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08/09 afternoon (Orsay campus : b.100-A) (s, Ce *ro Ok 4¢
Interaction of particle with matter Ping or /OfU !
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18/09 morning ...

03/10 afternoon (Orsay campus : b.100-A)
Gaseous detectors

10/10 afternoon (Orsay campus : b.100-A)
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24/10 ... + choice of “mini-stage”

31/10 afternoon (Orsay campus : b.100-A)
Gaseous detectors (con't, if needed), calorimeters, magnets, trigger

After these lectures : writing test + oral exam (analysis of a detector paper)

Evaluation will be discussed/presented later in September.



_ Particle Data Group (tables, figures, etc.)
B|b||ography accessible from: http://pdg.lbl.gov

Claus Grupen, Particle Detectors (Cambridge University Press, 1996)

Robert S. Gilmore, Single particle detection and measurement (Taylor &
Francis, 1992)

Walter Blum and Luigi Rolandi, Particle detection with drift chambers
(Springer-Verlag, 1994)

Instrumentation in high energy physics (World Scientific, ed. F.Sauli, 1992)

Experimental techniques in high-energy nuclear and particle physics (World
Scientific, ed. Th.Ferbel, 1991)

Konrad Kleinknecht, Detectors for particle radiation (Cambridge Univ. Press,
1986)

W.R. Leo, Technigues for Nuclear and Particle Physics Experiments
(Springer, 1994)

Spark, streamer, proportional and drift chambers, Peter Rice-Evans (Richelieu
Press, 1974)

Review of Particle Physics (European Physical Journal, 2000)
Revue Nuclear Instruments and Methods
ATLAS TDR (from 1999 to 2003), ATLAS internal notes (http://www.cern.ch)

Resistive Gaseous Detectors, Designs, Performance, and Perspectives, 2018 ,
(Wiley-VCH) Marcello Abbrescia, Vladimir Peskov, and Paulo Fonte
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Electrons and ions mobility in gas
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Dependences of signal on geometry and applied voltage
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o-ray

Practical examples: applying our knowledge (finally!)

Few examples of gaseous detectors (including some information on
diffusion in gas):
MWPC, RPC, MSGC, GEM, Micromegas,
drift chambers, TPC, straw (pailles)

Conclusions
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Yg) During first lectures, we have seen that:

Summary on interactions

What a particles detector should do:
Measure of: E, p,,, (i.e. angular measurement), x, y, z, dE/dx, id. (mass), charge, time,...

Which particle would we see in our detectors: e, p, v, wr, K, proton, n, jets (at high energy), (v), a
(=He*), B~ (=e*)

Energy loss/interactions in matter:
for charged particles: ionisation, described by Bethe-Bloch formula ): 101 < By < 104

Remark : a m.i.p. particle looses ~2 MeV/(g/cm?)

radiation for e*" above E.2~ 660 MeV/(Z+1.2)
for u*- EX~ 7000 GeV/(Z+2.1)08

fory: photoelectric effect: E, < 1MeV

Compton diffusion: 10keV < E, 5 10 MeV

pair creation: 2m, S E
for hadrons, there is also strong interaction: o 20N, o,~35mh

Radiation i . : : : _ . T16A4g.cm %A
adiation interactions and multiple scattering are characterized by: Xy = Z(Z+1) In(287 /v Z)
strong interaction by: A, = 35(g.cm?)AY3

(*) with some correction for e*/e



—-dE/dx (MeV g~ lcm?)
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“decrease”, classical
effect: as the particle speed
decreases it has more time
to ionise matter.

Large minimum
around Py ~3

Relativistic increase:
transverse electric field is
proportional to y ; when
energy increases, distant
collisions are more
probable.

“Plateau” : when impact
parameter is of the order
of atomic distances
polarisation effects (and
thus correction) are getting
more important.

Large dE/dx (3-ray): may
be considered as new
particle or simply dE/dx.



Interaction of y and electrons in matter
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Radiation length vs interaction length

At high energies (E>E,) radiation phenomena'’s could be describe by a coefficient of absorption : after
going through a certain amount of matter of thickness x, there is only eL initial particules remaining.
L is written X, EM process and A, for hadronic process. Unit is cm or g/cm?.

Remark : 4, > X, pour Z> 6.

L. and X, in cm Unit :
a 0 -2\ AL3
100 5 A, #35(g.cm™)A
1 Nl And N.A = p. N, so 4,/p in cm varies
] e ke AZ5
1 = \'\ }‘-.a .
I E . _ 716.4(g.cm?)A
: R * ° " Z(Z+1)In(287/Z)
3
2,
; " X{J A4 >X, for Z>6 thus for a given
s 1 material, electrons and photons are more
] m efficiently absorbed than hadrons.
u ||
For material above Z=50 :
A,>10 x X,
[:].1 LI LI L LI LI LI T T LI LI LI
0 10 20 30 40 50 60 70 8O 90 100 For lead : %, / X, ~ 0,12.Z43 ~ 30



EM shower versus Had. shower In air

Electromagnetic shower - Hadronic shower
E=300 GeV E=300 GeV A
[Low air quantity in
gquivalent X,...
v
10

Total amount of air at sea level ~23.X,



» L :
. N\\$0@ Implication : the hadronic showers
w
In an hadronic shower, there will be production of many =, K and neutrons. =° will give an EM
component (from 15 to 20% of initial E), some of the & et K at low energies will give — by decay -
i, v. Neutrons are difficult to detect (neutral, heavy part.) and will escape. This gives with
neutrino the invisible energy of the shower.

[<]
hadron KL—
—

— SE e 2

S — ) P Ty

Multiplicity varies with E o In(E) = f—

=> Quick development of the shower W | %

Oinel ® O'OAO'7 oy = 35mb % ~~~~~ W
~ independant of the energie above 1GeV \ S h

for p, m, K...

n(7z'o)¢=: In E(GeVv) 4.6
example 100 GeV: n(n%)~18

Remarq : energy profil deposition are different between EM and Had. showers : higher
multiplicity for hadronic interaction at the begining of the shower development.

secondaries : P; & 0.35 GeV/c
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How the hadronic shower is produced ?

Secondary particules production in hadronic showers are coming from “spallation” :

step |
: ionizatiorn :©  prirnary secondary

' 053

| interact:on Mteractions of
E the same kind
I
incident J
had'cn F—'l Illll‘_|_r||
=,
. -
Intranuclear cascade high energetic particles
within ore nucleus gre summMmarized N the

(Spallation) "Inter - Nuclear Cascade”

step 11 The highly excited nucler might:

either evaporate ar  uwndergo a
many particles fission process
-

RN
L !neunohs i o~ .

and -
: &
da . @ H
e
Ll
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Fig. 6. Step I: Development of an “internuclear cascade”.
From one nucleus an intranuclear cascade releases a few high
energetic spallation products, which are able to iniciate further

intranuclear cascade processes. Step I1: The highly excited
nuclei remaining from each intranuclear cascade deexcite. 12

H.Bruckmann et al., NIM-A263(1988) 136
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Electrons and ions drift in gas

First case:
A m.i.p particle. in 1 cm of gas (Ar) will
create ~30 e’/ions pairs.

V>0 Question: What is the mean energy
(anode) 1 required to create an e-/ion pair?
I (see PDG Booklet)

_ If we collect all these charges, we measure:
In general, primary electrons have enough V=nelC (—Q=C.V)

energy to locally ionise the gas:

In total, ny=3x10 5% Nyimaire Assuming:
C =10pF, n = 30 => V~ p—volt (to small)

14



PDG booklet page on material properties

Page 317 of 2004 edition
Material 2 A (&, A} Nuclear * Nuclear® ok fdr| . Density Ligquad Refrac tive
calligian  mlerastian MeV {g__dl'rma]- beailing index n
kngth Ay lenglh A ofem? ({&/f] point al ({n— 1)x 1(F
cm
{Af'rmi} {gf'rmi} for gas) 1 atm(K) for gm)
H; gas 1 LOOTH 099212 433 508 (4.108) 612874 (731000) {0.0838)[0.0899] [134.2]
H; hoguid 1 1007 0.9422 43,3 S8 4.054 61.28 2 RAG (VTR 2034 1.112
Dz i 201410 0. 4152 457 5.7 (2052) 1224 T 0. 169[0.178) 2365 1.128 [134]
He 2 A (02 . 49468 A4 4 fif. 1 [] 237 4,32 15h6 ﬁl.]i!l'l'ilFl.] T-Hﬁ] 4.2 1.0°4 [.':'r'l .'il]
Li 4 fi.841 4321 LER T34 1.634 R T6 154 (1544
B 1 8012182 {1.44384 5h8 1h2 1.504 G518 3524 1.844
L 6 12011 (. 49454 6il). 2 H6.4 1.745 420 188 2.5
Mz ) 1400574 0. 41476 hil.4 e [1 A25) a7 K 47.1 ﬁl.-ﬁﬂfﬂ[] .';!-tlﬂ] 7108 1.2 ['.ﬁl-H]
L7 A 1590404 . 502 3.2 #1.0 (1801) 343 30.0 1.141[1.428]  90.18 1.22 [24)
Fz 9l 1890840582  0.47372 55 5.4 (1675) 3288  21.85 LAOT[1.606]) 8524 [1905]
Me 1 201797 (1. 48555 fifi. 1 .6 [] aJ4) 28.HH 24.0 1 .'i!:l-‘lFl.'illilﬂ-tl] . 1.(HR [ﬁ?]]
Al 13 26981554 (.48181 706 10065.4 1.615 24.01 2.4 2.70
S 14 280855 (. 49844 706 105.1) 1.664 21.8 .34 2.4 .85
Ar 1 SiL 048 (1. 45054 76.4 117.2 [1.51%) 19.5 1400 1.306[1.782] A7.28 1,233 [284]
Ti 22 A7.867 (. 45148 I 124.4 1.476 16.17 454 4.54
Fe 6 55.845 ). 46554 HLA 1314 1.451 15.584 1.76 1.47
Cu ! fid. hdh 1. 456346 Bh6 134.9 1.403 12.86 1.43 B0
(e 32 T2.61 {.4407 1 Hed 140.5 1.471 12.25 2.30 ha2a
Sn A 1187140 42120 1002 164 1.4 b 1.21 7.41
Xe Mo 131 0.41130 1028 164 [1.:255] B8 2.87 28540858 165.1 [701)
L 1 18384 A28 110.3 185 1.145 6. 76 (.45 18.3
Pt T8 19504 (a4 1133 18607 1,124 6. (. 305 2145
Pk a2 MT.2 (LaghTh 1162 184 1.123 .37 (.54 1135
1 92 2380289 (La86h1 1170 184 1.(82 6.0 =), 32 = 18.95
Adr, (2070, 1 atm.), [STP) (49409 G20 () (1815)  36.66 [#0e2] (1.205)[1.24851) 788 (274) [2h]
H (3 (.55504 fil). 1 3.6 1461 46.08 361 1.(K) ara.15 134



Mean energy for e-/ion pair production

dE
— Ax
My = AL dx
fore
W W

i i

Niotal = 3...4- ”prmrmj_v

60

# of primary pairsin 5g
some common gas

(and W) 40

Z

mean Z
( ) 20

20

(Lohse and Witzeling,
Instrumentation In High

Energy Physics, World 10
Scientific,1992)

Total number of electron/ion pairs

W, = energy needed for one pair

] I 1 |
i
. Xe
22
L W (eV) ]
BF,
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iE—Ne Ai
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a7 CH,
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Remark on e-/ion pair production and on energy resolution

Different ways to produce pairs (p= incident particle):

Excitation: X+p — X*+p then X* — X*+e-
lonisation: X+p — X++p+te-
Penning effect: Ne*+Ar — Ne+Ar*+e-

direct desexcitation 1s “very low” and
happen through collision with Ar.

Resolution on energy will be (mean value): R=2.35 /_F'Wi
with: AE

F = Fano factor ; F<1 due to non independent ionisations
AE = energy deposited
2.35 = 2\/2\/1112 (FWHM coef.) Increase the Tesolutjop)

Depending of the gas, we measure F from 0.15 to 0.4 (constant changing
with material): Ar (0.2) ; Ar+5%Xe (0.14); Ar+5%Kr (0.37), etc.

17



Development of signal in a ionisation chamber

Fig. 2.1. Parallel-plate ionization chamber (schematic).

{2

lonizing

particle

—

cathode r-Uo
i
d
trt—t —F — - —— —e

2o ! .

L
anode Ap—e
R \J

V=ne/C («Q=C\V)

Fig. 2.2. Time development of a voltage pulse AU(z) from :
ionization chamber for resistance R = oc.

f —

T AU

N=number of charges created
C=capacity (hyp. R=x)
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Development of signal in a ionisation chamber

Fig. 2.1. Parallel-plate ionization chamber (schematic).

|
z
cathode J— -Uo V=ne/lC (—Q=C.V)
1
ionizing d Fig. 2.2. Time development of a voltage pulse AU(z) from :
_______ bt —t — 4 — 4 m —— —- ionization chamber for resistance R = oc.
particle 2, l t
e h 4 ——g
L Al °
anode \J — I
R Nz,
C.d PR I -AU
_Ne l
In practice all these quantities will fluctuate C < >

and will depend on e-/ions drift velocity;
so will depend on gas properties, conditions
E or re, etc.), B, etc. N=number of charges created
(E, pressure, etc.) C=capacity (hyp. R=o0)
19




Development of signal in a ionisation chamber
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Electrons and 1ons mobility in gas

When created, electrons and ions will drift in the gas.
Drift velocity is very different for electrons w.r.t. ions since their masses are very
different. We define: v ... = u*".E

For ions:
Mean velocity is v* oc E/P

with: E = electric field and P = gas pressure.

For ions, mobility is u* (=v*/E, by definition) and is ~ constant since ions do not
Increase their energy between two collisions.

For electrons: —

E
v- = (e/2m).E.T (Townsend)
: . .. o O O
with: T = mean time between two collisions
v~ goes up to few 10 cm/s e-—g\%\yﬁ
O
o0 ©

But o, so 1, varies rapidly with E for electrons

(in particular when A ~ A¢ somique: RAMsauer effect)
(Often) drift velocity of e- increases rapidly for low field, and then saturate. This is
interesting for application in drift chambers.



Mobility of ions In some gas mixture

Mobility ;i

Gas lon (cm*/V's)
He He™ 10.2

Ar Ar” 1.7
H,0 H,O* 0.7
[50-C,Hq (OCH,),CH} 0.55
(OCH;)>CH, (OCH,),CH7 0.26

Ar IsoC4HT, 1.56
Iso-C4H,, IsoC4H7, 0.61

Ar CH; .87
CH, CH; 2.6

Ar CO; 1.72
CO, CO3} 1.09

ut = Vv*/E (by definition)

Unit:
Vv*/E (cm/s)/(V/cm)

If E=1000 V/cm so
ut=1,72 cm?/V.s
l.e. 1,72 cm/ms

10NS
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Mobility of electrons in some gas mixture : Garfield simulation

Drift velocity of ionisation e-

vy lem /usec]

Ar 'q:%' A m 7 ,7 (i“m

i
7 B9 2

o E-

ii||||| b
2 3 4 58788 4 2 3 4 5

‘GE’L UDISIBA PIRDD YIM 01 /90701 WO 9E°GZ L 10 PAIeId

About ~1000 times
speed of ions
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G = Cross section
107" —

Mobility of electrons in gas

LINLILE| |

%)

LI i

- g {cm

107" CH,

TTT]

LI

Rapid variation
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0.001 0.01 0.1 1 10
.. [eV]
A = fraction of energy loss / collision
10_1 [ T T T 1] T LI T T T T TT1]
N ]
0 E
i CH, ]
107 E
10-* ; é
~2M/Mpyy. ’: Ar i ]
10-5 et vl paal 0o
0.001 0.01 0.1 1 10
.. [eV]
(CH, polyatomique gas)

r~ of o= Ramsauer effect

Normal condition of T and P

1 T T
12
10
8
6
1 O
-
L
2
¥ L i |
0 1 2 3
E (kV/cm)
tatoei vz = €E_ 2 3
' ° mNo\2



Qutline:

Lecture #4
Gaseous detectors

lonisation in gas

Electrons and ions mobility in gas

Pure gas and gas mixture properties

Dependences of signal on geometry and applied voltage
Proportional, streamer and Geiger-Muller modes
Quencher / gain variation

o-ray

Practical examples: applying our knowledge!

Few examples of gaseous detectors (including some information on
diffusion in gas):
MWPC, RPC, MSGC, GEM, Micromegas,
drift chambers, TPC, straw (pailles)

conclusion

26



“Attachment time” of electrons in gas Or hoy,

. . . . I
Coefficient, number of collisions, Clectrop nbe £ "8 can gy
and average time for electron attachment reemg as. ..
in several gases under normal conditions!?>!€521)
Gas h N t
(sec™!) (sec)

0, |[6.2 x107% 2.2 x 10*![0.71 x 1073
0 Z:5 » 1077 { 2.1 = 10** |1.80 = 1977
H,O | 2.5 x107° 2.8 x 10'*|1.4 x 1077
C2 4.8 x 107" [ 4.5 x 10*! (4.7 x 10”°

“Attachment time” t is: t = (hN)!
avec . h = attachment probability (~0 for noble gas and for hydrogen)
N = # of collision per unit of time

Num. application: in oxygen and resp. in water, mean “attachment time” is only of the order of
190 ns and resp. 140 ns! In CO, it is of the order of milli-sec.

Other gas: 1% of air in Argon will remove 1/3 of electrons per cm of drift (at E=500 V/cm).
(remember ~1cm per us)




Some gas properties

Table 4. Properties of gases at normal conditions: density p,ominimal energy for excitation Iy, minimal energy for ionization E;,
mean effective ionization potential per atomic electron ly - 1/ 7, energy loss Wi per ion pair produced, minimal energy loss
(dE/dx)y, total number of fon pairs np and number of primary ions n, per centimetre of path for minimum ionizing particles

[SA 77]

P Frex
Gas Z A (g/cm") (¢V)
H, 2 2 838 x 10 ° 10.8
He 2 4 1.66 x 10 * 19.8
N, 14 28 .17 % 10 8.1
0, 16 32 133 x 10 * 7.9
Ne 10 20.2 8.39 % 10 * 16.6
Ar 18 39.9 1.66 x 10 1.6
Kr 36 83.8 3.49 x 10 ° 10.0
Xe 54 131.3 5.49 x 10 ° 8.4
CO, 22 44 1.86 % 10 5.2
CH,4 10 16 6.70 x 10 °
CiHio 34 58 3

2.42 x 10

|
|
i
]
3

1

p(gaz) ~ p(solid/liquid)/1000

L I

(eV) (eV)
15.9 15.4
24.5 24.6
16.7 15.5
12.8 2.2
215 21.6
15.7 15.8
13.9 14.0
121 2101
13.7 13.7
15.2 3.1

10.8

C@EAY),

W, (MeV/ np ny
(e V) gem’ ) (keV/cm) (cm)”I (cm)'l
37 4.03 0.34 5.2 9.2
41 1.94 0.32 5.9 7.8
1S 1.68 1.96 10 56
3 .69 2.26 22 73
36 1.68 1.41 12 39
26 1.47 2.44 294 94
24 1.32 4.60 22 192
22 1.23 6.76 44 307
33 1.62 3.01 34 91
28 2.21 |.48 16 53
23 1.86 4.50 46 195

n, IS used for efficiency calculation
n; is used for signal calculation

NS

x2 a x5
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Energy needed for creating and electron-ion pair

Table 1.3. Energy W spent, on the average, for the creation of one ionization electron in various
gases and gas mixtures [CHR 71]; W, and W) are from mcasurements using a or f sources,
respectively. The lowest 10nization potential is also indicated

Gas W, (eV) W (eV) I (V) Gas mixture® W, (eV)
H, 364 36.3 1543 Ar (96.5%) + C,Hg (3.5%) 244
He 46.0 42.3 24.58 Ar (99.6%) + C, H, (0.4%) 204
Ne 36.6 36.4 21.56 Ar (97%) + CH, (3%) 26.0
Ar 26.4 26.3 15.76 Ar (98%) + C5H, (2%) 23.5
Kr 24.0 24.05 14.00 Ar (99.9%) + CgHg (0.1%) 224
Xe 21.7 21.9 12.13 Ar (98.8%) + C3Hg (1.2%) 23.8
CO, 34.3 32.8 13.81 Kr (99.5%)+ C,Hg-2 (0.5%) 22.5
CH, 29.1 27.1 12.99 Kr (93.2%)+ C,H, (6.8%) 23.2
C,Hq 26.6 244 11.65 Kr(99%) + C3;Hg (1%) 22.8
C,H, 27.5 25.8 11.40

Air 35.0 33.8 12.15

H,O 30.5 29.9 12.60

* The quoted concentration is the one that gave the smallest W.



Application

How many primary and secondary pairs will be created for a m.i.p. particle
In a mixture of Ar:Butane = 70:30 at normal condition (NTP) ?

Gas Z A

H, 2 2
He 2 4
N, 14 28
0, 16 32
Ne 10 20.2
) 18 39.9
Kr 36 83.8
Xe 54 131.3
O, 22 44
CH, 10 16
34 58

n ["‘cx l"‘f [l)

(g/cm") (V) (eV) (V)
8.38 x 10 ° 10.8 15.9 15.4
1.66 x 10 * 19.8 24.5 24.6
117 %10 7 8.1 16.7 15.5
1.33 x 10 * 7.9 12.8 12.2
8.39 x 10 * 16.6 21.5 21.6
1.66 x 10 * 1.6 15.7 15.8
3.49 x 10 10.0 13.9 14.0
549 x 10} 8.4 12.1 210
186 x 10 ° 5.2 13.7 13.7
6.70 % 10 * 15.2 13,1
2.42 % 10 ° 10.6 10.8

N ((”':/,d-",)ﬂv o

W, (MeV/ My ny
(eV) gem ) (keV/em) (cm)“l (cm)~
37 4.03 0.34 5.2 9.2
41 1.94 0.32 5.9 7.8
35 1.68 1.96 10 56
KB 1.69 2.26 22 73
36 I.68 1.41 12 39
26 1.47 2.44 29.4 94
24 1.32 4.60 22 192
22 1.23 6.76 44 307
33 1.62 3.01 34 91
28 2.21 1.48 16 53
23 1.86 4.50 46 195
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Application

How many primary and secondary pairs will be created for a m.i.p. particle
in a Ar:Butane mixture 70:30, at normal condition (NTP) ?

7 (d I:‘/d.\'r)(_, o

P K., L Iy W, (MeV/ Hy nr
Gas Z A (g/cm"’) (eV) (eV) (¢V) (V) gcm"‘z) (keV/em) (cm)“I (cm)_I
H, 2 2 8.38 x 10 ° 10.8 15.9 15.4 37 4.03 0.34 5.2 9.2
He 2 4 1.66 x 10 * 19.8 24.5 24.6 41 1.94 0.32 5.9 7.8
N, 14 28 117 % 10 ° 8.1 16,7 15.5 15 1.68 1.96 10 56
0, 16 32 1.33 x 10 ° 7.9 12.8 12.2 31 1.69 2.26 22 73
Ne 10 20.2 8.39 x 10 * 16.6 21.5 21.6 36 1.68 1.41 12 39
) 18 39.9 1.66 x 10 1.6 15.7 15.% 26 1.47 2.44 29.4 94
Kr 36 83.8 3.49 x 10 10.0 13.9 14.0 24 1.32 4.60 22 192
Xe 54 131.3 549 x 10 ° 8.4 12.1 2401 22 1.23 6.76 44 307
CO, 22 44 1.86 % 10 5.2 13.7 13.7 33 1.62 3.01 34 91
CH, 10 16 6.70 % 10 * 15.2 13.1 28 2.21 .48 16 53
34 58 2.42 x 10 ° 10.6 10.8 23 1.86 4.50 46 195
W, (Ar)= 26 eV dE/dx (Ar)= 2.44 keV/cm n,(Ar)=29.4 /cm
W, (C,Hyp)= 23 eV dE/dx (C,H,)= 4.50 keV/cm n,(C4Hy0)= 46 /cm

So for this mixture, we have:

Ny = (2440/26)*0.7+(4500/23)*0.3 = 124 pairs/cm
n, = 29.4x0.7+ 46x0.3 = 34 pairs/cm

I.e. a distance ~300um between each primary pair (and a factor ~3,5 from ny to n) 31
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(E=U/d)

Signal for different practical configurations

Different cases should be considered in order to understand where the signal comes from.
It will depend on:

chaml_)er_geor_netry _ k cathode _U,
electric field intensity J"T
(front-end electronic) ionizing d
particle 2, T *[ T
, L : T Al
1'St case: chamber with // plates AND NO amplification anode N
R
Signal comes from variation of electrostatic energy stored i
in the capacitor:
Alzcu?)+ j " NgE.dz = 0 = CU AU = —NgE.Az
Thus for electrons : AU~ =—Nez,/Cd and for ions :AU™ = —Ne(d — z,)/Cd
Z
Drift time is: At = j— = At =2
VD

It is ~10us for electrons and ~6ms for ions in 5cm of Argon, E=500 V/cm
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Case of a cylinder geometry with amplification

3"d case:
(high E field) : proportional chamber

Typical example

b=10 mm, a(anode=wire)=10um
~ Above some threshold E, each e-

z A A snold
g E accelerate and will ionise the gas.
e
gas cathode §° E(r) = U,
E rin(r, /r
Elhrcshuldv ( b/ a)
1/r We could have up to :
>104V/cm, in methane (CH,)
>
a r
Avalanche appears in last tenth of microns (typically A, ~r,) 2

(tigs ~Msett,.~ns)



3"d case: High E field: avalanche on -anode- wire

« It 1s almost mandatory to “multiply” electrons obtained from first ionisation
(from ~10 to ~100)

e These electrons will drift to wire thanks to electric field

* Close to central wire (~few times wire radius) they “fill” an important
acceleration,

The electrons energy increases = ionisation by collision amplifying the
phenomena

(timescale of the amplification: few ns)

@+ ji.;_ (F. Sauli, CERN 77-09)

AN
zoom on central
-anode- wire——

35



3"d case: High E field: avalanche on -anode- wire

« It is almost mandatory to “multiply” electrons obtained from first ionisation
(from ~10 to ~100)

 These electrons will drift to wire thanks to electric field

* Close to central wire (~few times wire radius) they “fill” an important
acceleration,

The electrons energy increases = ionisation by collision amplifying the
phenomena

(timescale of the amplification: few ns)

@+ ji.;_ (F. Sauli, CERN 77-09)
zoom on central
-anode- wire——

risk of uncontrolled amplification...
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Charge multiplication: Townsend coefficients

When increasing E, an electron will create an “new” electrons:

n=nye™ N or n=nye*" ) a=first Townsend coefficient
(varies with E, i1.e. with r)

o= L with A=mean free path of electrons

Valid when the applied

I
_ n | . _ 1., CV, | voltage is “above” the
since a=cte > A = —=Xp _[Of(*’ )dr Gain A = ke proportional zone: A
M a varies like exp.(Vanode)-

= o should be measured for all gas (modelling by Rose and Korff).
Above a gain of the order of ~108, there is a spark (this is the Raether limit).

= \oltage where the avalanche starts depend on gas (mixture) and is of the
order of ~10% V/cm.atm (oc E/p -pressure p-)

= There is a 2" Townsend coefficient y, describing the influence of created
photons during the avalanche, on the amplification.

Thus: A — A =A/(1-Ay). When y < 1/A we are in the limited proportional .
region. Above there is spark region (Geiger-Muller).
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Mumber of ions collerted

Working condition of a proportional counter

1012

108

10

0%

102

N,

Fecombinagtion

before colfection

(streamer mode )
Regron of himited
LroporTionaity

|
Tonization Proportionol |
I_'m omber covarer !
) H i
I i oI
o

[

I
|
'
|
|
|
I

R S g A GRS S G Y — —

I Geiger- Miller

| counter I

Discharge
ragion

250
V'I"

500
Voltoge, volts

750 10C0

I: too small voltage: recombination of pairs.

[1: ionisation chamber. Charge collection
without amplification.

I11a: proportional mode. Signal is amplified
and proportional to deposit ionisation. Gain
goes from 104 to 10°. Gain ~ expon. with

anode voltage.

[11b: streamer mode. Secondary avalanches
induced by first -principal- avalanche. Large
quenching needed or pulsed HV.

Gain of the order of ~10%°,

IV: Geiger-Miiller mode. Avalanche in the
whole detector.
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Geiger-Muller principle

A A i A S g A it Cathode

Anode wire

UV photon

Individual
avalanches

77777 S S S S S S S S S SS7 Cathode

Figure 7-1 The mechanism by which additional avalanches are triggered in a Geiger
discharge.

UV photons coming from first avalanche could also eject electrons (photo-

electric effect) which will also induce a new avalanche. 10



Avalanche In streamer mode

Horizontal Zons
"i'erlh:ul ln:-nlc lﬂ-l"'n"squ-tt

- Hnrizﬁnul -ﬂl.e !ﬂn-ﬂlqua"
'\-'rrtleal ke 20OmV/isg .
. va e

l-luuml::nl mlt Innl-'m-r\c
Vertical scale Mm‘W’sqn-r:

: | :
,l .. H
i i
i :
e e - i
: i

- _|.-
Heorlz N 20 are

Vestical ccale Sl)ru‘l".-"aqu-r-

e

R. Cardarelli, V. Makeev,

R.

Santonico, Nucl. Instr. and Meth. A382(1996)470

NORMAL AVALANCHE

STREAMER
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Avalanche simulation

wire

Anode =) ﬂk
it ¥ K‘”ﬁ?i;m??‘ﬁ‘w;’

Fig. 5 Two dimensional display of a simulated
drift process of one electron from
starting point to anode wire surface.

Anode
wire

—

Fig. 7 Two dimensional displays of a simulated
electron avalanche. Shading shows the
density of electrons in the avalanche.

Fig. 6 Two dimensional display of a simulated
electron avalanche.

42
(Townsend avalanche)



Qutline:

Lecture #4
Gaseous detectors

lonisation in gas

Electrons and ions mobility in gas

Pure gas and gas mixture properties

Dependences of signal on geometry and applied voltage
Proportional, streamer and Geiger-Muller modes
Quencher / gain variation

o-ray

Practical examples: applying our knowledge!

Few examples of gaseous detectors (including some information on
diffusion in gas):
MWPC, RPC, MSGC, GEM, Micromegas,
drift chambers, TPC, straw (pailles)

conclusion

43



Quencher gas

Polyatomic gas (with some vibration et rotation modes) where the
energy coming from UV photons could be absorbed by collision or
dissociation.

Some quencher gas often used: methane CH,, isobutane C,H,,,
ethanol, CO, (sometimes water...)

Many mixtures tested...

(some) “Magic gas™ : 70% A, isobutane 29.6%, Freon 0.4% .
High gains possible.
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Problems induced by quencher gas

Fig.4.31. Deposits on anode wires: (a) — Ar+CoHg; (b) — Ar+ C,Hg + methylal; (c) — Ar+ CO2

(d) — perspex chamber; (e, f) — chambers with G10 fiber-glass and a cold trap (Adam 1983)

Quencher debris (polyatomic gas)
could deposit and polymerise on
the wire.

In general debris isolate. At the
end, they could modify the
functioning of the detector
(modify working conditions, or
sparks and large charge deposit).
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1 mm ———vtow
for 10keV o-ray

}

100 pm —— 107

Fig. 5 Range of electrons in argon, at normal
conditions as a function of energy, de-
duced from measurement in light materials

Range of electrons (d-ray) In gas

Argon
' N

| olm

For E < few 100 keV, range R

of ejected electrons could be
parameterised by:

R,~0.71EL72 (E in MeV)

and Rp ~ Reethe-locn / (2 10 3)
because of fluctuation...

The angular emission of 5-ray of
energy E is:
cos?(0) =E/E, <« 1

/

valid since 47



Up to now, what do we learned?

Electrons drift ~100 to ~1000 faster than ions. Drift time of electrons is ~5 cm/us

Noble gas do not “attach” e- but to a certain extend, O, and H,O could be considered as
unwanted component

At high E field, electrons induce an avalanche when E field is high enough. Signal may
come from e- or ions depending of the geometry and the field.

An ionisation chamber goes through a proportional mode, a streamer mode then a Geiger-
Muller mode (when increasing high voltage).

Quencher gas is used to avoid avalanche to become sparks (like in G-M mode).
There exist also other “tricks” (see application).

We will also see that transverse diffusion of electrons is about ~1cm/m (a magnetic field B // E
decrease the transverse diffusion)

etc, etc...

We still have to see practical applications to this “theory”!!

48



Gain variation with some parameters

Gain (amplification) of the gaseous detector will depend on:

« Component stability (in %), applied voltage, temperature

» Anode wire centering -positioning- in the detector (cylinder, w.r.t. to other wires),
wire diameter variations, pitch variations (if several wires like for MWPC)

« Drift of (slow) ions which may induce a space charge effect. Also if large
amplification, we may have a large space charge effect (from electron)

« anode and cathode surface deterioration (deposit of debris, sparks...): “aging”
» fluctuations of initial charge creation
etc.

Remark: gain will drop close to the end-plug (where the wire is attached: crimped, glued...)
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All this can be parameterised and measured

T T T T T T T 1] T I
2D j2€
o, = £y = £€K
2% |G| — X '\/w_ eE -
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1o'— -
E - -
© - g
€ = o
o - =
T
2 = Exp CHy —
- /
E L //
= = s 25% isobutane ]
= 75% argon (theory)
b
ExpCaHz
Lower limit
from temperature —~—— Exp CyHg
5 (KT =2.,5x102) T T e e e
|02 = Pure isobutane (theory)__|
: xp. €O, _|
— -4
1 i 1 1
100 500 1000 2000
E(V/ecm, ot loim)
Fig. 35 Computed and experimental dependence of

the standard deviation of electron dif-

fusion from the electric field for 1 cm

drift, in several gases at normal condi-
tions?25

W or Wy [em/scc ]

Fig.

Order of magnitude: drift over Im = o ~1 cm

10°

teristic energy for argon2§)

Drift velocity: few cm/us
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F — == T77°K —
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Detection (in)efficiency: importance of ions space charge

efficiency

2 ? 2

— 10 particles/mm /sec
4 : 2

—— |0 particles/mm /sec

4 2
—e 2xI0 particles/mm /sec
| | 1

3.4 3.8 4.2
high voltage (kV)

One could have a
~100% efficiency.

But at high flux, ions
could not escape
between collisions
(on an accelerator).

o1
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Multi-Wire Proportional Chamber (MWPC) G.Charpak

cathode

F.Sauli

TTT T

Typical values:

L=8 mm, d=2 mm,

Wire diameters: 20-30 um
In general, L/d ~ 3-4

Spatial resolution :
o = d/N12 =~ 600um
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Several measurements with one detector

Simple solution:
two planes of crossing wires (90°). Because of
ambiguities only possible if the multiplicity is not to

VT v : . :
high (otherwise combinatory problems)
* - v Also: wires with small stereo angles (or U, V, Z
planes, etc.)
i - _||'.r"'_
One may also use the time resolution.

e.g.: ITC of ALEPH, resolution ~3 cm (100 ps)

Remark about wire saq:

2
x(L/2)=s, :%

with o=wire section (mm?), T=stretching (kg)

Tungsten: s,~300um
for L=5m and @=100um, T=350g

Deformation (1) if: T./o > 200 to 400 kg/mm? for W>*



Other possible solution

/ L 4_247 8T T
= A=

L7/L ="

/M/WM
PO

One divide cathode planes in strips, each, readout individually
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Resistive Plate Chamber (RPC)

spacer

10 kV \\\\
_— bakelite
){/// (melamine
phenolic laminate)
pickup strips
Gas: C,F,H,, (C,F,H) + few % isobutane
15 kV -

NO more WIres (pillars to
maintain space)

Timing resolution varies
from 1 to 2 ns. Why?

Could be improved by
Inserting several slices.
Careful running

conditions since it iIs
close to streamer mode.
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Physics behind their operation

H
Avalanche touching the l /

/ resistive anode of the RPC |
d Cb %b

RPC anode

Low resistivity coating An area on the resistive anode

for the HV feeding affected by the charging up effect
Gy df1 § 8 d
T = 2R, (? + Cg) = thg EEQEFE + Eng = ppEg | €, F 2§ omm‘l"m
W
use‘i\)\&ot
we
cov®
o7

V.Peskov et al., Resistive gaseous detector (ed. Wiley-VCH)



Micro-Strip Gaz Chamber (MSGC)

Considered by CMS experiment, drift electrode (c2. -3.5 kV)
but aging problems...(replace by Si)
gas volume _
AI’:DME 5050 80 1m 10 wm 100 um ™
: Gold strips —~—— = == < v
Resolution ~30 to 40um + Cr underlayer C(700V) A R
: L L 2
Gain <10000 backplane \

. Glass DESAG AF45 + S8900
Field geometry semiconducting glass coating,
/ p=10" /0O

g

;

o ]

Fast ion evacuation — high rate capability

= ~ 108 /(mm?Z-s)



Micro-Strip Gaz Chamber (MSGC)

! ain-effic ch prob
£ iaaa
Considered by CMS experiment, 2 f =z r,r:«l-n- 5
but aging problems...(replace by Si) > 8 e k oy :
5 80 i T B 1 19
= LR x | ?
L 5 EFFICIENCY Fogh:
MSGC DISCHARGE PROBLEMS: 60 - 5 P4 ﬂl fi
. B “GAIN! !
o e
o L e A T TR e i LA J10°
i L } s ]
; | piscHARGE
| PR.OBABILlTY 1
| / ONEXPOSURETO |1
R o PARTICLES
.AZ ! i
il Y 10°
600

TR e P———— LRI
————— e e T PR

50, 700

Anode Voltage (V)
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Signal zone (drift zone) Gaz Electron Multiplier (GEM)
and amplification zone

are Separated | IM A 296 (1997) 50)

e S - Y ot N <a
e TN caimine BN antiine BN atiin

-
50— 120 pm Kapton = isolant
S50 wm Kapton

B2 2518 pum Copper

Limitations:
shorts in one “hole”
Micro photo of a GEM foil => short on the full area

e .- i i Gain limitation?
amplification gap of ~ 2mm => signal width ~20ns
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Gaz Electron Multiplier (GEM)

THE DISCHARGE VOLTAGE (MAXIMUM GAIN)

INCREASES IN CASCADED MULTI-MPGD

-HV

é

DRIFT | —

TRIPLE GEM:

DRIFT o

GEM 1 RS REOREEEN
ET1 TRANSFER 1
GEM 2 - X S X 2 XX 2 KRR J X
ET2 TRANSFER 2
GEM 2 — s eESeESsES=s

INDUCTION

READOUT

DISCHARGE
PROBABILITY VS GAIN:

S. Bachmann et al, NIMA479(2002)294

Effective Gain

(multi-stage)
Construction complexity?

5-D-T GEM equvoli-gain

1[}5 i I I ['f'.i:!.'\-' EP.TAL

| ! | GOD 28100

Ar-C0,70-30 | _aTriple GEM '
o — T e R
][)3 I < ................. . .................................................. . ..................................
Single GEM
10360 380 400 420 440 460 480 500 520
AV ey (V)

Disch S-0-TGEM

-

-

=
&

[ %)
-
[=]
[

Q~ 4106 i

Q ~ 8 108

Triple GEM

Discharge probability
(7]
=

Double GEM

P |
§ HHE |

! H
J' ] +

Single GEM

0
10%

10* 10°

Effective Gain

3
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COMPUTED FIELD NEAR THE CATHODE RIMS IN GEM

Ve~ 375V V=V=3.5 kV/em

Filippo Resnati, Personal communication today

160 kViem

Surface: Electric field nor

00 kVicm

WAITING FOR A DEDICATED FULL GAIN CALCULATION “A LA MSGC”

(k\femn) Streamline: Electric field
Streamline: Electric figld Contour: Electric potential (V)

250

200

150

100

FIELD EMISSION

AND/OR
IONIZATION

Streamline: Electric

o

e

field ¥

ne: Electric field Contour: Elect
T Firgt |

ric potential (W)

-350
-370
-390
-410
430
-450
-470
-490
-510
-530
-550
-570
-590
-610
-630
-650
-670
-690
=710
-730
=750



MicroM €gas |.Giomataris, G.Charpak, Ph.Rebourgeard et al.

Drift Electrode

Micromesh

— == 50-100 pm
. — Eap
Readout Strips e- trajectory in the amplification zone.
Quartz Fibre Spacers . .

l ’ e- are scattered, so ions will be catch by
the grid -micromesh- (they go back).
lons disappeared in about ~100ns

Field line

~1kV/cm

~few 10kV/cm
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Microme as: schéma e 7onctionnemen =
(CEroegss: schema de fonctionn |\/||Cr0|\/|egas |.Giomataris, G.Charpak, Ph.Rebourgeard et al.

Particule chargée
Milieu physique de détection:
mélange gazeux (Ar + 10% CO2)

Cathode

-

— électrons primaires

1 kVicm
(qques cm)

/Micro—grille

50 kViem [Les piliers
(128 pm) définissent

I'espace
d'amplification |
de 100 ym
ceiWpum avatanche électrenique (signal)

———

Plan d'anodes

(mroite e- trajectory in the amplification zone.

e- are scattered, so ions will be catch by
the grid -micromesh- (they go back).
lons disappeared in about ~100ns

Field line

~few 10kV/cm
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— Wigrpmqggs: schéma de fonctionnement|

Drift gap of ~6mm => possibility to do a
micro-TPC track reconstruction
Charged particle

N\

Milieu physique de détection:

mélange ga ¥
ge gazeux (Ar + 10% CO2) Cathode

\/

po électrons primaires

1 kVicm
(qques cm
50 kV/em I Les piliers
(128 pm) |définissent
I'espace
Pillars d'amplification

128 pum high

Anode plane

Not shown : resistive strip (HV) + insulator layers on top of strips plane



1 kVicm
(qques cm)

-~ [Migromiegassischéma de fonctionnemen

Milieu physique de détection:
mélange gazeux (Ar + 10% C02)

|

50 kVicm ;LESPT
(128 pm) définissent
I'espace

|d"amplification
de 100 pm

MicroMegas

Particule chargée

Cathode

Signal Start Point

/,« Electron Peak End Point

- lon tail

Plan d'anodes
(micro-pistes)

L
T

&
F-9
|

o
1

Field line

Normalised Sampled Amplitude
T

https://indico.cern.ch/event/997477/ Th.Papaevangelou et al., 2021

-0.8— e-peak
~1kV/em i P
-1 F_ i lon Tail
I] |I 'l | 1 'l 1 L |. 'l " 'l A | L 'l L L Il 'l | 1 1
0 50 100 150 200 250
Electron Peak Time (ns)

~few 10kV/cm
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Micromegas (micro-) TPC mode

microns

! [um]
3

o Spatial Resolution (with correction) A

Spatial Resolution Weighted(with correction)

Spatial Resolution (no correction)

[8)]
o
o

Resolution

‘ Spatial Resolution Centroid(with correction) I I

i i i

! ! !

A i i
S YU A

Several strips hitted due to 400
transverse diffusion (depends
of strip width, etc.)

———————— o e T 300] e

CIUSTer 200 e ‘F

T T

III’

S_ignalonStripWith D||||||||i||||||||i||||||||i||||||||i||||
time has almost no 0 5 10 15 20 25 30 35 40 45
information Incident Angle []

(a.u.)

Track angle (deg.)

strip # \ )

|

angular range of the NSW

In MM gaz, ~1 ionization cluster each ~200 microns of track.



Micromegas (micro-) TPC mode

Time information

=> TPC mode needed

Cluster Last strip

First strip =gac
g 3
£ E2¢
w =T

— 5

Q ,F&Ly()\\ -

(a.u.) S "me " Stz \\
"4 KRN
strip #

In MM gaz, ~1 ionization cluster each ~200 microns of track.
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Gain calculation (correction parameters)

16.5F Argon CO,,

:} L
w
-

16 Ionisation :
> E— Neutral dissoc.

JHan o ——
145F 3p”3d and high

14— ——— I at;
313555 e onisation

13F _— Rydberg

12F ?sp545

Ir CO+O dissoc.

Ground state

4

* e

*

+* .

*

* .

*

[ ctpen (EG) dlr
G=e

Ar" +CO,—> Ar +CO," + e
Ar” 3p°3d (13.8 eV) and higher level

excitations can 1onise CO, (13.77 eV)

fe:cc
.. J Ar
—al|l+r, fm”

J mix

Townsend coefficients (o), production

O:Pen

frequencies of the 1onisations and
excitations calculated with Magboltz

Pen PEI]THI]Q transfer rate

+ Feedback correction for the over-exponential increases in gas gain

RDST Callahoration Meetine. 24— 27 Sentemhber 2018 CERN

€

= G/(1- BG)

total

4/19

0.Sahin



18/45 Standard Woven :

* Wire diameter 18 um
; » Edge to Edge 45 pm
* Axis to Axis 63 pm

RDs1 meen’ng 25 Sept 2018, CERN

e 10

- 10

13

Surface: Electric field (kV/cm)

um [
60 1 kV/cm
ol A 112
22 - 100
- 80
i 60
. 40
- 20
i 0

The wires hay

the maximum field is 112 kV/cm

the drift gap, amplification gap
are the same

Deb Sankar Bhattacharya



If you insist too much when using a not enough quenching gas...
(and a detector not clean !)




Drift chambers

Stop
Start

scintillator TDC

| — _V_—DELAY—I_
—

: One need an external time stamp
3 (trigger) taken as a reference for the
o E time measurement provided by the
drift anode drift chamber.

3 J Resolution:

from few tenth of um, knowing gas

« > properties: r-t relation
low field region high tield region (non linear effect like Ramsauer effect,
— Jrift —p 2QS ﬂn-lp]iﬁcmign electronics, diffusion -trajectory fluctuations-,
| ' ] Lorentz angle...)
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Useful parameters of drift chambers

* One need fewer wires:
— Cost
— Mechanical structure less constrained w.r.t. M.W.P.C.
— Good transverse resolution thanks to a good r-t relationship knowledge

 Large possible volumes

« But:
— They need an external trigger
— Electronic may be more complex than MWPC (which signal are we looking at?)
— Slow detectors (drift time up to few 100ns, even ~1ps)
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Diffusion and drift

* En ’absence de champ externe (E ou B), les €électrons diffusent sous I’effet
des collisions avec les atomes :

dN _ 1 o~ (ADN) D: diffusion coefficient encm?/sec
N ArDt
2 4
le s équivalent=o . (t)=~2Dt or D= oy () d_f\f h
| 2t N
o A&

X

—

Ordre de grandeur : dérive de Im = o ~1 cm

>

t

Il y a aussi une derive longitudinal, i.e. un étalement en temps 74



Diffusion and drift

T T T T ¥V T T 1] T T
2D 2€
o, = e = ___K
2x10' * \/:J— V' TeE =
\
10— ==
- —
= - ,
fras B A
= - K
€ -
— - -
T
-.2 s Exp.CHy —
= /
E ——— — ’/
P - - T - 75?,;’; isobutone
argon y
=
b \\
——— ExpCaHz
Lower |imit S
from umporo!!un — —— Exp CyHg
le __(KT’ 2.8x40°%) Pure isobutane (theory)__|
= Ex CO:__w
L I ] 1 PR . 5 vt 1 | 1 7
100 500 1000 2000
E{(v/cm, ot loim)
Fig. 35 Computed and experimental dependence of

the standard deviation of electron dif-

fusion from the electric field for 1 cm

drift, in several gases at normal condi-
tions25

Diffusion some gases log
T T T T

E

=

4]

e

C L e

o e L gttt

g A-CH 90-10

E 4

T

g \

3 o -_“"H...___‘.x CH4

W s o VR B ISRt

= "~..__‘_ \‘H

3 Thermal Limit~-~.._ DME
400 800 1200 1600 2000

E/P (Vicm Atm)

Order of magnitude of transverse diffusion:

driftover iIcm = o~0.1t00.01cm
SO:
driftoverde Im = o~ 1to 10 cm

Mean position value stays identical but

: ) 75
signal is smeared.



Diffusion and drift
when we have together a E and B fields

Longitudinal diffusion (in B field
direction) doesn’t change

Transverse diffusion ¢ (um) for a
drift of 15 cm in different
|| B Ar/CH, mixtures
2000 1 | T
b, (A. Clark et al.,
But in transverse plane, electrons el B PEP-4 proposal, 1976) -
are spinning -following- “around ol &
B field line .
msof- Y b Ar+ A G Emiey -
IR @ 40% CHy (E/PI-03
¥
=> diffusion coefficient is: """'; i 7
D _\\\“E‘.‘" |
Drmy=—20 AN
|+t~ ;&
500 W, —
coc/D . e
with w=eB/m cyclotron frequency =r e

u |

""-‘:.:-?-'-.--_‘
(this phenomena is used in TPC -Time Projection Chamber-)



Diffusion and drift g ol ot g
; geom n ing
when we have (a E and) B fields aHOdee;,?;eof the dete?ziil?e] 1
. . / . 5 C~ : - lie
=> Lorentz angle between E and drift velocity of e- directiop,  ~ = #iva ¢
A
~ - y
E1B
tano; =T =V (B/E) Vo . I
L = O = Vyifi.e. vV, M E
o,: Lorentz angle _ <)
. / E
eB
W = cyclotron frequency X

n

Typical angle ~30 degrees for B=1Tesla and E=0.5kV/cm in Ar:C,H,,:methylal (67:30:3)
Increase each electron trajectory length => At to be measure

Example for Atlas drift chambers: up to 20ns over ~700ns in total (Ar:CO, : 93:7, 3 bars)

As the gas is “faster” ¢ Increases (collisions -diffusion- are limiting this effect) 7



Drift chambers: different geometries

Ty sy Yy

Field Wire
Ground
Plates ® ® ®
?‘ Sense Wire

I-Beam for field shaping

A

®
AN Seanse Wire

A A A A A A Attt R A P 7P AP At B

Field Wire

sl U@ TR

-
---------------------------------------------- (1]

Sense Wire

10

-10

L
O I

LI B I L B g

+5 02 09 -16 -23 -30 kv

1 1. 1 't 1 i 1=

0O 10 20 30 40 50 60

[mm] [cm] 78



Example of a multipurpose detector on a collider: ATLAS at the LHC

oo
O

Muon system

p

Had. calorimeter (~11.1))

EM calorimeter (>20.X,)

L I gf

6pt.Si.and 30 pt. T

Internal det. (0.5 X,):
RT

vertex

—

! [

Feet of the experiment
(muon acceptance>95%)

Barrel part

External toroid magnet
(JBdl ~ 5T.m)

Magnet return yoke

1} b

Internal solenoid magnet
(IBdl ~ 2T.m)

end-cap part of

the detector 79



Drift chambers : ATLAS geometry

b=15 mm, a(anode=fil)=50um
L from2to6 m

cathode

muongs

gas

Ar:CO, 93:7
p = 3 bar => ~3x100 pairs/cm (Nyy)
V ~ 3000V (2.10°V/cm)

Gain: 2.10%

Max drift time of e- : 700ns, i.e. “slow” good for Lorentz angle limitation

v~3cm/us (=30um/ns)

Centring of wire < 100um all along the tube (20pum at the end-plug)

Threshold at the ~25t e- 80
c ~ 80 um/tube =>combining tubes of one chamber gives ~50um locally




Drift chambers : ATLAS geometry

b=15 mm, a(anode=fil)=50um

Lfrom2to6m
%
b 0
cathode S
gas g 2.5
50
_7_5 .
_10 _
125 |
s |
175 | M
0 100 200 300 400 500 600 700 800 900
Time (ns)

dE/dx(n) = 14 keV
I.e. several e- clusters

Arrival time fluctuation of each e-

cluster on the anode wire 81



T

gas cathode S

o~ 80 um/tube, and combining them by 2x3 or

2x4 tubes within a chamber: o ~ 60 pm locally s00 |

Also an angular measurement (vector) ~200 urad.

€(tube)~95% (half from tube wall, half track centred w.r.t. wire) 400 &

MDT are sensitive to
Lorentz angle (in B field),
up to 20ns delay over
680nS (not for CSC chambers).

-700 -600 -500 -400 -300 -200 -100
z (cm)



Events

Drift chambers : ATLAS geometry

300

250

200

150

50

[ 20 electrons
100

80 electrons

10% o1 |-

10 10°
Number of electrons

Mean # of e- from ionisation (<> ~ 400)

distance from wire (mm)

Inefficiency = f(radius)
close to tube walls, because of 5-ray!
Remark: bad resolution for tracks centred on the wi®#é



Example: Aleph TPC (gas: Ar/CH, 90/10)

TPC: example of dE/dx measurement

SECTORS
Nsamples: 338, Wire spacing 4 mm
dE/dx resolution: 5% for m.i.p.
ALEPH
= 87
S .
i -
g - L.
= i 3 1m
S 44
eV/(g/lem?) + ' 7 MRS
0 ! ! ! III/"I /' ! I."I"'-I ! !
10~ 1 1 10 log scale !
“ momentum (GeV)
g - Each track gives ~338
= ] / measurements for a given particle
§H 4 — © seen in the detector (Time Projection
g 4 Chamber —TPC-).
27 —— Limiting factor comes from
- fluctuation “Landau tails”.
i pP/K
0 L UL linear scale ! 84
0 5 10 15 20

momentum (GeV)



TPC: example of dE/dx measurement

LI . m
Slow detector: ~100us SECTORS 1-————__3 ,2 __

Space charge problem: between two “collisions” (bunch)
one activates an intermediate grid (at a given potential)
in order to avoid ions to drift back to the drift space.
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How does straw tubes work?

Example an LHC experiment:
>350000 straws of d=4mm, L_,,=150cm
Particle flux: 200 kHz/cm => occupancy ~ 25%

Gas with 3 components: 70%Xe+20%CF,+10%CO, (+=2%)
Xe for a good X-ray absorpticmA(ocZ~3 ; Z=54)

CF4 fast gas (+ plastic foils for trans. radiation) £2i12003 new gag) Aging
C02 as a quencher (auto-limited streamer mode, i.e. close to) 700/)?132()fconnexions.
oXe 0 .
dE/dXy, i, ~ 2 keV 7%C0,+3%0),

Lorentz angle ~ 30° (By,jenoige=2T)
Wire diameter 30um (gain limitation to 4.10%)
streamer fraction ~ 7 %o (if 5% more of Xe => streamer event fraction ~ 2%)
Temperature variation < 10 deg. (Ag/g<2%)
Wire centring < 200um
Anode HV: 1570 + 30 V (if higher streamer )
Maximum collection time ~40ns
Threshold for drift time measurement at 200 eV (i.e. 8000 e-) : ~150um < 8ns
Threshold of soft X-ray detection: 6.5 keV.
For £,=90% we get 8% of & => rejection > 10

etc, etc...
Heat produced ~400W. Cooling using CO,. Temp. <50° on electronics 86



0~1/y so ~ u-radian for ;
e of about 10 GeV.

Also Ny ~ 0,5% Z?
For each “radiator”.

Soft X-ray emission
associated of few keV.

(3) \ ‘ :
T Assembly of plastic foils (reinforced) and
. _m-f f"’j ) ,."' 5 straws of 5mm diameter
; 1.'% i g ) | //yf:.f{ ." o <
ST TR ; o
> N e S -
7 N |
AN rd
T QA - 87




Probability (10 keV'')

10

=i
o

=
o

'
L

9@3‘ Discriminating = / e thanks to Transition Radiation
W

A\

&

| 20-GeV electrons
i — beam-test data

X radiation

* Monte-Carlo simulation % s-electron
Without plastic k%
i foils energy loss @
&

Is almost the
same for & or
electrons.

Threshold

| 20-GeV pions —
| — beam-test data
A Monte-Carlo simulation

s e e T e T X-ray absorbed in ~1mm (if Argon gas)
Energy deposition (keV)

- 1 : M.L. Cerry et al.
= 0.3 - Phys. Rev. 10(1974)3594
:E 0_225 pions :
Em 1___0?;?_ electrons = . 1
0.05 1 5 Asking to keep 95% of e-

m‘______;___E}'___'_lgi.-.2:1.]'--'-?39—-—; ----- (the wanted signal) we get
- o S ' ~4% de 7 in the final sample.

T S S N L (L TN N N
Lot .i.i.i.i.iIi 88
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

ATL-CONF-2003-012 Electron efficiency



ATLAS Barrel Inner Detector
H—ZZ — p'pe'e (m, =130 GeV )

ECenter of mass:l4 TEV

I Ty S g s U FYR
We observe that: e K E T ISERSE
- - pa b

* ot of track (~2000), high ‘_
occupancy (for straw but not for i) & * .='x‘ e £ B
« curved tracks (B field # Q) -~
 e+/-, ut/- ~ straight track
« lot of hit on first 3 inner
layers and then less and less
« lot of aligned hit at large
radius

* red hits (?) at large radius
e

i l'\-illli..l".l N

I =
I o L DO
.~ \‘

Each blue/red point is a
single hit in the Atlas
Inner Detector

89



Conclusions

We have seen:
« Signal formation and detection (including fluctuations)
* \elocity(electrons) ~100 to ~1000x velocity(ions). Drift time of electrons is ~5 cm/us

« Working condition of a ionisation chamber goes from proportionnel mode, then
streamer mode, then Geiger-Muller mode (when increasing HV)

* quencher gas is used to avoid sparks (risk of deterioration for some detectors)
o.../... other effects .../...

« We (you!) have understood how work the following gaseous detector:
MWPC, drift chambers, RPC, MicroMegas (i.e. new detectors MPGD ), ...

» We are able to understand (!!!) :
TPC (e.g. DELPHI/ALEPH),
central tracker (e.g. ATLAS/CMS or others!)
muon system

etc, etc...
90



or atom / ﬂ

WV —
Lecture #4 o i g
or atom new partlcle or \ /
known
known _projectiles phenomena known final
(ex. QCD) P QI’OdUCt (detector!)
[ Sp— - \ — -
————— — — —
time evolution
Moral #1:

Discuss with specialists (physicists and engineers and technicians)
In order to understand a detector, and before starting a new one!!

Moral #2:
An experiment could be built only with an experienced team (with
know-how). Otherwise one may “re-invent the wheel”...

Moral #3:
There 1s no unique universal detector (unfortunately).
One need to test the detector (also simulate it) in real conditions in
order to understand/optimize the working conditions (prototype).

etc... o1



92



W

Signal collection: typical characteristics for different detectors

@ Table 28.1: Typical spatial and temporal resolutions of common detectors. Rewised
September 2003 by R. Kadel (LBNL}.

h B n

ey

Besolution Dead

Detector Type Accuracy (rms}  Time Time
Bubble chamber 10150 pm 1 ms M) ms?
Streamer chamber 300 pm 2 ps 100 ms
Proportional chamber 50-300 pmbcd 9 nsg 200 n=
Drift chamber H0-300 pm 2 ns* 100 ns
Scintillator — 100 ps/nf 10 ns
Emul=ion 1 pm — — From PDG.
Liqmd Argon Drift [Ref. 6] ~175450 pm ~ 200 ns  ~ 2 ps
sistive Plate chamber [Ref. =1 1-2 ne — . - e o
?,T’ “':I, ate chamber [Ref. 8] - {;’:“’T ) w signal is related to drift time of
meonEEp pitch/(3 to 7) charged carriers (deposit energy
Silicon pixel 2 pm’ h

Is almost instantaneous: ps in
liquid/ solid, ns in gas).

Multiple pulsing time.

300 pm is for 1 mm pitch. Choice of electronics also
Delay line cathode readout can give £150 pm parallel to anode wire. determine total collection time
wirespacing,/v/12. of signal.

For two chambers.
n = mdex of refraction.

The highest resolution (*77} is obtained for small-pitch detectors { <25 pm) with

pulse-height-weighted center finding,

Limited by the readout electronics [9]. (Time resolution of < 25 ns is planned for the

ATLAS 5CT.) 93

Analog readout of 34 pm pitch, monohthic pixel detectors.



ACTAR TPC Veresatile detection volume.
Choice of gas depend of nuclear

versatile instrumen ]
a versatile instrument for nuclear physics that you want to detect.

J. Giovinazzo - CENBG
and the ACTAR TPC collaboration

“{GENBG

> what is ACTAR TPC
> General design
> Characterization

> Status




—<
aclelgs

ACTAR TPC \eresatile detection volume.

a versatile instrument for nuclear physics

J. Giovinazzo - CENBG
and the ACTAR TPC collaboration

Choice of gas depend of nuclear
that you want to detect.

“{GENBG

> what is ACTAR TPC “reaction” chamber

128x128 pads collection plane

> General design large transverse tracks &,

> Characterization

> Status

image R. Raabe

“decay” chamber
256x64 pads collection plane
short transverse tracks, larger implantation depth

Elongated gas detection volumvith 2 readout
area (read from below)

\

TPC mode (i.e. elx with timing information)

image R. Raabe




ACTAR TPC design: amplification

detector scan with collimated X-ray source (*°Fe)

B effective calibration

- scan
- electronics chains gain
matching
effective calibration
- scan
- electronics chains gain
matching

Detector caracterization :
I.e. which gain (relatively or better absolutely)

How to do that ?




ACTAR TPC design: amplification GANIL scanning tabl

detector scan with collimated X-ray source (*°Fe) 30

222

oo

S

o

—_ 22(0) g

<2 co

£ g =

=

2 S 3

o m

e 10 °

o

216 -

effective calibration 0 ] .
- scan 40
- electronics chains | column number

matching |

Detector caracterization :
I.e. which gain (relatively or better absolutely)

How to do that ?







Micromegas 4 gaps chamber/module when finished

Vi3 poog L7a8

2.3x2.0~3 m?
(hxL)

4 gaps <=>5 panels



Micromegas detector design (physicist and engineer work)

Panels stacking
Exploded View

!

RO-Panels
Alignment Pin

=

|

-r\

h

!

!

i
-II— -

.

Cable tray
(services)
Gas gap frame |precise bars) ixation hole Mesh frame
/ \
Cooling channel New Aluminum / Ig‘;[;‘;a“'
(see talk by U.Landgraf) Frames for the _
Panels internal Drift Gap
Structure o
esh 0,040 mm
/l:hil:l-c i

0.128 mrm
t

RO Panel
11.74

Zebra connector

MMFES8 Front-End Board
Zebra compression bar
(see talk by H.Danielsson)

Nominal distance betwean mesh

Cocking pins

Micromegas detectors could be opened for repairing them. Mesh attached to the drift panel... 100



ARGON (2002)

ELAST MT
ELAST TOT
Bexcs
ExcpP
exco

10**-16 CM*"2

EXC SuM

X SECTION

V{010)
Wo20)

Vi 100)
Vi030+110)
V{001)
VIPOLYAD3)
V1302108
VIPOLYADe)
VIPOLYADS)
VIPOLYADS)
VIPOLYAD?)
VIPOLYADS)
VIPOLYAD®)
VISUM HIGH)
ELASTMT
saswve M
EXC79
EXCas
EXC105
EXC122
EXC132
EXC150
——t—_ NG

CM**2

X SECTION * 10**-186

Figure 7: Cross Section of argon and carbon dioxide as a function of energy. These graphs are taken from
the Magboltz 7.1 database for gas properties.



Dependence of “density factor” with pressure (for H,)

Bhom — e e l_____ AN AN -
. l H2 - -
B HE {:I e ,ﬂTM{:}Sv - r//_/—
T N - | . - _.\.\. S — ——:-,_-:‘:.__._'.—f__'__:--
N Hi, 20 ATM{}S ]

Ll

S plasma freq. :

®? = ne?le;m

WONIZATION LUSS OF 7dxfMevsgcm™?)
LN

(n = #el./lcm3)

ILGZ I i & I 'OI L e 1.;"3‘ "J'i ﬂ“ ":."
MESON ENERGY TMev)

F1c. 4. Ionization loss of u-mesons in various gases. The broken

curves give the values of (1/p)(dE/dx) which would be obtained

without the density effect. 102



Y _

PM and HPD (Hybrid Photo Diodes) R L e—
‘ - S photocathode
Photo Multiplier Tube
protocatheds — 1y window Remove dynodes and anode .
add silicon sensor inside tube g 1

L4
. 2 = . .
focusing input optics
electrode 4
accelerating
electrode z

T

AN

]
i

first dynode

- Z
multiplier
Z| \

anode

envelope

~

last dynode

j

VW
SIS |

AR
<

AN

= foot

pumping stem

key \J—- base photocathode
Hybrid
Photo =
Diode
. electron
: - )
‘ focusing AV
electrodes U1
[
. LTTTITTTTT T
silicon
sensor 103

~4000 to 5000 electrons-holes pairs — good energy resolution
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L

i

2 . i - \ . SK

g

Qﬁ

)

250km

r-Kamiokande experiment (Japan)

front  gump decay pipe HORN(targety  12GeV-PS
detector

© E e .
| e N
— . e

-,y L

300m 200m

~11150 PM

~50 k-tonnes ultra pure water

H,O: 1.X, =36 g/lcm?(= 36 cm)
N=1.33 => Ocerenkov~40°

Detection of Cerenkov rings
produced in water.

Neutrino energy ~1.5 GeV
=>energy of pand e
in Super-K < 1.5 GeV

Reminder: E® ~ < 1.5 GeV.
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@9@3‘ “Range” of particle in matter &~

w; = fractional mass of element #i

~ 400 g/cm? (= 4m in water)

|
|
PARTICLE DETECTORS, ABSORBERS, AND RANGE

|
Mean Range and Energy Loss in Lead, Coppgr, Alupfinum, and Carbon

1000 o % 1000
SHRS 7 7
collill o /7
N : ‘ i /
S 1 ,\\ Fast brake due to /
p dE/dx variation like B3, TN i
- g This is the Bragg peak Sl Il - .
o i eradgp 100 |ast-ay—r Yot ,,4 e/ +1100
dE/d x ' SRR
L 1T o L/ J T I _* e
E T T g
i LAl AN R | o
o Ty /& // [ R AEINE =
. 29 ! l)d LAYy VAN IEEENN -
X R E /= I =
g) _— 1 - : : ‘\ { A .[“ L! Ji G '.1: :
E L MY ¢
/J“\[ S
/ | 4 ::~ Snyfaqd :’-‘-‘- Zs -E‘.‘:::'::'I;E. '.:' 'J g
Slow decrease due to (rare) — ! ff F PR 3%
interaction with high momentum transfer. [ T ‘
~/ ,/,/ AV 0] - j
uflf K/ p/d/ a/‘ | g e
0.1 —L L —~Jo.
0.01 0.1 10




CONES OF CHERENKOV LIGHT are emitted when high-energy neutrinos hi
nucleus and produce a charged icle. A muon-neutrino (fop) creat ]

tors. An electron, produced by an el rino omt), generates a small show-

, resulting in a fuzzy
the same narrow time interval.
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Charge preamplifier:
Signals varies with preamplifier

Signal in a proportional counter

T = max. drift time
of ions (us)
300 400 500 T 1

-V (t)

T=100usec

I I I

T=00

(F. Sauli, CERN 77-09)

Output pulse duration varies with the (integration) time constant of the front-end electronic
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Working condition of a wire chamber

iy

777

7

0

Drift regicn In
varigble field

Drift region In
constont field

field alcng
X gxis

7

7
- Space chorge region
Avalonche reqion

fieid olong

- k‘ Y axis
i N
‘E\\\.\;VU !
0.001 0.01 0.1 1 cm

Distance from centre of wire

Variation of the electric field along the axis per-
pendicular to the wire plane and centred on one wire
in a multiwire proportional chamber (x), and along
the direction parallel to the wire plane (y) 38)
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