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IONIZATION ENERGY LOSS PROCESSES: CHARGED PARTICLES MPGD ONE: BASIC PRINCIPLES - 2

PRIMARY INTERACTIONS

H,0

S,
D
\

ELECTROMAGNETIC (COULOMB) INTERACTIONS:
—| Elastic collisions, Excitations, lonizations

~ Ionizations |

PROBABILITY
6 -
g

58 - dueto :
Excitations | distant !
due to I collisions | Yonizations dud
0 g | f | k
istant 10 ev | 100 eV | to close
collisions L | l | collisions
l [ I
000j oor | ol ! 10 100
ENERGY TRANSFER (keV)

PHYSICAL PROPERTIES OF GASES AT STP:

Gas Density, E; Er Wi dE /dz|min Np Nt
. . . mg cm -3 eV eV eV keV cm—1 em—1 cem™1
Differential energy loss, primary and total
ionization for minimum ionizing, z=1 particles ¢ 0.839 167 216 30 1.45 13 20
Ar 1.66 11.6 15.7 25 2.53 25 106
Xe 5.495 8.4 12.1 22 6.87 41 312
E , E.: first excitation and ionization potentials CH, 0.667 8.8 126 30 1.61 37 54
. . . CoHg 1.26 8.2 1.5 26 2.91 48 112
w.: average ener er ion pair 2 - < S - - “
i g . gy p p . s iC4H1g 2.49 6.5 10.6 26 5.67 90 220
Np, N : primary and total ion pairs/cm COy 1.84 70 138 34 3.35 35 100
CFy4 3.78 10.0 16.0 54 6.38 63 120

The Review of Particle Physics C. Amsler et al.,Physics Letters B667 (2008) 1
http://pdg.lbl.gov/



PRIMARY AND SECONDARY IONIZATION MPGD ONE: BASIC PRINCIPLES - 3

PRIMARY IONIZATION
k
Pl = n_,n n: average  k: actual number
k!
.5 Minimum ionizing particles in Argon STP:
% dE/dx: 2.4 keV/cm n,: 25 ion pairs/cm
Detection efficiency: , s(mm) e (%)
.‘ i ):n Argon NTP: 1 91.8
& e=1-Fy =l-e 2 99.3
i CLUSTER SIZE PROBABILITY :
TOTAL IONIZATION: _ _ -
Clusters and delta electrons Total number of ion pairs: 2N Ar
AE :
np=——- 5 =
. Wl “ "'h,‘
“ For minimum ionizing particles in ; k‘x‘,\“
Argon: N 1
“ AE =2.4 keV/cm 103 L ?ﬁ
{ e#, .
| w,=26 eV i
:," .” n,~ 90 ip/cm i
“ n#_ ? ’ -3
r 3 i 3
nP 10.5 S S T B L1arl

1 10 100
n

H. Fischle et al, Nucl. Instr. and Meth. A301 (1991) 202



ELECTRONS ENERGY AND RANGE MPGD ONE: BASIC PRINCIPLES - 4

ELECTRONS ENERGY DISTRIBUTION: ELECTRON RANGE IN GASES AT STP:

electron range in gases

IOO:\A i B s B e s ~y
\\ i —E‘\
1 cm ARGON STP < /
108 — B /// yd
‘ dE yay
1 — ~2keV : 2P 4
L np=29cm- d //
S X/ mp ‘ // P4
§ V4 //;
Au He/ ///
lf Id".- - 0.1 // ////
7 . S Ar 2/ y
- 4 a4 /
z AN I
/. / CH
IO.ZE‘ i /// 4 10 /
: S xe
: 180 ,um'/’- 7‘/
0% . 0.01 iy /A /
£y for 1 Gevic 3 i A i
protons 1 a4 I
} 4 .
0L i . // :
E VAR
r ] ’ i
16° J W ul - I
I 10 i10° 10° 10 10° 108 107 0.001 |
E, (ev) 1 2 keV/ 10  E(keV)
N(EzEO)sE W=K£px
Ey A R - :
B 5 1 L : range 1n cm
K= 0'15,4 MeV (;m '8 _ _ R=—10E" E : electron energy in keV
p: density (g/cm’) x: material thickness (cm) o 0 - density in ug om?

http://physics.nist.gov/PhysRefData/Star/Text/contents. html
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HEED MPGD ONE: BASIC PRINCIPLES - 5

MONTECALO CALCULATION OF IONIZATION ENERGY LOSS OF IONIZING PARTICLES

ENERGY LOSS: (dots: experiment) PRIMARY CLUSTERS PER c¢m (STP):
1600 _
1400:_ 93% Ar + 7% CH, 1.5 cm 90E - "(?.(;‘H10
C 80F s
1200;_ n 3GeV/c 70;_ nga’”,’
1000 [~ ~ 60F o
s0f- 3 o o6y, %
C — = ©-C,H
- > 40 : K500 2™
op 30E A gOcH, *
C 3 0.8 CH,
400 - 20 :_ e 2
o 10E o Ne
Zw: O:I%qllllllllllllllllllllllllllll
0 P 0 5 10 15 20 25 30
0 2.5 5 7.5 10 -4
(a) KeV (b) Zm/Z*

1. B. Smirnov, Nucl. Instr. and Meth. A554(2005)474

http://consult.cern.ch/writeup/heed/
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DETE

Absorption Cross Section (Mbarn)

CTION OF PHOTONS
PHOTON ABSORPTION X
10 1 I = IO e A A=—

1015 T LR LR | ! LSRR | T LS | T T I

TUNGSTEN

107k

i

S
w
|

-

o
A
|

—_

S
[&]]
|

- *.Photoelectric .7
-.--Compton incoherent i .

10°k

11l

tungsten photon abs ter

AR M T 00 1 1 RS S i R T S i S W
10° 10" 10? 10° 10*

10°

Photon energy (keV)

A. Thompson et al, X-RAY DATA BOOKLET (2001)

MPGD ONE: BASIC PRINCIPLES - 6

x . material thickness (cm)

A : linear absorption length (cm)
O : cross section (cm?)

N : molecules/cm?

Potoelectric:
EK' EL
E}’
E},' EK
Compton:

Pair Production:

E,

Fabio Sauli - Seminario Nazionale Rivelatori Innovativi (Frascati, 30.11-4.12.2009)



PHOTON DETECTION MPGD ONE: BASIC PRINCIPLES - 7

PHOTOIONIZATION CROSS SECTION FOR XENON:

Xe ph-ion X-sect compil

2
2 1074
—
< 10’ ‘
— 3
o |
L) \\ Y s
=il i\ T \
7] M R
«0 N
2 N Ao e 7 1y —
'T) -1 . L ) \ l\\
c 10 N, ”79‘/;;;1\4” 10KV :
= N, 146eV M 0.94 keV 5
N 402 M, 069keV L 545 keV \
g M, 0.68keV ity 0TIV i
o L, 4.78 keV X
a 10 :
K 34,58 keV
X
10° Luy OFT X-RAYS HARD X-RAY. GAMMAS
5 P
10 7 5 M 6
10 100 1000 10 10 10
Photon energy (eV)
http://xdb.Ibl.gov/

http://henke.lbl.gov/optical constants/
http://physics.nist.gov/PhysRefData/F Fast/html/form. html
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UV PHOTONS MPGD ONE: BASIC PRINCIPLES - 8

TOTAL AND PHOTOIONIZATION CROSS SECTIONS:

hydroc total-ioniz xsect

120
100 //M""‘
8 TOTAL/  “IONIZATION \
é ™ M BaEn C3H8
Z 80 e =t
e A AN N
5 / ERY e \ PHOTOELECTRIC EFFECT:
il T e il
) i {
o} K
g P e il o
/ /‘:I' ;, 7 \CH“ ’VVWWVVVVVV\\
20 it
T ¢
i ,-‘
{ 7
°s 10 1z 4 16 8 20 22 2 30 ; e 06
PHOTON ENERGY (eV) TMAE /\ /
£ 25 - TMAE \ 05
Sl i
E, (€V) r i
CeHg 9.3 i Oror ;[ /V/\/ E
TEA 7.45 g " J N i
TMAE | 5.6 5 QE 5
2 10 / 02 <
: /
TEA: Triethylamine  (C,H;);N 5 0.1
TMAE: Tetrakis-dimethylamino ethylene [(CH,),N],C J
e 3 4 5 6 7 8 9 10 110

PHOTON ENERGY (eV)
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SOFT X-RAYS MPGD ONE: BASIC PRINCIPLES - 9

ABSORPTION LENGTH IN GASES AT NTP

—_
TTT

Y
FLUORESCENCE: Y o
4 absorption length gases bis
10 ‘ /’ REREREE] . . o ’VVWW\MAMAe\
: ] e
L He T (¥
1000 | NON-RADIATIVE M
' (AUGER):
(¥
S 100 Npy
ot FLUORESCENCE YIELD =
IE’ NFL +NNR
g 10 1.0 T T
-%_ 09} -
E 08 -1
<L

07

1 08 -
0.1 E- 3

Fluorescence yield
o
o
1

Ar

0.01 : PN S S S S L
1 10 100 L-shell
(average)

E (keV)
For gases at STP (0°C, 1 Atm): N=2.687 10'° cm3

1 0.0 ’ T J '
Mcem) = 6 20 40 80 80 100 120
26.87 o(MBarns) Atomic number

M. O. Krause, J. Phys. Chem. Ref. Data 8 (1979) 307
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SOFT X-RAYS MPGD ONE: BASIC PRINCIPLES - 10

X-RAY ABSORPTION SPECTRUM
SFe X-Rays (5.9 keV) in Argon:

AE=EE, ... ~59keV
250 o - o - F055' PH 'in ar;gon
o 1
“E 4
g 5. 9 lke V 1 absorption length argon
O L . |
200 main peak ABSORPTION LENGTH IN ARGON NTP I .
B 10 T
A S |
L ay 2w CA |
150 ey £ I
L i S
& % s
s —é_ ]
I : g 1 1
100 w < |
L . w |
£ B |
3 3 '
. ~ 3 keV - . !
50 oA Y 0.1
_ escape peak . : ! E (keV) L
- (3 z
-'-':ité.;' o ) "N
0 hnmamadm ¥ | e LA L Heiten
0 2 4 10
E (keV)

Auger: E~5.9 keV
Fluorescence: reconverted E~5.9 keV
escaped  E~3.2 KeV
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DRIFT AND DIFFUSION

E=0
THERMAL DIFFUSION (Ions and electrons):

&

Maxwell energy distribution: F(e)=Cee KT

E>0
CHARGE TRANSPORT AND DIFFUSION

ELECTRONS

_Ax
At

Drift velocity:

MPGD ONE: BASIC PRINCIPLES - 11

0.08 r : : ' :
bollzmann

F(€) KT=0.025 eV
0.06 '

0.04

0.02 -1
|
0 ¥ 1 | 1 1
0 002 004 006 008 01 012
€ (eV)
Electric Field
<
. *
. <4+Ax Ay
T >
JI\ J\ /\

Diffusion: o =~2Dt = 1/201
w

Fabio Sauli - Seminario Nazionale Rivelatori Innovativi (Frascati, 30.11-4.12.2009)



IONS

IONS DRIFT VELOCITY

Mobility: u' = w+/ E
GAS ION p(cm?s V1)
He He* 10.2
Ar Ar* 1.7
CH, CH," 2.26
o, Co,* 1.09
T P
P.T)=—-"uP,T,)
( %PM(OO
IONS DIFFUSION
o, =V2Dt

Einstein’s law:

D KT
w e 9T

E. McDaniel and E. Mason,

The Mobility and Diffusion of Ions in Gases (Wiley 1973)

2KT x

Drift velocity in cm/sec X 107

Ox

80 T

MPGD ONE: BASIC PRINCIPLES - 12

40—

3
I

-

[+2] o2 I e |
T

bl

Pressure in Torr

41— —
Helium Neon Argon
f ® 1675 o 7.50 o 0.668 ]
,:’ 56 352 5410 A 0823
2 o 860 0 0724 ® 297
A 1272 o 629
o 222
N | N T RN l i Lot i
5 8 10 20 a0 60 100 200 400 600 1000
E/p,{V/em—Torr}
100
T T T H ¥ T T 77 T T T T
SO a0
AN N 160
SO\ \\ B
200k SN lao
Y
420
100 — 10 ,-(3
- e g
80: / :6 \:,L
H{a
60 _ ] b.
T ---O;for T0% Ar and 30% CH, 12
a0k =~ Oy for 70% Ar ond 30% COz N N
—— & for 67% Ar,30% 1s0C4 Hyg and \\\.\ 1
3 3% Methylof \\\'\\ . Jos
~ . "
~ON Jos
~o 4
204 H04
i i 1 | I S T S 0 H i { 1
100 200 400 600 800 1000 2000 4000

E{(V/cm)



IONS MOBILITY IN GAS MIXTURES MPGD ONE: BASIC PRINCIPLES - 13

I T T T 1 B E P(Ml)
o e i wl* MM, .M) “<ul" M)
_lw u(l™,M ;) : mobility of ion I* in gas M,
> 8000+ -
E
3
> 7000- =
16000~ -
60001 . i 7
1 |
1.6 it 2l 14000 —
_§ B J
WHICH IONS ARE DRIFTING? £ 2000 C for -
) w. Ar-Isob
Collisional charge transfer process: ) 7
. 0000 A
A*B—AB' if E.B)=E.(A) iy
G. Shultz, G. Charpak and F. Sauli sooort T
Rev.Phys. Appl. 12(1977)67 ! | ! . 1 1

o (g/t)
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ELECTRONS MPGD ONE: BASIC PRINCIPLES - 14

Drift velocity some gases b Diffusion some gases log
T SR R T poskieay T

_
() ]

}\-CF4 90-10

e
a

‘4u~;_h:“~

“\‘-\-.\“

1000 | A

Drift velocity (cm/us)
8
\w

&

Longitudinal diffusion rms (um) [1 cm drifi]

_—n-'-""-—"-__
A-CH4 90-10
A-CH4 90-10 i "-—-\._\_\M CH4
He DME 3 M“‘“‘*——— DME
___——~—> Thermal Limit~-..._
5 = —— - SR N S | B L ““ "'.""."-r---
0 500 1000 1500 2000 400 800 1200 1600 2000
E/P (Vicm Atm) E/P (Vicm.Atm)

A. Peisert and F. Sauli, drift and Diffusion of Electrons in Gases: a compilation CERN 84-08 (1984)

Fabio Sauli - Seminario Nazionale Rivelatori Innovativi (Frascati, 30.11-4.12.2009)



ELECTRON DIFFUSION MPGD ONE: BASIC PRINCIPLES - 15

LONGITUDINAL AND TRANSVERSE DIFFUSION

A Oy
<_EELgld.ll \‘lgL Dl"lﬁ» ‘0_ e T L Lyt T: =T TF 5 T3l
\ K C D/p (V)

AN . } g M
~_-_-" - I s —
il S e p 1
n " 0%  28% 0./ i

T 4 e i
D, @500 V/em i (4atm.) . ¥ _

i//
0.12 -
= 1 . 0. }’ i I E
o, = EGT Or =0, (symmetric) . E i 5
- i i~ D /p 4
= B
L o
\J
E rp(cm Torr)
2 ] =t | o Y U N | . { I 1 4 ¢ #8101 1
0. 10

500 V/em Atm

H. Drumm et al, Nucl. Instr. and Meth. 176(1980)333

Fabio Sauli - Seminario Nazionale Rivelatori Innovativi (Frascati, 30.11-4.12.2009)



TRANSPORT THEORY

ELECTRON-MOLECULE CROSS SECTIONS:

10**-16 CM**2

*

X SECTION

ARGON

(1997)

100 p———l— ]l

ELASTIC
S-LEVEL EXC.
P-LEVEL EXC
D-LEVEL EXC.
IONISATION

SUMOFEXC. | =

01 T T Trrreg T T T TTITT]

ENERGY EV.

MAGBOLTZ:

.01 1 1 10

CM**2

10**-16

*

X SECTION

100 k

10

.01

CcOo2

MPGD ONE: BASIC PRINCIPLES - 16

(NAKAM

URA)

ELASTIC
VIB1

viB2

VIB3

ViB4

VIB5

ViBé

VIB7

XATT

EXC1

EXC2

EXC3
IONISATION
ELASTIC1 |9

.01

Montecarlo program to compute electron drift and diffusion

S. Biagi, Nucl. Instr. and Meth. A421(1999)234
http://rjd.web.cern.ch/rjd/cgi-bin/cross

ENERGY EV.

100

1000



MIXTURES

DRIFT VELOCITY IN ARGON-METHANE MIXTURES:

12 . drift vel A-CH4
DRIFT VELOCITY
A-CH,
100 % CH
e g ot 760 mm 20°C
-‘80 “‘-u__-h

70

w {(Cm/Js)

1000
E (V/icm)

1500 2000

MPGD ONE: BASIC PRINCIPLES - 17
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ELECTRON DIFFUSION MPGD ONE: BASIC PRINCIPLES - 18

TRANSVERSE DIFFUSION:
LONGITUDINAL DIFFUSION:

transv diff gases thick 1000 longitudinal diffusion gases

1000 i SEAEERERREH e
800 | \ soo\

B
CHE \ :
£ I Ar = I
° ' \ § 600 |
2 Ar-CH, 90-10 o |
0" 5 L Ar-CH, 90-10
4
S 400 Lo
©

400 \ : Ar-CO, 90-10
[ ACO_90-1077 T | 2 (  Aego,70%
L T — L

200 [ Ar-CO_70-30 N
e 2 o _ \ﬁ)—&‘iﬁ-—:—\«\
h_,_,..-—COZ r Coé _-/_\\_
0102 10° 10* 10 10 10° 10* 5
E (Vicm) E (V/cm)

http://consult.cern.ch/writeup/garfield/examples/

Fabio Sauli - Seminario Nazionale Rivelatori Innovativi (Frascati, 30.11-4.12.2009)



ENERGY DISTRIBUTION MPGD ONE: BASIC PRINCIPLES - 19

EQUAL FIELD, DIFFERENT GASES:

el en distr 100V A, A-CO2

0.3 ; ! g
-1
E=100 V cm
0.25
0.2
=
=
@
& 0.15
o}
&
Ar-CO 70-30
0.1 H- 2
//H—\\ Argon
0.05 P \ INCREASING FIELD, SAME GAS:
k // \ 0.2 el en distr A-CH4 90-10
0 —t]
0 0.5 1 15 2 2.5 3 3.5 4 Ar-CH4 90-10
ELECTRON ENERGY (eV) E=100 V cm’"
0.15
= !
= E=500V cm
m
% W B0 W //_* A
o) 0.1 - /
I -
. S
0.05 \ \ E=5 kV_cm
M Btk cm’’ \
0 \\ \\«L
0 2 4 6 8 10 12 14

ELECTRON ENERGY (eV)

Fabio Sauli - Seminario Nazionale Rivelatori Innovativi (Frascati, 30.11-4.12.2009)



MAGNETIC FIELD MPGD ONE: BASIC PRINCIPLES - 20

EFFECTS OF MAGNETIC FIELD ON DRIFTING ELECTRONS

B
E | -
A TNt = j 6
tanf, =wT — ¥ B
E L B B - E ot B
= " B 1+ w’t? e .
E . T : mean collision time
Wpg O w=eB/m  Larmor frequency
. Wp =W,
™ -7 Pare \T . .
- E - g A G =0 Drift velocity unchanged
E/B <~—>=— L oW L= unt
V/4 ya 4 v L B Transverse diffusion
«— ' - % duced
; \ < //: o, = o reduce
E =B T — —|E+ ot 28 v &;B) Friction force theory
ml+w't B B

Fabio Sauli - Seminario Nazionale Rivelatori Innovativi (Frascati, 30.11-4.12.2009)



MAGNETIC FIELD MPGD ONE: BASIC PRINCIPLES - 21

E // B (TIME PROJECTION CHAMBERS):

P10 diffusion vs mag field log

800

Argon-Methane bO- 10

-~
(=]
o

600 |

500 |

Diffusion for 1 cm {pm)

400 |

300 |

200

100 |

E (V/icm)

Fabio Sauli - Seminario Nazionale Rivelatori Innovativi (Frascati, 30.11-4.12.2009)



ELECTRONEGATIVE GASES MPGD ONE: BASIC PRINCIPLES - 22

ELECTRON ATTACHMENT CROSS SECTIONS IN OXYGEN:

OXYGEN  (2004)
100 E T . . .

ELAS + ROT
VIB1

ViB2

VIB3

ViB4

EXCH1

EXC2

EXC3

EXC4

EXC5

EXC6
IONISATION
ATT 2-BODY
ATT 3-BODY
SUM ROT

CM**2

X SECTION * 10**-16

1 Capture electron fraction

1.00

e

ENERGY EV. —\, S ‘-\@\1\
§ 0.95: \
E Ar-CH, (80-20)
u‘c: [ \\ I. Lehraus et al, ALEPH 84-6
ELECTRONS SURVIVING AFTER 20 CM DRIFT £ 090] M
3 [ r-CO_ (80-20)
(E =200 V/cm): wo | : \
0.85
r M. Price et al, IEEE NS-29 (1981)383
o.so:
0.75:
0.70¢

) ) L. ) ) 10 100 1000
Fabio Sauli - Seminario Nazionale Rivelato 0, (ppm)



CARBON TETRAFLUORIDE MPGD ONE: BASIC PRINCIPLES - 23

ELECTRON CROSS SECTIONS IN CF, ELECTRON ATTACHMENTS IN CF
45

—_— (MAGBOLTZ)
e T ——— e
fﬂ CF4 attachment bis
= 140
(&)
CF ; NTP
1‘2 120
5 / \\
: 100 ‘; N
= 9 ‘
=] 2 \
- = 80
e i !
: 5
> 60
s
01 1 10 100 1ipopp X /
ENERGY EV. 40
ELASTIC
C[mmnmpsnes  ATTACHMENT
e VIB4 20
- g [
—_— B3
----- V3 MOM T.
VIBA (HAR) 0
—— SUMVIB (HAR) 0 10 20 30 40 50 60 70
— EXCIDIS)
———  [CNISATION E (kV/cm)

http://consult.cern.ch/writeup/magboltz/cross/

Fabio Sauli - Seminario Nazionale Rivelatori Innovativi (Frascati, 30.11-4.12.2009)



INELASTIC COLLISIONS MPGD ONE: BASIC PRINCIPLES - 24

HIGH ELECTRIC FIELD: EXCITATION AND CHARGE MULTIPLICATION

ARGON  (1997) ELECTRONS ENERGY DISTRIBUTION IN ARGON
100 il it i v AT INCREASING FIELDS:

E=10.6eV EFI57eV

Electron energy dist Ar

0.3 ———r

0.25 | et B

O : 0.2 | l\ \
i ' | \ : \ :
[ ' biie | \ \:100 kV cm’’
01 LR L | LA ELL L | LR | T LA | LI B
01 1 1 1 100 1000 i 1chm’ ] :
ENERGY EV. o | } : ;
EXCITATION 11.6 eV il : :
[ \ 10 kV em’’
[ONIZATION 15.7 ¢V 0.05 | ‘ ; \ \\
[ 5kvem’ :
) / s N ~— ]

0 5 10 15 20 25 30
E (eV)

X SECTION * 10**-16 CM**2
P(E)

Fabio Sauli - Seminario Nazionale Rivelatori Innovativi (Frascati, 30.11-4.12.2009)



COLLISION PROCESSES
SECONDARY COLLISION PROCESSES IN GAS MIXTURES

1) A+e = At+ete lonisation by electronic impact.
2) Ate = A'+e Excitation by electronic impact.
3) A*+e = Ate Deexcitation by electronic collision.
4) A+hv = A" Photo-excitation (absorption of light).
5 A* = A+hv Photo-emission (radiative deexcitation).
6) A+hv = At+e Photoionisation.
7) At+e = A+hv Radiative recombination.
8) A*+B+e = A+B Three body recombination.
9) A*+B = A+B* Coliisional deexcitation.
10) A*+B = A+Bt+e Penning effect.
11) A*+B = A+B* Charge exchange.
12) A*+B = A*+Bt+e lonisation by ionic impact.
13) A+B = A*+B Excitation by atomic impact.
14) A+B = At+B+e lonisation by atomic impact.
15) Ate = A Formation of negative ions.
16) A~ = A+e Electrons release by negative ions.
17) A™+A = A;+e Associative ionisation.
18) A*+2A = A;+A Molecular ion formation.
19) AMA+A = Ay+A Excimer formation.
20) A, = A+A+hv Radiative excimer dissociation.
21) (XY)* =  X+Y* Dissociation.
22) (XY)*+e = X+Y* Recombinational dissociation

MPGD ONE: BASIC PRINCIPLES - 25

MAJOR PROCESSES:
PROCESS
Excitation A+te
Ionization A+te
De-excitation A'+e
Photo-excitation A+hv
Photo-ionization A+ hv
Photo-emission A’
Electron capture At+te
Radiative recombination A+te
Excimers formation A'+A+A
Radiative excimer dissociation Az*
Collisional de-excitation A'+B
Charge exchange A'+B
Penning effect A'+B

J.Meek and J. D. Cragg, Electrical Breakdown of Gases (Clarendon Press, Oxford 1953)

A'+e
A'+ete
A+

A

At+e
A+hv
A
A+hv

A +A
A+A+ hv
A+B”
A+B"
A+B+e



TOWNSEND COEFFICIENT MPGD ONE: BASIC PRINCIPLES - 26

Mean free path for ionization:

1
A=—0o N: molecules/cm?
No

10! . .
! First Townsend coefficient:

C
i a=t lonizing collisions/cm
i A
10
102
10° Xe
- 10 i %Z’J’Kr
- /
- Y
L | Fre

T

L7
102 // ;// /
e/
_2 /]

101 102 103 |0.q 2 3
2 4 o0 2 4 10 2 4 10 2
Energy U in eV —

107!

T IIITI!

a/p (lon pairs 7 cmx mm Hg

Cross-section o x 10'8in ¢m? ——»

T

107!

Q/p (ION PAIRS /cm x mm Hg)

llllll

E/p (V/cm x mm Hg)

S.C. Brown, Basic Data of Plasma Physics (MIT Press, 1959)
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CHARGE MULTIPLICATION IN UNIFORM FIELD

Incremental increase of the number of electrons
in the avalanche:

ax
. dn=nadx n(x) = nye
Ions
Y o | n oo
Multiplication factor or Gain: M (x) =— =
ny,
Electrons
104 argon ion coeff ntp comp bis
ARGON NTP (1 bar, 20°C o P oS
MAGBOLTZ CALCULATION OF ( ) L
TOWNSEND COEFFICIENT: e MAGBOLTZ /(ff -
£ 1000 &
= Z.M. Jelenak et al,
;8 Phys. Rev. E 47(1993)3566
Maximum Avalanche size before discharge g
(Raether limit): g 10
k=
7 =
Qmax=10" e S
10 Kruitkhoff.and.Penning
Physica 4(1937)430
H. Raether, Electron Avalanches and
Breakdown in Gases (Butterworth 1964)
1
1 10 100 1000 10*

E (kVcm')

Fabio Sauli - Seminario Nazionale Rivelatori Innovativi (Frascati, 30.11-4.12.2009)



CHARGE INDUCTION MPGD ONE: BASIC PRINCIPLES - 28

IONIZATION CHAMBER: SIGNAL DEVELOPMENT BY A MOVING CHARGE +Q

CATHODE Charge induced on each electrode by +Q moving through
y Y I V=-v, the difference of potential dV:
s
dv d
+0 dg=0==-0=
Sy Vo So
Integrating over s (or time t):
Q Q .n_dq 0O
v - g)==s qy=Zwr i(n="L=Zw
ANODE So So s,

Electrons- ion pair (-Q and +Q) released
at the same distance s from the cathode :

A
o q(1)
q(t)=Q(W—t+Wt) Ost<T .
So T 2 [
Q |
- + |
q(t)=Q(s S°+Wt) T <t<T" |
Sy So I
|
|
w (w*) : electron (ion) drift velocity 0 So =S| _'~ :
\Y | 1
T (T*) : total electron (ion) drift time 0 : :
1 1
T T" t

(+0 on cathode , -O on anode)
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PARALLEL PLATE COUNTERS: SIGNAL DEVELOPMENT WITH CHARGE MULTIPLICATION

0 PPC Total Charge

PARALLEL PLATE CHAMBER
Y 0 TOTAL INDUCED CHARGE

>
]
N

Charge (a.u.)

-
o
o

. . 50 ~
Increase in the number of charges after a path ds is:
as
dn = nods n=nye
. _ , ds
Charge induced by electrons: dg” =-ene™ — s , 5 5 3 & .
S, Time (us)
- en, . o €Ny o €Ny oo
g (s)=—"(e"-1)=—Fe® =—2e™'
as, as, as,, 500 : : : . —
. dg enWw™ - €Ny g El
i (t)= q _ W e —Le™! s PARALLEL PLATE CHAMBER
dt So T =400 TOTAL INDUCED CURRENT
5
Current signal induced by ions: - IO
300}
, eny [ awi o §
i'(t) = +°(ea —e” ’) O<st=<T
T 200}
, €Ny as  at\
l*(t)=T—+0(e"‘ -e” ’) T <t<T* S |
11 N 1 lons
Pl " T e e e
wewoow %% 1 2 3 1

5 Time (ps) 6

Fabio Sauli - Seminario Nazionale Rivelatori Innovativi (Frascati, 30.11-4.12.2009)
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SINGLE ELECTRON AVALANCHE MULTIPLICATION

In constant electric field, the probability of an avalanche
started by a single electron to have a size N is given by EXPERIMENTAL AVALANCHE SIZE

(Furry’s law): DISTRIBUTION AT INCREASING FIELDS:

N
P(N) = %e N N =e*’ s: gap

maximum probability for N=0 (no multiplication!).

At large gains (high fields) the avalanche distribution is
described by a Polya function:

0>0

0 _N(1+9)
P(N)=lN(1].\;8)]€ N

1 Polya distributions bis

o PN
(o]
’-‘"—F/'

0_2/ ‘k\\

H. Sclumbohm, Zeit. Physik 151(1958)563

% T =

1 k 1 1
1507
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THIN ANODE WIRE OF RADIUS a, COAXIAL WITH A CYLINDRICAL CATHODE OF RADIUS b

SWC field

Cathode radius b 12 : : - .

10 H -
Anode radius a AVALANCHE REGION
8 H i
3
& 6 1
5 :
cv, 1 !
Electric field:  E£()= - i DRIFT AND COLLECTION REGION
27680 r !
4 | : .
) . Co 2me, :
Capacitance per unit length: “n (b /a) | THRESHOLD FIELD FOR
2 ! MULTIPLICATION ]
CV, ., r '
Potential: V(r)=—%In— V)=V, !
2me, a !
V(a)=0 ol
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AVALANCHE DEVELOPMENT AROUND THIN WIRES:

I"‘ I"’ +

I A A
®© 0 0

+

OPERTING REGIMES:

InM N:Strea

Breakdown

Multiplicatio

Collection

Attachmd

IONIZATION

| PROPORTIO
[\ CHAMBER

COUNTER

(AL

G

e

Voltage

Fabio Sauli - Seminario Nazionale Rivelatori Innovativi (Frascati, 30.11-4.12.2009)
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TIME DEVELOPMENT OF THE SIGNALS

oC u'cv, QC t . oc 1
=- In{1 =- In|1+— =
q(t) 2.77:60 n( * 277,'80612 t] 2.,7'[80 n( * to) l(t) 2.7'[80 to +17
q(t i(t)
0 02 04 06 0.8 1.0 0 2 40 60 80 100
t (us) 0 t (ns)

S. C. Curran and J. D. Craggs, Counting Tubes (Butreworth 1949)
F. Sauli, Principles of Operation of Multiwire Proportional and Drift Chambers (CERN 77-09)



