XXV GIORNATE DI STUDIO SUI RIVELATORI
Scuola F. Bonaudi

23-26 Febbraio
Villaggio dei Minatori - Cogne (AO)

Fablo Sauli
TERA Foundation




Pﬂ

SPHOMONIDETEGTION ANDIMAGING

GASEQUSICOUNTERS
/s




PHOTON ENERGY RANGE PROCESS APPLICATIONS

1eV
INFRARED CATHODE FIELD EMISSION?
VISIBLE IMAGE INTENSIFIERS
NEAR UV INTERNAL FLAME DETECTION
10 eV PHOTOCATHODES  ____ CHERENKOV RING IMAGING —
VACUUM UV  GAS PHOTOELECTRIC
100 eV
NO WINDOWS
1 keV
GAS PHOTOELECTRIC PROPORTIONAL COUNTERS
SPECTROSCOPY
CRISTALLOGRAPHY
10 keV FLUORESCENCE ANALYSIS
INTERNAL CONVERTERS RADIOGRAPHY
100 keV — AT -
PORTAL IMAGING
511 keV PET
1 MeV

Fabio Sauli — Photon detection- Scuola F. Bonaudi — Cogne, 22-27 febbraio 2016



XENON PHOTON ABSORPTION CROSS SECTION AND ABSORPTION COEFFICIENT

a: absorption coefficient
x: layer thickness
A\: absorption length
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QUANTUM EFFICIENCY AND WINDOW TRANSPARENCY-VISIBLE TO UV

100 transp and QE_| 00

WLTRAVIOLET

INFRARED =
VISIBLE N\ YACUUT

10 um A

///
/

(0
O
1
(0
(&,

—
7
/

Window Transparency (%)
e
Q)
o
N\
1
i
/
/
) Aduaid1}43 wniuen))

o
@)
o
)
4
\\
(o))
@)

5N
o
)
BN
o

10 um Mylar /
p f AN

-—//
C_—T

(%

N
(&
!
X
5
S
N
@

/
/ /
TMAE ]\ /
/ 0 P et \
o B A 1T \
2 4 6 8 10 12
Photon Energy (eV)

Mylar: cus UV from external sources, hygroscopic Bialkali: K-Cs Photocathode E, = 2.2 eV

Aclar: non-hygroscopic, transparent to UV CSl: Caesium iodide E;=5.8 eV
TMAE: Tetrakis-dimethilamino-ethylene C[(CH,),N], E;=5.3eV
TEA: Triethylamine (C,H;);N E;=7.5eV
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WINDOWS TRANSPARENCY — SOFT X-RAYS

Al Be windows transp
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VACUUM PHOTODIODE: NO GAIN, NO FEEDBACKS

% - No gain,
/ - Uniform and table response
- No secondary processes

GASEOUS PHOTON DETECTORS:

- Very sensitive to impurities (O,, H,0,...)
- Backscattering reduces Quantum Efficiency

- Drift to anode and multiplication

‘ ------- I> - High gains (10°-10°)

- Photon feedback (secondary ionization)

- Positive ions damage the photocathode
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MICRO-PATTERN GAS DETECTORS (MPGD)

MICROMEGAS:
MICRO-Mesh GAseous Structure

GAP RESTORERS: INSULATING PILLARS

Y. Giomataris,

V. Giomataris et a, Nucl. Instr. and Meth. A419(1998)239

Nucl. Instr. and Meth. A376(1996)29
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MICRO-PATTERN GAS DETECTORS (MPGD)

GEM: GAS ELECTRON MULTIPLIER

THIN (50 uM) METAL-COATED POLYMER FOIL
WITH HIGH DENSITY OF HOLES

F. Sauli, Nucl. Instr. and Meth. A386(1997)531

A. Bressan et al, Nucl. Instr. and Meth. A425(1999)254

SINGLE GEM WITH 2-D READOUT BOARD:

X-COORDINATE

MULTIPLE CASCADED GEMs: E

DRIFT

GEM 1 S02002080800
ET1 TRANSFER 1
GEM 2 Y XYIYXXYXYX}
ET2 TRANSFER 2
GEM 2 Y X XYXXXYXIYXIY
E| INDUCTION
READOUT
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A CURIOUS OBSERVATION: MWPC INFRARED SENSITIVITY?

STUDY OF GLOW DISCHARGES IN MWPC(Cs
Rutherford Lab (1979)
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GAS MICRO-PATTERN PHOTON DETECTORS VISIBLE

SEALED TUBE WITH MICROMEGAS MULTIPLIERS Quantum Efficiency of Bi-alkali Photocathodes

GAIN ~ 103 in Ar-CH, (90-10):
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F. Tokanai et al, Nucl. Instr. and Meth. A610(2009)164
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KAPTON- AND PYREX-GLASS BASED GEM DETECTORS ~ GAIN VS VOLTAGE: VISIBLE

Bialkali photocathodes
MB-GP: Micro-Blasting Pyrex GEM
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GAS ELECTRON MULTIPLIER (GEM)+MICRO-HOLE AND STRIP PLATE (MHSP)

bottom
cathode

MHSP GEMs for ion backflow reduction
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extraction
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A. Breskin et al, Nucl. Instr. and Meth. A623(2010)318
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SENSITIVITY RANGE: FUSED SILICA WINDOW AND Csl PHOTOCATHODE

Csl QE x window transp
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APPLICATIONS:

CHERENKOV RING IMAGING
RADIATION IMAGING
SCINTILLATION DETECTION
FLAME DETECTION

DARK MATTER SEARCH
X-RAY IMAGING
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GEM WITH REFLECTIVE Csl PHOTOCATHODE ULTRAVIOLET

PHOTON POSITION ACCURACY WITH COLLIMATED PHOTON BEAMS
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Further amplification

T. Meinshad et al, Nucl. Instr. and Meth. A535(2004)324
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UV PHOTONS DETECTION AND LOCALIZATION ULTRAVIOLET
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F. Sauli et al, IEEE NSSS 2004 Conf. Rec.Vol. 1, 12
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PHENIX HADRON BLIND DETECTOR
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CHERENKOV RING IMAGING (RICH) ULTRAVIOLET

COMPASS RICH-1 UPGRADE
THICK GEM CslI-COATED 30x30 cm?
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CHERENKOV RING IMAGING ULTRAVIOLET

ALICE UPGRADE STUDIES
CcF,, Radiator with Triple CsI-ThickGEMs with Pad Readout
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V. Peskov et al, Nucl. Instr. and Meth. A695(20120154
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FAST TIMING WITH MPGDs
DETECTION OF CHERENKOV PHOTONS EMITTED IN A CRYSTAL RADIATOR
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FLAME DETECTION (UV)

Lens Drift electrode
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J.M. Bidault et al, Nucl. Instr. and Meth. A580(2007)1036

G. Charpak, et al., JINST 4 (2009) P12007.
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LIQUID XENON GAS PHOTOMULTIPLIER

Pulsed-beam
of fast-n and vy

LXe Converter
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D. Vartski et al, Nucl. Instr. and Meth. in press (2016)
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GEM WITH SILICON PIXEL READOUT
X-RAY POLARIMETER
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PHOTON ABSORPTION LENGTH — SOFT X-RAYS

NOBLE GASES AT STP
105 absorption length gases
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=
’d_
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ABSORPTION LENGTH(STP):
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Alem) = 26 870(MB)
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(MAXIMUM) DETECTION EFFICIENCY, 1 cm GAS AT STP SOFT X-RAYS

efficiency gases 1cm STP

\\\ = i\ R Conversion efficiency
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SOFT X-RAYS: PHOTOELECTRIC EFFECT SOFT X-RAYS

LINEAR ATTENUATION COEFFICIENT (STP): PROCESSES FOR ARGON:
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SOFT X-RAYS: FLUORESCENCE YIELD AND ESCAPE PEAKS SOFT X-RAYS

5.9 keV >>Fe SOURCE IN ARGON:

250 i F855' PH 'in ar'gon
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FLUORESCENCE YIELD

SOFT X-RAYS

FY = Probability of Fluorescence / Total

fluorescence yield BW
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ANGULAR DISTRIBUTION AND RANGE OF PHOTOELECTRONS SOET X-RAYS

PHOTOELECTRON € ELECTRON RANGE:
EMISSION ANGLE: ' ' . ele'ctronlrangeingases
0 2
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Figura 9.2, Distrikuzione angolare dei fotoelettroni; le cur-
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COMPUTED POSITION RESOLUTION LIMITS

42 keV PHOTONS ON XENON
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COMPUTED POSITION RESOLUTION LIMITS SOFT X-RAYS

X-Rays in He, Ne, Ar, Kr and Xe AT STP
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C. Azevedo et al., Phys. Lett. B 741(2015)272
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SOFT X-RAY DETECTION WITH MICROMEGAS SOFT X-RAYS

AS PARALLEL PLATE COUNTER, MICROMEGAS HAS
GOOD ENERGY RESOLUTION AND GAIN UNIFORMITY:

[ 1 ‘” v! T T T 1 DARK MATTER SEARCH
: ¢ |ArgonliC‘Hw (10%] CERN AXION SOLAR TELESCOPE (CAST)
! 22 keV

X-RAYS BACKGROUND SPECTRUM:

8><1 N . ' _
—F A Cu T
% 7: Ka , ..............
100 200 300 400 500 600 700 800 900 5 eF
ADC channel E o
° E o | :
3 g o, ST T
5 g = F
g 2 F A
g g 3F AI, o [ .......
3 - Ka |},
s
=39[ l L1 L1 l B~y
o O T 2 e
: Energy (keV)
column
N. Abragall et al, Nucl. Instr. and Meth. A637(2011)25 J. C. Garza et al, MPGD2015
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HARD X-RAYS AND GAMMA RAYS: INTERNAL CONVERTERS

Y

CONVERTER \ S

\e

GAS DETECTOR

DETECTION EFFICIENCY:

N

e=|l-e* P,

s: converter thickness
A\: absorption length

P.;: photoelectron ejection probability

ABSORFPTION LENGTH (cm)

USEFUL CONVERTER THICKNESS AND ELECTRON RANGE

10" .

—_
(=)
=}

107

tungsten abs range

TUNGSTEN
Z=74 p=19.3gcm"
<t== [ cm

T -

Absorption length

10 100
PHOTON ENERGY (keV)

100 um converter --> €~ 1%
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MULTI-CONVERTERS

HEAVY DRIFT CHAMBER EFFICIENCY vs CONVERTER ATOMIC NUMBER:
Stack of converter Grids at graded
potentials 360 keV
___________ HV 140 keV Photon energy 360 keV
— e mm em o E— E— = = = Hole size 0.075gm cm-2 Pitch 0. gm cm~2
: : : : : : : : : : Photon energy 140 keV 24+ 7
-— o — Q —————— 2o Hole size 0.075 gm cm? Pitch O.Igmcm‘21
B (i s el e L e - o0k i
- - £l 1=
e T e e p—— g Photoelectric effect ; 16k Photoelectric effect
S i {8
ZIZZIZIjZZZZZCE : Sl ~
S 8 1 s
................... MWPC @ 2 Compton scattering
8 @
o

Compton scattering

Escape peak 4L —
o 1 A1
20 40 60 80 100 Escape peak
Atomic number 0 ) L 1 L L
20 40 60 80 100

Atomic number

A. Jeavons et al, IEEE Trans. Nucl. Sci. NS-23 (1978)41
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GOLD-COATED GAS ELECTRON MULTIPLIER (GEM) HARD X-RAYS

Au 3pm
“““““““““““““ I 11m
EEEE E EEEEEEEEEEEEEEEERE
E LCP Sﬂpm
EEE R RN EEEEEEEEEEEEEEESR _
———————————————————— Ipm
-T Au 3
GEM-hole -
DETECTION EFFICIENCY:
1.20
® Experiment
1.00 | TCo . .
T. Koike et al, . —6e— Simulation
Nucl. Instr. and Meth. A648(2011)180
~ 0.80 |
>
2 0.60
2
I~
=
= 0.40 |
0.20 F
0.00 ! ! L
40 80 120 160 200

Gamma-ray energy (keV)
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MULTI-GEM FOR PORTAL IMAGING HARD X-RAYS

Low energy photons High energy photons

Drift electrode/ _, ¥ ¥ pa—

Low energy | v Drift region
converter  GEM 1

70 Hz TIME-RESOLVED IMAGE OF A NEWTON
: -------------- 'i: r};h‘é%&}"{';éé;é}i ---------------------------------- PENDULUM AT 40 keV
Converter 1 FENNTTNNNNTNN m 1]

I Transfer 2 region

GEM 2
Transfer 3 region

|
Converter2 | TENTTTINNNTTNNNTI
Transfer 4 region
GEM+Converter | mammmmns oS n n S n S s R ST e o Y 1

Final GEM

Induction region
Readout pixels

J. Ostling, New Efficient Detector for Radiation Therapy Imaging using Gas Electron Multipliers.
Thesis at Karolinska Institutet Karolinska Institutet (2006)
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FAST TIMING PET GAMMA RAYS

EFFICIENCY FOR 511 keV y:

4gap mrpc eff bis

DETECTION OF 511 keV y 0.8
MULTI-GAP RESISTIVE PLATE CHAMBER 07 he ES,MUL;TION
N Sl i
400 um THICK HIGH RESISTIVITY GLASS PLATES _ % 4 GAPS MRPC -
;\"7 0.5 '
+HV % ,'"
Q 0.4 "’, MEASUREMENT ~—1
E 0.3 ’;"
0.2
0.1
) _.0"
s, 1.8 2 2.2 24 2.6 2.8 3 3.2
I HV/GAP (kV)
-HV TIME RESOLUTION (T,-T,):
b it Constant 5783+283
22N q | %o Mean 52.78 + 0.02
80 o 0.5246 + 0.0174
70
. % 520 ps rms
50
40}
v :? 30
T T "
1 2 K
D. Watts et al, J. Rad. Res. 54 (2013)i136 0t
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AVALANCHE CHARGE MULTIPLICATION

Mean free path for ionization:
CHARGE MULTIPLICATION IN UNIFORM FIELD

_ L N: molecules/cm?

No
Townsend coefficient: e . .
1 .. . . a E E °
= — lonizing collisions/cm  —=f|— & | X

a Y g / p f(P) " lons

102 o
-~ |_Xe Electrons
g 10 /%T_ KrJ ]
£
E , e e Incremental increase of the number of electrons in
€ Y the avalanche: dnenad
U\) 0™ 4;///

- e . n X

@« /;// Multiplication factor or Gain:  M(x)=— =¢“
< n
a / / 0
= 102 / /
o A
- _3/ // Maximum avalanche size before discharge
e / / (Raether limit):
) / Quax = 107e  mm) (PART 2)

0 s o 2 4 102 2 a4 10® 2

E/p (V/ H
pr(V/cm x mm Hg) H. Raether, Electron Avalanches and

S.C. Brown, Basic Data of Plasma Physics (MIT Press, 1959) Breakdown in Gases (Butterworth 1964)
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SINGLE ELECTRON AVALANCHE: FURRY STATISTICS

AVALANCHE SIZE DISTRIBUTION:

-n/n

e

Il
S|

P(n)= M=n=e" O

n

MAXIMUM PROBABILITY FOR n=1!

avalanche size exp

o
= A oax=8
= 3
g \Me“ =3000
> :
-4 \
’ | \\
10° L 1 & —

0 210° 4100 6100 810° 110
Avalanche size

FOR N INITIAL ELECTRONS:

n

P(n,N)=é(ﬁ) e’

a\n) (N=1)
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510° : : : :
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Probability

3107 |
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20—
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SINGLE ELECTRON AVALANCHE AT HIGH GAINS: POLYA DISTRIBUTION

PON) N(1+6) 0 _N(%w) (G_A)z_l+ 1 _ 1 _, EXPERIMENTAL:
| N A) A 1-6 1-06
1 Polya distributions bis
2 \
o
0.8
\
6=0
0.6 /\\
0.2\
0.4 /‘\%
il \
02 \
\
§%
%0 1 2 3 4 oy 5
H. Schindler, S.F. Biagi, R. Veenhof
Nucl. Instr. and Meth. A624(2010)78 H. Sclumbohm, Zeit. Physik 151(1958)563
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SINGLE ELECTRON AVALANCHE DISTRIBUTION IN MPGDs

MICROMEGAS WITH SEMITRANSPARENT PHOTOCATHODE

/
/
II 4 _}]
UV PHOTON 10* H
/ INDOW : MICROMEGAS
N - Ne-iC,H,, 95-5
PHOTOCATHODE N
| 10° |
e -
: M=6.10*
i Polya: 6=2.3
2 102 g
3 :
(@)
- i 10 -/
_| ‘.;\‘»N:;I_;{,?. --/,f;l./;f,,./ﬁ’ IR E I
[l ’ iy
il I il
Il \ | Tl
[ I i I
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Ll | 0 50 100 150 200 250 300

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

GEM WITH REFLECTIVE PHOTOCATHODE:

10* uv lamp spectrum
& [
LB B B BB RRRRERRHRHSEHS:;] EE NN EEEEEEEEEEDR %
E ~0 I
PRIFT GILAYER $ |
10° | TRIPLE-GEM
i Csl Photocathode
107
10" |
MORE GEMS
10° . |
0 100 200 300 400 500 600
- No photon feedback ADC Channel

- Strong suppression of ions feedback
F. Sauli, Nucl. Instr. and Meth. A553(2005)18
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SINGLE ELECTRON AVALANCHE WITH IMPROVED ION BACKFLOW SUPPRESSION

THICK COBRA
VUV photon
/ MgF: Window
_____ - - = GRID
. { >
phot o (=
\‘ - 4 Ednﬂ
— —_—
T, THGEM 1
T Etransh
T_V S
. THGEM 2
2 e .
A T E!ransf 2
+ X >
A clP o 2D-THCOBRA
-_ - _;'_T‘;)-_.p -
[ o i—"s_{.-.yf‘\_._
PLANE

F. Amaro et an JINST5 (2010)

J.F.C.A.Veloso et al
Nucl. Instr. and Meth. A639(2011)

T TTT

102
104
1
1 1 1 l 1 1 1 I 1 1 1 l
0] 2000 4000 6000 8000 10000 12000 14000
ADC
-G >10°
- collection efficiency ~100%
- Rp(anode)= 60 KHm
pltop) 90 um

- only a few discharges for several months
even for high photon flux
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END OF PART 1




EXTRAS
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SOFT X-RAYS: ENERGY RESOLUTION

2 2
Energy resolution: (ﬁ) _ (G_N) N (G_M)
E N M

2

lonization Avalanche statistics

- ] & _
Average gain: M = NEAi =A A, : single electron avalanche size
i=1
1 2N 2 1 2
Gain variance: o’ =(_) Egj (G_M) =_(O__A)
NJ = M N\ A
Furry statistics: o,=A Al =1
, A
o, 1 1
1cH . p— ==+ b b =
Polya statistics: A ) A 1+0
FANO FACTORS
lonization variance: gfv =FN F:Fano factor
GAS F
2
(ﬁ) =l(F+b) Ar 0.19
E}) N Ar-CH, 0.19
Xe <0.17
Furry: b=1 Polya: b=1/(1-6) Ne+0.5%Ar 0.05
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SCINTILLATION PROPORTIONAL COUNTERS

PHOTON EMISSION BEFORE CHARGE MULTIPLICATION:
NO AVALANCHE DISPERSIONS

NOBLE GASES SCINTILLATION SPECTRA ~1bar

pc charge-light
1200 L I 0.5 noble gas scintillation
Xe 99.95 % ’
1030 torr
1000 | ?
g i} S 04} .
O CHARGE =)
- 800 L &
]
=y m
- 00 -
600 z i
5 0.3
S
400 | T
LIGHT 29
02 }F -
200 |- COUNTER A
/ x10 wire diameter 1.0 mm
0 /: ! 1 1 !
0 1000 2000 3000 4000 5000 0.1 1
Anode voltage (V)
O N
6 11

PHOTON ENERGY (eV)
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SCINTILLATION PROPORTIONAL COUNTERS

SCINTILLATION COUNTERS

EMIl 9656 QR
S PECTROSILA |

ENERGY RESOLUTION:
CLOSE TO STATISTICAL LIMIT
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A. Policarpo et al, Nucl. Instr. and Meth. 102(1972)337




ELECTRON COUNTING

en res electron count

LOW PRESSURE (10 Torr) PROPORTIONAL 110 eV 676 eV
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A. Pansky et al, Nucl. Instr. and Meth. A330(1993)150 S pod—
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SOFT X-RAYS ENERGY RESOLUTION

OUNTS

N

C

200
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RESOLUTION %

GAIN
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- 93:7
2 it &
} [ (] L} I N
10 50 100 M
1.0:105pa
d
= ! s L Lo s
10 50 100 ™

H. Sipild and E. Kiuru, Adv. X-Ray Analysis 21(1978)
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SOFT X-RAYS ENERGY RESOLUTION

INGRID: MICROMEGAS WITH TIMEPIX READOUT

8

w
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=
L
<
f

X388 SBwmm 11 22 SEI

GAP DEPENDENCE OF GAIN:

3 -
- ]
25 [ 4 \
2 - >/ \
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= - \
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| ¥2/ndf 264.1/92
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= 14% fwhm
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M. Chefdeville et al,
Nucl. Instr. and Meth. A591(2008)147
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