-6&K)$)+,-&7,#&@=@K&RB)*0&G

Goniometer
360° horiz.
100° vert.
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Fast melting and slow recovery of 
spin ordering around 50K 
(correct time jittering and intensity fluctuation)

LCLS SXR

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

=='&$&7=='&$&?7=='
Conventional CCD

100 Hz
(a)CP-CCD

102 Hz
CP-CCD
103-4 Hz

Conventional CCD FastCCD Very FastCCD

4-port (almost)Column Parallel Column Parallel

Commercial readout fCRIC (custom 0.25 %m 
CMOS readout IC)

HIPPO (custom 65 nm 
CMOS readout IC)
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01#1/234"%+%#%-&5/6.1&+7%++%-&/1&*/8.-3'++%&)

!"#$!!%

!"#$!&%

!"#$!'%

!"#$()%

!"#$(*%

!"#+)*%

!"#+)(%

!"#+)!%

!"#$))%

!"#$)!%

!"#$)(%

!"#$)*%

!,')% !,'-% !,.)% !,.-% !,,)% !,,-% ()))% ())-% ()!)% ()!-%

!"
#$
#%

%
& #
%
'(
)&
#*
+,
-
./
0
.

12
#$
.

/012%34056%78669%

#5:64;65%<0;2%78669%

75=4>?6%@0;?%A40?:5;611%

B#<%A40?:5;611%

Data

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

5B)B#(&6(?(2,/1(-)8&+-&/#,*(88+-3

Today

Low IQ detector
Archival
Storage

~Today

Tomorrow

Future

102 Hz

103.5 Hz

105 Hz

Clever detector

Brilliant detector

FPGA

FPGA GPU

FPGA GPU
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M$%0')2)%+0'($%#S)("=2)/&:)+)%+'0#

5x5 cm2 Si strips

Silicon strip detector

Silicon strip detector (1D)
for particle physics ca. 1984

!"#
$%

!"#

$"#

&'
()* %

$%#

+"(,-%!"

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

5,22,C(6&9%&=B8),1&I=8

Si Detector

Custom IC

ADC

8

Charge sensitive 
amplifier with 

adjustable risetime

Analog pipeline Wilkinson ADC
Zero-suppressed 
readout on 8-bit 

parallel bus

ADC

ADC

1

2

128

50 !m pitch
128 channels
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5B#)0(#&Y/)+,-8

2D segmented Si
2D segmented Si attached

to 2D segmented Si 
2D segmented Si attached

to 1D segmented Si
or other electronics 

Monolithic
sensor+readout

on same substrate

Hybrid
Sensor

+
Readout

Detector

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

@R=&J+M(2&'()(*),#8

CMS ATLAS

Large projects
to develop

hybrid pixels Si 
se

ns
or

Re
ad

ou
t I

C

Pilatus - SLS

Pilatus
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Xè'r&KYI&$-6&{'&I-)(3#$)+,-

!"#$$%&'(#'

!"#$$%&'(#'

!"#)*'(#'

TSV

High-resistivity detector wafer

Bump (interconnect)

Metal Interconnect

IBM 0.18µ SOI CMOS
BOX (SiO2)

PolyMetal

Oki SOI Process (KEK)

High-, Si % 300 %m

BOX
Si

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

L'+#(*)&'()(*)+,-N&J+M(2&=,1/2(M+)%

Disclaimer: ALS is a soft x-ray facility – ideal for Si 
(except for noise!)

CCD on thick,
high-, Si

SOI on thick,
high-, Si

3D on thick,
high-, Si

Hybrid on thick,
high-, Si

Size 102 – 103 %m2 102 – 103 %m2 104 %m2 102 %m2

/pix 0 102 – 103101 – 102 101 – 102

ENC 100 – 101 e! 101 e! 102 e! ?
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2/91.#%&)5/9.13#%31$/':179$'

Hybrid pixel X-ray counting detectors
Large impact in macromolecular crystallography

THR

Counter

Count hits above threshold

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

2/91.#%&)5/9.13#%31$/':179$'

Hybrid pixel X-ray counting detectors
Large impact in macromolecular crystallography

ê Silicon (in standard 
microelectronic thicknesses) 
starts to become transparent 
above 8 keV
! Search for better sensors
(hard to beat silicon)
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2/91.#%&)5/9.13#%31$/':179$'

ë Count rate 
limitations ! 
lose hits above a 
certain rate ! 
“rate correction”

t
IN

OUT
t

THR

Counter

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

í&J+M(2&K+_(A&'+gB8+,-&$-6&]-$2,3&?8<&'+3+)$2

Even a fully-depleted detector will have 5 – 10 %m RMS diffusion
(so there will be some charge sharing)

2 “large” digital (counting) pixels
x

x xSi
gn

al

Si
gn

al Some region (depending on 
diffusion &) where counting is 
complicated (double count? 

missed counts?)

3 “small” analog pixels

Diffusion spreads charge across 
pixels – but center-of-gravity 

can give sub-pixel (%m) position 
resolution

(while adding noise!)
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KB11$#%&L:N

&5,#&$&6()(*),#A&)0(&,-2%&B8(7B2&)0+-3&$&/0,),-&
*$-&6,&+8&*#($)(&$-&(2(*)#,-

&o,)(&),&$**(2(#$),#&/(,/2(r&)0(&,-2%&B8(7B2&)0+-3&
$-&(2(*)#,-&*$-&6,&+8&*#($)(&$&/0,),-
&'()(*)+,-&1(*0$-+818

&.'+#(*)4&L+-*2B6(8&e21A&+1$3(&/2$)(8A&kN
&.I-6+#(*)4&`&B8B$22%&?+$&8*+-)+22$),#

&K(-8,#&./#,/(#)+(84&*#+)+*$2
&'(-8+)%&L8),//+-3&/,C(#A&ZJQA&kN
&\$-6&3$/A&2+30)&%+(26A&k

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

KB11$#%&LGN
&@+D(&/$#D+-3&8/$*(8A&.-,&2$*D&,7&6()(*),#8A&,-2%&2$*D&,7&

+1$3+-$)+,-4
h+*#,(2(*)#,-+*8"(-$92(6&6()(*),#&6(?(2,/1(-)&+-&/$#)+*2(&

/0%8+*8&8)$#)+-3&),&8/+22&,?(#&+-),&8%-*0#,)#,-&#$6+$)+,-&#(8($#*0
&K(1+*,-6B*),#&6()(*),#8E
&']WA&*,1/B)+-3&$-6&/#,*(88+-3E
K+&(M*(22(-)&7,#&Q&p&:;&D(y&L$-6&9(-(e)8&7#,1&*,11(#*+$2&

/#,*(88+-3N
&Y)0(#&6(?(2,/1(-)8A&(<3<&+-?,2?+-3&$?$2$-*0(&1B2)+/2+*$)+,-A&

)0$)&)0(#(&C$8&-,&)+1(&),&6+8*B88
&5,#&0+30(#&(-(#3+(8A&0$?(&*$-6+6$)(&1$)(#+$28&Ld$]8A&d(A&

=6P(A&kN&9B)&-((6&Xè'
5B)B#(&C+22&9(&6()(*),#8&6(8+3-(6&7,#&(M/(#+1(-)8&L-,)&

(M/(#+1(-)8&6(8+3-(6&7,#&6()(*),#8N
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KB11$#%&L{N

&52B*)B$)+,-8
&;&ì&Q(&ì&QO&+-&.6()(*),#4

&oB19(#&Lo&#&Q(N&,7&8(*,-6$#%&L)(#)+$#%N&/$#)+*2(8

&Q2(*)#,-+*&-,+8(
&P0(#1$2
&5$8)(#&+8&L3(-(#$22%N&-,+8+(#

&K/$)+$2&#(8,2B)+,-&LJK5A&hP5N&L6+gB8+,-N
&P(1/,#$2&#(8,2B)+,-&L-,+8(&+8&+1/,#)$-)N
&'WQ
&X$6+$)+,-&6$1$3(&L-,)&6+8*B88(6A&9B)&+1/,#)$-)N

!"#$%&%'#!#()*+&),#-./++,#+&#(%012+&#)&3#452)6#-.)7%28&9#!#:29+&&%#:090'1#;<=;

I-&,)0(#&C,#68

&J0,),-&+-*+6(-)&$)&L;A;N
&J#,9$9+2+)%&W<Q<&,7&*#($)+-3&$&

6()(*)$92(a&8+3-$2
&K+3-$2&!&:qÉ

&J0,),8)$)+8)+*8
&5$-,&7$*),#

K/$)+$2&#(8,2B)+,-&
LJK5A&hP5N&L6+gB8+,-N&a'()(*)$92(&T&7LQ2(*)#,-+*8N

&'WQ&|&:q&ÜQ2(*)#,-+*á&o,+8(

&ZLQN&|&5&!&o,+8(
&ZL)N&|&o,+8( Understand the physics of detection

What you get is what you see
What (how) you see is complicated
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WB(8)+,-8w
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