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PHOTON ABSORPTION 1
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XENON PHOTON ABSORPTION CROSS SECTION AND LENGTH

xenon photon absorption BW

K 1 Mbarn=10"18 cm?

-
o

For gases at STP:
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WINDOWS TRANSPARENCY — VISIBLE TO ULTRAVIOLET

UV GLASS AND FLUORIDE CRYSTALS:

windows transparency vs e
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WINDOWS TRANSPARENCY — SOFT X RAYS

ABSORPTION LENGTH VS ENERGY:

window abs length
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A CURIOUS OBSERVATION: MWPC INFRARED SENSITIVITY?
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PHOTON DETECTION IN THE VISIBLE 6

SPECTRAL RESPONSE OF PHOTOCATHODES (IN VACUUM):

Trialkali (S-20) VACUUM PHOTODIODE:
[ANNY St ) Nt it 1
= Fued vice wodows, | | GDI
Bialkali (K-Cs)
24 Sl (K-Cul GAS PHOTODIODE:
@ ;
- Damaged by impurities (O,, H,0,...)

' - Backscattering reduces Quantum
e Efficiency

GAS DETECTOR WITH GAIN:

&N £
BN 4 —»
X

03 04 05 o6 07 08 - Photon feedback
o - Positive ions damage of photocathode
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CAESIUM IODIDE PHOTOCATHODES 7

CsI QUANTUM EFFICIENCY (IN VACUUM):

Csl quantum efficiency
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J. Seguinot et al, Nucl. Instr. and Meth. 297(1990)133

Extraction efficiency
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VISIBLE PHOTOCATHODES IN GASEOUS COUNTERS 8

MICRO-PATTERN GAS DETECTORS: GEM, MICROMEGAS, GLASS CAPILLARY
Quantum Efficiency of Bi-alkali Photocathode

in Ar-CH,(90-10):

100 : : :
Photoelectron Collection Efficiency in
several gases at increasing fields.
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UV PHOTONS ABSORPTION

NOBLE GASES: PHOTOIONIZATION THRESHOLD
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UV PHOTONS ABSORPTION

HYDROCARBONS
cross sect hydrocarbons BW
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LOW THRESHOLD PHOTOIONIZING VAPORS
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PHOTOELECTRIC CROSS SECTION: SOFT X-RAYS

ABSORPTION CROSS SECTION:

x-sect noble gases

10’
= DETECTION EFFICIENCY
—_ .
é 10° 1 cm GAS @ STP (OOC, 1 ATM):
[
° n_'-.‘ \
= AN hn
§ 10 - X
@ N N ” efficiency gases 1cm STP
e 102 s 5 TR
o = \\ D <3
3 2 \L\ SN Z \\ > .‘-.\
10 & NG ..'E xe s X ..-.
\\ Kr '6 \ \ \“ \
R e - P & y \\ j \ Xe-CH_90-10
10 \ ‘LLA Ar = h \ \ .‘... \ ’4 =
‘\ *Ne = \ Kr .\-. \
-5 =N - ., ~ \ .'1\ B k
10 0.1 \ \‘ '-_\‘\\ \\
hadl = Y
. H;a‘ \\ ) ) \:B
b &
10 Ar- A 4\
1 10 Photon energy (kev) 100 \\ ") A
\ \\ "\..\
0.01 \ X

Fabio Sauli — Photon Detection and Imaging with Gaseous Counters — EDIT 2015



ABSORPTION LENGTH: SOFT X-RAYS IN XENON

absorption length xenon
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SOFT X-RAYS: PHOTOELECTRIC

LINEAR ATTENUATION COEFFICIENT (STP):
ArXe linear att coeff COL
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FLUORESCENCE YIELD 15

FY = Probability of Fluorescence / Total
1 fluorescence yield BW
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SOFT X-RAYS: FLUORESCENCE YIELD AND ESCAPE PEAKS

5.9 keV >°Fe SOURCE IN ARGON:
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ANGULAR DISTRIBUTION AND RANGE OF PHOTOELECTRONS

PHOTOELECTRON C ELECTRON RANGE:
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COMPUTED POSITION RESOLUTION LIMITS 18

42 keV PHOTONS ON XENON
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COMPUTED POSITION RESOLUTION LIMITS 19
X-Rays in He, Ne, Ar, Kr and Xe AT STP
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HARD X AND GAMMA RAYS: CONVERTERS
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HARD X AND GAMMA RAYS: INTERNAL CONVERTERS

HEAVY DRIFT CHAMBER

potentials

EFFICIENCY vs CONVERTER ATOMIC NUMBER:

Stack of converter Grids at graded
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A. Jeavons et al, IEEE Trans. Nucl. Sci. NS-23 (1978)41
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HARD X AND GAMMA RAYS: INTERNAL CONVERTERS

GOLD-COATED GAS ELECTRON MULTIPLIER (GEM)

DETECTION EFFICIENCY
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HARD X AND GAMMA RAYS: INTERNAL CONVERTERS

DETECTION OF 511 keV y FOR PET
MULTI-GAP RESISTIVE PLATE CHAMBER

400 um HIGH RESISTIVITY GLASS PLATES
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AVALANCHE CHARGE MULTIPLICATION

Mean free path for ionization:

A= L N: molecules/cm?

No

Townsend coefficient:

a=t lonizing collisions/cm —=f (E
A P
102
- | Xe
2 0 - %ﬁ
c -
£ "Ne |
x i Zi-He
E .
: 7
g o 47 7
a 102 / ///
2 A/
:, IO‘3/ /
3 / /
0 o 2 4 102 2 a4 10® 2

E/p (V/cm x mm Hg)

CHARGE MULTIPLICATION IN UNIFORM FIELD

fH ° X

Ions

Electrons

Incremental increase of the number of electrons in

th lanche:
e avalanche dn = o ds

Multiplication factor or Gain:  M(x) = RO
hy

Maximum avalanche size before discharge
(Raether limit):
Quax~10’¢ mm) (PART 2)

H. Raether, Electron Avalanches and
Breakdown in Gases (Butterworth 1964)

S.C. Brown, Basic Data of Plasma Physics (MIT Press, 1959)
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SINGLE ELECTRON AVALANCHE: FURRY STATISTICS

SINGLE ELECTRON
AVALANCHE SIZE DISTRIBUTION
e—n/r_z .
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SINGLE ELECTRON AVALANCHE: POLYA STATISTICS

AVALANCHE DISTRIBUTION AT INCREASING GAINS (FIELDS)
POLYA DISTRIBUTION

2
N(1+9) e_Nﬁg‘” (aA) Lo
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Folya distnbutions bis
1 ]
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P(N) - [

1

PN)

08}

0.6

0.4
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H. Schindler, S.E. Biagi, R. Veenhof
Nucl. Instr. and Meth. A624(2010)78 H. Sclumbohm, Zeit. Physik 151(1958)563
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THE MULTISTEP CHAMBER 27

SINGLE ELECTRON PH
§ DISTRIBUTIONS:
K Gain (107)
\ mw 05 10 15 2.0

I I
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TOTAL GAIN 107 6C

JdMiN

R. Bouclier, et al.,
] G. Charpak and F. Sauli, Phys. Letters 78B(1978)523 Nucl. Instr. and Meth. 205 (1983) 403
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CHERENKOV RING IMAGING

OVERLAPPING CHERENKOV RINGS
He-CH,-TEA (92-5-3)

E-605 RICH
5-PHOTONS RING

R. McCarty, et al,
Nucl. Instr. and Meth. A248(1986)69

By
2N

28
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o
R R VR T

Momentum (GeV/ic)
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UV PHOTONS DETECTION: MWPC

COMPASS RING IMAGING CHERENKOV COUNTER (RICH)

Upper Photon Detectors

Window
MWPC
CslI-coated cathode pads . ©oT P !
p - '-n. . .l"‘ " : oy
. . ‘. « " - . " . 2 *
- - ‘ ' . .' ||
- ." -
| 8 J
0 0.5 Im
» - e . L
- o :
Sl e ¥

Lower Photon Detectors

E. Albrecht et al, Nucl. Instr. and Meth. A502(2003)112

Fabio Sauli — Photon Detection and Imaging with Gaseous Counters — EDIT 2015



SINGLE ELECTRON AVALANCHE IN MPGDs

GAS ELECTRON MULTIPLIER (GEM)
10* uv lamp spectrum
O
sssssssssnsmnEn(iEnnnnEEEEnnnnEEE =
5
E ~0
DRI CSILAYER O
107 | ! ! TRIPLE-GEM -
Csl Photocathode
10°
10"
MORE GEMS ” |I | I .
| 00 i L5 ) | ] Liog s
0 100 200 300 400 500 600
- No photon feedl?ack . ADC Channel
- Strong suppression of ions feedback
FE Sauli, Nucl. Instr. and Meth. A553(2005)18
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TWO-PHOTONS EVENT:

E Sauli et al, IEEE NSSS 2004 Conf. Rec.Vol. 1, 12
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TRIPLE GEM WITH HEXABOARD READOUT
INTERCONNECTED ALONG THREE DIRECTIONS
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SINGLE ELECTRON AVALANCHE IN MPGD

MICROMEGAS

/
/

/' UV PHOTON

MICROMEGAS

M=6.10*
Polya: 6=2.3

T. Zerguerras et al, Nucl. Instr. and Meth. A608(2009)397
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SINGLE ELECTRON AVALANCHE

CsI-COATED MICROMEGAS WITH TIMEPIX READOUT a s

1.E+06
1.E+05
= 1E+04
1.E+03
1.E+02
1.E+01
1.E+00

1.E+06

1.E+05

Gain -]

1.E+04

1.E+03

J. Melai et al, Nucl. Instr. and Meth, A628(2011)133
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THICK GEM 34

MECHANICAL DRILLING OF METAL-CLAD PC BOARD:
* SELF-SUPPORTING
« HIGH GAIN

R.Chechik et al,
Nucl. Instr. and Meth. A535(2004)303

A. Breskin et al,
Nucl. Instr. And Meth. A623(2010)132

ALSO NAMED LARGE ELECTRON MULTIPLIER (LEM)

P. Janneret, Thesis at Neuchatel University (2001)
A. Badertscher et al, Nucl. Instr. And Meth. A617(2010)188
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UV PHOTONS DETECTION: THICK GEM 35

DEVELOPMENT FOR THE COMPASS RICH UPGRADE

GAIN | 100 pm
LARGE RIM: ~ 10 pm
« HIGH GAIN
* CHARGING UpP "™
RIMLESS: 1 o ¢ T
- LOW GAIN T o St 104m
- STABLE I & =
1m 13 " L] I o L] L b L]
13 14 1.5 16 1.7 18
AV (kV)
2000 ' ' ' s B e W e O e
z 0.1 mm.rim o *
< " °
g 190 o 0 . No rim
% 2 4 6 § 10 12 14 16 18 20

time [hours]

M. Alexeev et al, Nucl. Instr. and Meth. A695(2012)159
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COMPASS RICH UPGRADE

COMPASS RICH UPGRADE PROTOTYPE

TRIPLE-THICK GEM CsI-COATED 30x30 cm?

9-PHOTONS RING

24
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M. Alexeev et al, Nucl. Instr. and Meth. A732(2013)264
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SINGLE ELECTRON AVALANCHE 37

THICK COBRA
VUV phaoton :
MgF, Wedow r
______ - = GRID 10°E
— Prr— 5
J ( THGEM 1 ]
A . 10;
o] | Eves
~ e .
T, A
M THGEM 2
R | Se— 1
= 1 Er-d.
Aol - 2D-THCOBRA 0 5066 4000 6000 8000 10000 12000 14000
- - rrf__;': e ADC
PLANE _ G > 106
- collection efficiency ~100%
-R (anode) 60 um
FE. Amaro et an JINSTS (2010) planode)
“Ryopy =9V pm
JECAVeloso et al -only a feyv discharges for several months
Nucl. Instr. and Meth. A639(2011) even for high photon flux
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VISIBLE PHOTOCATHODES WITH GASEOUS COUNTERS

NEW STRUCTURES:
COBRA, MICRO-HOLES AND STRIPS, PACEM....

GEM~+MICRO-HOLE AND SRIP PLATE
GEM-MHSP:

cathode ** 2202 s v 0 000 c

P _ Eea , I 'a

wase § TR 7O O

.; .E.‘_ —

R-MHSP Ry ¢ S

MHsP T "'"I_ _IE...,' }9
~ "5'%

cathode == s s’ = s e

R. Chechik, A. Breskin,
Nucl. Instr. and Meth. A595(2008)116

!
10 L7005 Wiom, wcoum QL-2TNQ375%
10° 1700 Terr AvOe. pas)—+

10‘ .. IBF:3x10 e ® —
000""'\,:-: ¢ KTvid
10‘ T A N OR e fap |)
10’ : : : :
IBF: ~ 10 =
10‘ | ‘“1‘\ﬂ ‘ -."
10'——p—a®
» o T
‘ -8 | 1 *- ' Cv*‘co L ]
Q:uo 220 240 260 280 300
“VAGW 8 Avau V]

A.V.Lyashenko et al., 2009 JINST 4 P07005
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CRYOGENIC CsI PHOTOCATHODES 39

LIQUID XENON
THICK-GEM with Csl Photocathode + MICROMEGAS

Double THGEM in Ne/CH, and Ne/CF,

Fe Cahode | Csl phu(&)\lﬂk\d; L-SSFQ o'.
4 g‘ Te206 K
4 ‘ F Epw ' IE 14m so' Ll o NeCH (95:5).E =E,_ =E_ = 0.5kViem
Wrge— 1) o= — | e AV o NeCH, (95:5) BT wE, o E_ = tkVicm
| ) NelCF, (95:5) E*" w B = E_, = 0. 5aVicm
“":; X o p A SRl 2w 10| . NeiCF, (95:5) E°7 = B, = £, = 1kVicm
Winane S | | o 10’ T 173K
' 'F’\r- 23m
Jm; Ep ' | B\ o' o NOCH OS5 E__~E, . ~E " 08Viem
< a) b) > NWCF, 9551 € = £,.., = £, = 0.58Vicm
10* R Qc‘?“ v NeCH/CF, muut__-g_-e_,-uu
.
10* .::0;9?' : ‘** "Il )
S. Duval et al,. JINST 6(2011)P04007 Y PRl };i? ;. il
it i P=1100 mBar |
10’ “Fe x-rays (5.9 keV)
rdea a l aa A oa a o o Lo o s a2 b o o 2 a2 1 4 aal
500 600 700 200 900 1000 1100
AV THGEM (V)
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VISIBLE PHOTOCATHODES WITH GASEOUS COUNTERS 40

KAPTON AND PYREX GEM DETECTORS
Bi-alkali Photocathode in Ar-CH,(90-10)

Long term stability GAIN VS VOLTAGE
GasPMT with Pyrex glass CP
|t ZMG42 il ZM627 |
1-2 :
1 .{F’"“. 10’? —8— No(30%HCF,(10%) "
[ — - /
- 08 '\. 10°k ,‘
B0 g .F (’/"
¢ 3 Fl | ||| sefe
= 10 .
504 3 ..»"’"/
2 §
0.2 Al B |
0 N
0

R W I SPRT BAMARM | aa bt oo ol s laaadaa ol ol 2 B 4
100 200 300 400 500 600 700 107 350 280 300 320 340 360 380 400 420 440
Period (days) Gap voltage

T. Sumiyoshi et al Nucl. Instr. and Meth. A639(2011)121
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SOFT X-RAYS: ENERGY RESOLUTION

2 2 2
o Oy Oy

Energy resolution: (f) - (W) + (ﬁ)

Ionization  Avalanche statistics

Average gain:

i=1

) ) 1 2 N 2 1 2
Gain variance: o2 = (—) Yo, Ou| - 21[%
N/ A M) N\A
Furry statistics: o,=A TA =1
2
o 1 1
Polya statistics: fA) “3 b b= 1+ 6

Ionization variance: 012v =FN F: Fano factor

2
GE

(?) = %(F +b)

Furry: b=1 Polya: b=1/(1-6)

1< —
M= NEAi =A A; : single electron avalanche size

FANO FACTORS
GAS F
Ar 0.19
Ar-CH, 0.19
Xe <0.17
Ne+0.5%Ar 0.05
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SCINTILLATION PROPORTIONAL COUNTERS 42

PHOTON EMISSION BEFORE CHARGE MULTIPLICATION:
NO AVALANCHE DISPERSIONS

NOBLE GASES SCINTILLATION SPECTRA ~Ibar

pc charpe-light
1200 | | 05 noble gas scintillation
Xe 99.95 %% :
1030 torr
1000 | ;
'§ ARG, = 04 | KRYPTON , .
S g0 | CHARGE a
e =
] ol =~
e Z 03 ARGON
S
400 | =
LIGHT o
0.2 |- Al
Gl COUNTER A
J x10 wire diameter 1.0 mm
o LS : . : o)
0 1000 2000 3000 40 5000 .
Anode voltage (V)
0 1
6 7 8 9 10 11

PHOTON ENERGY (eV)
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SCINTILLATION PROPORTIONAL COUNTERS

SCINTILLATION COUNTERS

ENERGY RESOLUTION:
CLOSE TO STATISTICAL LIMIT

---- CARBON X-RAYS ALUMINIUM X -RAYS MANGANESE Ky X-RAYS
p =740 Torr pe 900 Torr p = 2030 Torr
5500 Volts 5000 Volts 5000 Volts
S PECTR(}S’/ P =12mm - F=12mm £ g=10mm

b N\ 0
2 9 :
1000
INDIUM GASKET BRASS - - - =~ = -
P TERPHENYL ! ALUMINIUM - - - - B

ENTRANCE WINDOW ki s il
REFLECTOR TEFLON -~ = - - 3

COUNTS PER CHANNEL

0 S0 60 70 80 0 100 10 120 130
CHANNEL NUMBER

A. Policarpo et al, Nucl. Instr. and Meth. 102(1972)337
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ELECTRON COUNTING 44

en res electron count
LOW PRESSURE (10 Torr) PROPORTIONAL = [
110 eV 676 eV
COUNTER Be|] B C 0 F
=
mU éeo
x nh E
. mm”f« o \
x) { |
130} electrical readout | J . ‘
— a0 / / X /\// \\
m(, ] 0 : a 10 s 20 25 : 30
,, '] I NUMBER OF ELECTRONS
& ! E Wl S Bt T e nan e
110t E . ‘ A - % P |
tar optic d readout 5 1 i sases wmkin
Yo - Tham 00 § %0 \$
.g A
‘§ 40 : 3
- L .
b *] L
1 ——
A. Pansky et al, Nucl. Instr. and Meth. A330(1993)150 P N U —— '!
D 100 200 300 400 500 €00 Y00 800
X=Ray energy (eV)
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SOFT X-RAYS ENERGY RESOLUTION 45

S R/%
% 15 Ar-CHgq 0.5+10°pa
— 90:10
H -
5 ¥ : ‘ —f=—1
o 12} - ETTT a
m - ) 1 i *' ] 3 Al
§ =10 50 100 M
% Ar-COp - 1.0%105Pa
15l 987:13
- EEnem—— o
el b
‘2 i . I L 0. 2.:00:0-0
10 50 100 ™
151- Ar- Xe 0.5%105 Pa
$ 93:7
i
200 b 121- ——=t== c
55 2 rid N P
150 - 2
: Ar-CH: R/% Ne-Ar 1.0x105Pa
= 14} 0998:2
z
Z o0 -
- fwhm 1.3 keV i
50 10/ e
il d
. 10 86 100 ™
0 p 4 6 s
ENERGY (keV)
H. Sipili and E. Kiuru, Adv. X-Ray Analysis 21(1978)
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MICROMEGAS ENERGY RESOLUTION
INGRID: MICROMEGAS WITH TIMEPIX READOUT

46

&
(=
a
: 5.9 keV 5Fe in Ar-CH, 90-10
> & :
q 4000 | 2/ 204 1/92 ﬁ
3500r po 4061 £ 178
- | M 1684 £+ 0.0
3000 | p2 8671 10028
E | p3 1748446
2500 £ | p4 08083 + 0.0218
GAP INDEPENDENCE OF GAIN 2000 = 14% fwhm
3 E
; 1500
: " ]
25 - / \ 1000 :'-
. i %0 [
& » \ - - /
£ 15 : . 0 s dedeed
6 - x’lfﬂ 1.908e0007 /0 0 so 100 ‘so m
1 E_ g0 MAaks 432 |- ‘ ‘ ‘ channel
osE pt 1013 + 0.162
SB[ oosz:amtes M. Chefdeville et al,
. Nucl. Instr. and Meth. A591(2008)147
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GEM WITH SILICON PIXEL READOUT 47

X-RAY POLARIMETER

08|
06
e 04
: E 02F
Drift plane St
Trigger 0 .
Wmmk ] Photoslecon Fock .0"2
A 04
GEM
i > 06
Pixe! anode 0.8
- -1 sk llca Jaaadosndonndonnlanalind
L [0 [aoc 1412 -1 08-06-04-02 0 02

X coordinate (mm)

R. Bellazzini et al, Nucl. Instr. and Meth. A623(2010)766
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GEM WITH SILICON PIXEL READOUT 48

Y coordinate (mm)
- -
T

Y coordinate

AR RASES RALES RALAS]

158
<— Titanium frame r .
ak
<— Be drift window 4:—
-
A
Palaaalaastaanlaantoaabasadadalanal
S R R R S VR
X coordinate (me) X coordinate {mm)
e
szoediied Event Number: 20
. - Soarn Number of Clusters: 1
Cluster Sue (largest): "9
Pulse Height: 1079.6
Signal to Noise: 75.0
Baricenter: 0.99 -1.48
Conmversion Point: 0.20 -1.53
“E- Second Mom Max: 0.0023
: Second Mom Min: 0.0022
: Shape (ratio of moments): 1.03
: Thied Mom Max: 1.10-05
: Phi (iteeation 1) 1.6185
Phi {iteration 2) 1.6515
1 & Reconstructed Baricanter
: o Reconstructed Impact Pt
4 e o] b TS BTSRRI A PR
2 181461412 1 DEDE D402 0

R. Bellazzini et al, Nucl. Instr. and Meth. A581(2007)246
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GEM WITH SILICON PIXEL READOUT 49
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R. Bellazzini et al, Nucl. Instr. and Meth. A581(2007)246 END OF PART 1
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