Drahove detektory nabitych castic

Zaklad prednasky:
H.-C. Schultz-Coulon, J. Stachel: The Physics of Particle Detectors
http://www.Kip.uni-heidelberg.de/~coulon/Lectures/Detectors/

DalSia literattra k studiu:

K. Kleinknecht: Particle detectors
http://gruppo3.ca.infn.it/defalco/fisica/kleinknecht.pdf

K. Kleinknecht, Detectors for Particle Radiation, kniha

R. Bock, A. Vasilescu: Particle Data Briefbook
http://www.cern.ch/Physics/ParticleDetector/BriefBook/

Eduard Kladiva, OSF UEF SAV, kladiva@saske.sk



Bethe-Blochova funkcia

energeticke straty Castice na jednotku drahy v jednotkach hustoty
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"density
= 4mNare?mec? = 0.307 MeV g' cm? Na = 6.022-10%
Tmax = 2MeC2B2y2/(1 + 2y me/M + (Me/M)?) [ﬁmgﬂm; numoer .
[Max. energy transfer in single collision] e = e/4megmec® = 2.8 fm
[Classical electron radius]
me = 511 keV
Charge of incident particle [Electron mass
Mass of incident particle B = v/c
[Velocity]
Charge number of medium y = (1-B)2
Atomic mass of medium [Lorentz factor] o
Validity:

Mean excitation energy of medium

Density correction [transv. extension of electric field]

05 < By <500
M = My



~dE/dx (MeV g lem?2)
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Energetické straty nabitej Castice idnizaciou

MIP = minimalne ionizujuce Castice

\ dE /dx « =53 n* on Cu :’ Minimum
4 onizing particles (MIP): By = 3-4

Radiative effects ___ |
100~ become important 4 dE/dxfalls ~ B2; kinematic factor

Approx Tmax ] [precise dependence: ~ B9

5.0 H— dE [/ dx without & o

:—ﬁﬂﬁx "\ Minimum . __;? dE/dx rises ~ In(By)?; relativistic rise
gm?re;\' "\ ionization PR S -ﬂ" [rel. extension of transversal E-field]
. - b

Saturation at large (By) due to

density effect (correction 9)
[polarization of medium]
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By = p/Mec
T Units: MeV g cm?
By = 3-4 MIP looses ~ 13 MeV/cm

[density of copper: 8.94 g/cm?]
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*Pocet produkovanych e
primarnych N, — vytvaraju klastery (zhluky)
sekundarnych N; — vytvaraju naboj v detektore

Primary ionization Total ionization

Primarne elektrony produkuje priamo Castica,
sekundarne elektrony produkuju primarne elektrony

N-=(dE/dx)/W; kde W zavisi na latke (stredna energia
produkcie paru elektron - ion)

UrCené empiricky

N, ~ 30 na 1 cm drahy v plyne (Ar, CO,), 44 pre Xe
N:~94 nalcmyvAr, CO,, 307 v Xe

N, ~ 25,000 pre 300 um kremiku



Pocet primarnych elektrénov pre r6zne plyny
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NT - 3 - 4 NP i )?; :
Sum zosilfovaga »1000 e- (ENC) ! >0 [ 22 ]
Preto nie je snadné detektovat ; -
naboj rddovo stovky elektronov 40 W, (eV) ;

lonizacné komory, kalorimetre
registruju velké mnozstvo Castic

Z : aF,
: )
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Drahové detektory vyuzivaju j 26 @ C?HsoH _
plynové zosilnenie 20 | szmg o o ]
Tabulka hodndt pre niektoré plyny 10 2 3--:5-"; Al @ o o

Z = atomove Cislo . CH,

E. = stredny potencial ionizacie 0 BHe4 o l

W, = stredna energia produkcie paru 0 10 20 30 40 50

dE/dx = stredné straty energie Ny (cm™ atm™ )

Gas <7> p [g/cm?®] Ei [eV] Wi [eV] dE/dx [keV/em] | np [em™] nt [cm™]
He 2 1.66-107* 24.6 41 0.32 5.9 7.8
Ar 18 1.66-107° 165.8 27 244 29.4 o4

CHa 19 6.7-107% 13.1 238 1.48 18 53

CaHio 34 2421073 10.6 23 4.50 46 195




Princip ¢innosti ionizacheho detektora nabitych Castic

- _1
Katoda Anéda
Primarne elektréony
Sekundarne elektrény
Iony N
>
>

>
Driftové elektrické pole

Primarne a sekundarne elektrény po termalizacii driftuju v elektrickom poli

k anode, i6ny smeruju ku katéde pomalsie.

Oblak naboja sa vplyvom difuzie rozSiruje => zhorSenie priestoroveho rozliSenia
Cas, za ktory sa zozbiera naboj na elektrodach = doba driftu



Drift nosiCov naboja v elektrickom poli

ovplyviuje intenzita elektrického pola a mobilita (pohyblivost) nosicov naboja

lon mobility:

With external electric field: ions obtain velocity vp in addition to thermal motion;
on average ions move along field lines of electric field E ...

Kinetic energy: Temperature

(Tin(B#0)) = (Tion(Therm.)) = SKT

approximately equal to thermal energy, as the (heavy) ions loose
typically half their energy when colliding with the non-ionized gas atoms.

Drift velocity vbo develops only from one interaction to another ...
Assuming vp(t=0)=0 and collision time T yields:

—*

- < el
veaTT = \%i T T = )‘(Tkill)/'vthcrm. — const.
14 e|E | since Tin essentially thermal,
v v, U F and vinerm. thus constant ...
1!D:{1.11:_U: ‘T_,[L |E
2 M t

Drift velocity vp for ions

proportional o E | Ms : ion mobility e.g. p.=0.61 cm?/Vs for CsH1o

[E = 1 kV/cm; typical drift distances = few cm = typical ion drift time = few mg]



Pohyblivost elektronov v elektrickom pol

zavisi od typu plynu — horuci (hot) alebo chladny (cold) plyn

Compare:

Electron mobility: 1_f}}ZJ — P»'-E Electrons: vp of order cm/ps

[B = 0]

lons: vp of order cmm/ms

Consider two situations:

Tkine» KT

Tkin,e = KT

gas atoms have only a few low-lying energy levels such that
electrons can lose little energy in collisions [hot gases]

ATe) ~ AME) and p ~ 7 ~ 1/0(E)  unot constant!
[f A ~ 1/E; vo = consf]

Electrons accelerated in E-field until sufficient energy is reached ...
Higher E-field yields smaller mean free path = constant vp possible ...
[Example: vo = 3 — 5 cm/ps for 90% Ar/10% CHa4]

gas atoms have many low-lying energy levels such that electrons
loose all energy they gain between collisions [cold gases]

p~const. and vp xXE

Similar to situation with ions ...
[Example: p=7-10° cm?/ps V for 90% Ne/10% COz; vo = 2 cm/ps @ 300 V/cm)]



velocity (em /pusec)

Drift

Rychlost driftu elektronov v elektrickom poli

ovplyvriuje vhodna zmes plynov,
optimalna rychlost’ driftu je vysoka a konstantna pri réznych intenzitach
stabilna pri roznej teplote, tlaku a r6znej koncentracii zloziek zmesi

Drift velocity of electrons
in several gases at normal conditions
Use gas mixture to obtain constant vp
Important for applications using drift time to get
spatial information
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Drift velocity vp

m_

Rychlost driftu elektronov v elektrickom poli v zmesi

Zmes Argon a metan pri roznej koncentracii zhasiacej primesi (metanu)

Drift velocity vp

E-Field/pressure
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Difazia oblaku naboja pocas driftu

Rozdelenie koncentracie naboja — Gaussova krivka
Difuzia prebieha v pozdlznom aj prie€énom smere k smeru driftu

Diffusion

Case 1: Thermal motion DRTUE;'EE . Electron
[E=B=0] bl s cloud
Ensemble of electrons ... . > .

T time between callisions
A . mean free path >
v average thermal velocity; v = AT

time
e . . . A2 AT 1
Diffusion coefficient without field:  Dg= -2 = L7 = 3%r  with (T') = Emﬁz
T T
|sotropy: 2 ; 7= \T
DDL — lﬁ — i@gT DDT — %ﬁ — E@ET T : Kin. energy of &~
" 3 7 3 L 3 7 3 v :  average thermal
| | | | veloci
Longitudinal Transverse
Diffusion Coefficient Diffusion Coefficient
Charge cloud extension Do = koeficient difuzie bez magentickeho pola, B=0
after time t: oy oy — priecna difuzia, o — pozdizna diflzia

o(t) = /Do 2t o (t) = Jy(ﬂ = 0.(t) = /13Dy 2t
JL(t) 1!1/3Dg 2t and op(t) = 1!3/319;]2



Difuzia oblaku naboja v magnetickom poli

Rozdelenie koncentracie naboja — Gaussova krivka
Difuzia prebieha v pozdlznom aj prie€énom smere k smeru driftu

Magnetig:ké pole v smere driftu E |
na pozdlZnu difGziu nema vplyv. 5 | -
B=0
Na prieény pohyb elektrénov pbsobi 0.8 ' i
Lorentzova sila, ktora ich zakruti nazad, b A
¢im redukuje koeficient difuzie D(B) << D ;
0.6 —~
Pre magneticke pole vysokej intenzity -B=.35T
napr. Ar/CH4, B=1.5 T >~ D; = D, /50 i 1
0.4F - -
Pre konkrétnu konfiguraciu detektora ' B=1.13T |
sa priebeh elektrickych silocar, =
difazia a drift v magnetickom poli rataju 0ol )
numericky alebo modeluju programami '
napr. Garfield, Magboltz o 4
0 e

0 50 100 L [om]



Straty naboja pocas driftu

rekombinéacia e~ v priestorovom naboji (pri vysokych intenzitach toku €astic)
zachyt elektronov v elektronegativnych plynoch (primesy, necistoty, O,, Cl,)

Electrons maybe lost during drift ...
Possible processes:

I. recombination of ions and electrons

Depends on number of charge carriers Recombination rate:

L . U S
and recombination coefficient ... A=p.--n"n

- . = Recombination _
(Generally not important ... coefficient = 107 cmé/s

. electron attachment

Electro-negative gases bind electrons; e.g.: Oz, Freon, Clz, SFe ...
Attachment coefficient h strongly energy dependent ("Ramsauer effect”) ...

Example O2: h = 10

Collisions of electron per second: 10 i}
Typical drift time of electron: 108 s Oxygen should
Fraction lost: Xiees = 10* 10" 7 10%s - p=10p be kept out

Xioss < 1% = p < 1072, i.e. less than 1 %o admixture



Cylindricky symetrické usporiadanie elektrod

Valcova katoda okolo anédoveho vliakna (drotu) produkuje
nehomogeénne elektrické pole => plynové zosilnenie

cathode

threshold

1/r

Y




Plynové zosilnenie naboja — lavinové mnozenie

V silnom elektrickom poli ziska elektron pocas volnej drahy dostatok energie
na sekundarnu ionizaciu = vyrazenie dalSieho elektronu z atomu

Townsend avalanche

lLarge electric field yields
large kinetic energy of electrons ...

- Avalanche formation

Larger mobility of electrons results in liquid
drop like avalanche with electrons near head ...

Mean free path: Aion
[for a secondary ionization]

Probability of an ionization per
unit path length: o« = 1/Aion [1% Townsend coefficient]

nix) = electrons

dn=n-adzs at location x
n — nDEQI Drop-like shape of an _:walanche
Left: cloud champer picture
- Right: schematic view
Gain:

T2

n _ n

G = — 9% and more general for a = afx): G = — = exp [/ ﬂ-(.lf)d:}:]
ng no T

[Raether limit: G = 10%; ax = 20; then sparking sets in ...]



Elektricky tok v plynoch

V zavislosti od intenzity elektrického pola dochadza k mnozeniu elektronov
v plyne — podla intenzity el. pola 4 zakladné rezimy — ionizaéni, proporcionalny,
omezeny proporcionalny (strimrovy) a Geiger-Mullerov.

12

- 10 [ I l i
lonization mjode: Geiger-Miler
L counler |
full charge collection ,
no multiplication; gain = 1 10° Region of limited ' I
it ] rtionali ' '
Proportional mode: Recombination Lo o v W! : ro
o L before colfection ] 1\ |
multiplication of ionization o o _ I |
signal proporticnal to ionization 2 10° Fggﬁg‘;f Froportional : -
measurement of dE/dx 2 - _
secondary avalanches need quenching; 3 | g;g]f rgﬁj
gain = 10% - 10° 2 ! \
T e r b 2 10 I —
Limited proportional mode: 5 |
[saturated, streamer] = !
strong photoemission -E . '
requires strong quenchers or pulsed HV; 3 10 : ]
gain = 10 :
Geiger mode: |
massive photoemission; 10° : B
full length of the anode wire affected; N; : 5
discharge stopped by HV cut ! o
1 v ; I | I
0 250 500 750 1000

Voltage (V)



Casovy rozvoj laviny okolo anddového viakna
i I

AR

Lavina sa vytvori v priebehu cca 1 ns a
a oblasti len niekolko priemerov vlakna

qt:_

T=10ps -}
g =100ps

Elektrony sa zberaju na andde,
iony driftuju pomalu (vytvaraju priestorovy naboj)

Signal sa indukuje na katode aj andde vdaka ==

pohybu nabojov (prid) V(o
DiZka signélu je dana dobou zberu iénov a ™=RC
Charakteristikami elektronického obvodu, R - odpor

Strmost’ Cela rychlostou pohybu elektrénov.



Vacsina plynovych detektorov je zalozena na principu
proporcionalnej komory

— Mnohodréatoveé proporcionalni komory (MWPC)
— Driftove komory

— Slamové, stéblové trubky (straw tubes)

— Katodové stripové nebo padové komory

— Casové projekéni komory(TPC)

— Mikro-stripoveé plynové komory(MSGC)



Mnohovlaknova proporcionalna komora (MWPC)

Schematic setup:

cathode plane

d
A —-
L T‘" anode wire
W
Parameters: Features:
d = 2-4mm Tracking of charged particles
rw = 20-25pum Some PID capabilities via dE/dx
' L = 3-6mm arge area coverage
particle track Uy = several kV High rate capabilities

Total area: O(m?)



Mnohovlaknova proporcionalna komora (MWPC)

Electric field lines
and equipotentials

i 1 -t

Small wire displacements
reduce field quality ...

Need high mechanical precision
both for geometry and wire tension ...

[electrostatics and gravitation; wire sag]
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Mnohovlaknova proporcionalna komora (MWPC)

Citanie druhej stradnice pomocou segmetovanych katdd
pasy (stripy) alebo Stvoruholniky (pady)

: Charged particle
'??5_‘.”‘“‘?16 = Cathode
S signals

- Cathode

| — ~— signal distribution

| ° A /1

| — N 1/

I —

Center of gravity

Anode determined with
wire Anode oy = 50 - 300 pym

signal



Katddové Citanie — vznik falosSnych (zrkadlovych signalov)

T T VY vy T lower cathode plane
— AP I N -
B %h\::'-\‘- Y - \\\\'\. \ x\\L\\ K -
A NAYA NAVA W\
— | o g '\\ g ‘\'\
cathode Q‘LN \_\ : - ‘\x\:‘\ \\ \\I\_\.\\ \h-:“l -H__
signals 17 R RCESE R 5{'\ __ cathode signals Cathode readout
(upper - - Subsob R b NWANER N (lower plane) ields:
plane) 1 [RR IS N NN RSN v yields:
\b _\ . k\l ‘L‘\\ ‘-\.\-‘ e ‘Lf_
v 1R NNAN o= S = N ’] 2-dim. information
o "Eh \\2‘;\ AN \\}\ N \_Q}‘% U_ true 2d: use pads ...
= .
\){:\ R NEANAS NN AN S YA high spatial resolution
-_— LR \E\\\\tx“\x '\_\\Q\“\% Ny dus to center of gravity reconstruction
\{;R \\:{\ NENSAS = resolving ambiguities
j\_k b AN N N using second strip pattern or pads
anode | T upper cathode
wires anode signals plane : : )
g Can wires be avoided"



Mnohovladknova proporcionalna
komora pre spektrometer
sekundarnych ¢astic

ii!%q s | eI
e M EEEES

T
L
LK

|
1' o

Starnutie plynovych komor

Usadzovanie polymérov vytvorenych
Stiepenim organickych primesi

Priklad usadenin na anodovych vliaknach
= izolacia vlakna, nizSia efektivnost



Resistive Plate Chamber

komora na odporovych doskéach, bez vlakien
pracuje v obmedzenom proporcionalnom rezimu

spacer

\ bakelite

(melamine
phenolic laminate)

10 kV

|
|
|2 mm

pickup strips

Gas: C,F,H,, (C,F;H) + few % isobutane

(ATLAS, A. Di Ciaccio, NIM A 384 (1996) 222)



Driftova komora

Informacia o mieste preletu €astice z doby driftu
potrebuje spustaci impuls = €as preletu Castice

Measure drift time tp If drift velocity changes
[need to know to; fast scintillator, beam timing] alc::ng path: -
Determine location of original r = / vp di
jonization: L
r=z0 tvp-tp In any case:
y=1vyoLtuvp- -tp Need well-defined drift field ...
Simple Drift Chamber Setup Charged particle

But: hers, uniform drift field requires
high-voltages in case of large area dstactors
. Drift wvoltage
Anode wire -H x |

+ HV2

--- # & 8 @ & & F *» & & 4 #|w § ¥ I B @D ®F F F § 8B F

Drift region

1111111111111111111111111111111

{ 1
‘ Scintiilation counter




Driftova komora

Formovanie homogénneho elektrického pola
pomocou serie presnych odporov

Principle of an | cathode strips
adjustable field multi-wire drift chamber . -
Introduction of voltage divider VT ‘ ‘ ) j ‘ ‘ T

via cathode wire planes ... :

equipotential lines resistor

Features:

. Schematics of voltage divider chain
very few (or only one) anode wires

space point resolution limited by mechanical accuracy
[for large chambers: o = 200 pm]

Eut: hit density needs to be low.

//’;
scr!en.nq llllllllllllllllll Il L] | lllllll .{‘:r;: l\ll " llf LI l|. FE R R RN & 4 & @ 0 ® L] ‘-\.“
r | =\ J “Cothode
elecirodes i" ! \ &) ) | | 1 drift wires
\ . \ \zj / | | —~
N ® % & @ ---.,_n-I ------------ "o o oo ols o u l"-..".- ........... E R T -
X
/
\ / /
Field wire Anodic wire Field wire

=-HV 1 + HV 2 - HV |




Driftova komora

Kalibra¢na krivka — zavislost doby driftu od vzdialenosti
v symetrickej komore - pravolava nejednoznaénost

I I I B |

drift path [cm]

left half chamber

T 1 1 P T

10T
3’5-L
30+
25+
20
154

|

|

right half chamber

[ O A

(Gas:
Ar+lsobutane 97/7

I T N
0 9 8 7 6 5

L 3 2 10
drift time [s]

S N S
5678 91



Driftova komora

ZpoOsoby odstranenia pravolavej nejednoznacnosti

Methods to resolve

left-right ambiguities ... A Two separate

anode wires

anods

wirs e O ® L eé
B . fisld
Inclined wirs
anode wires
A lonizing mirror
article
g iz C Staggered
> @ oo > > R — anode wires
> ® * > ®
> o oo P [ R
> o > o
anods
> wire @ € > ® P
e ® e e I
anods
> o < o wirs @ €.
> ® > ® I
> o > L €-mm

mirror > ® > ® §|<
track | ionizing particle



Driftova komora

Cylindrické usporiadanie elektrod pred osovo symetrickeé experimenty

potential

anode wire wire
o N . .
%o ki Application:
¥y X . :
*n * © Collider experiments
g B [cylindrical wire arrangement needed]
* 0
o % x
o

LA

Characteristica:
Cylindrical symmetry
Open drift cell geometry

Require: Simple space-time relation
given by E,B field and drift cell geometry

e L potential wire
- -
.-r_! = .‘_ o -.E, h %
-~ "‘-‘__ \“ .
- - " anode wire
zf = - “y H‘,\



Stéblové (straw tubes) detektory

Straw tubes: Thin cylindrical cathode, 1 anode wire

principle :

Example: DELPHI Inner detector
5 layers with 192 tubes each

tube & 0.9 cm, 2 m long,

wall thickness 30 um {Al coated polyester)
wire 3 40 um

Intrinsic resolution ca. 50 um

Pouzivaji se jako vrcholové detektory
(take v mg.polich, kratka vzdalenost driftu).



TPC - ¢asovo projekéna komora

Time projection chamber — 3D zobrazenie umoznuje kombinéacia driftovej komory a
dvojdimenzionalnych mnohovlaknovych proporcionalnych komor

Advantages:

Complete track within one detector
yields good momentum resolution

Relative few, short wires (MWPC only)
Good particle ID via dE/dx

Drift parallel to B suppresses transverse

diffusion by factors 10 to 100
N > Challenges:
. particle rac
RN E Long drift time; limited rate capability
e [attachment, diffusion ...]
7 e S Large volume [precision]
gating plane 1 Bt

cathode plane e Large voltages [discharges]

anode plane —3 Large data volume ...
Extreme load at high luminosity; gating
grid opened for triggered events only ...

(| Typical resolution:

Z: mm; x: 1560 - 300 pm; y: mm
dE/dx: 5 - 10%

nduced Gh;:rga



ALICE TPC:

Length: 5 meter
Radius: 2.5 meter
Gas volume: 88 m*

Total drift time: 92 ps
High voltage: 100 kV

End-cap detectors: 32 m?
Readout pads: 557568
159 samples radially
1000 samples in time

Gas: Ne/CO2/Nz (90-10-5)
Low diffusion (cold gas)
Gain: = 10*

Diffusion: oz = 250 pm
Resolution: o = 0.2 mm

oo/p ~ 1% p; £ ~ 97%
Oderay/(dE/dX) ~ 6%

Magnetic field: 0.5 T

Pad size: 5x7.5 mm? (inner) _ _ . .
6x15 mm? (outer) Material: Cylinder build from composite

material of aifline indust =~ 3%
Temperature control: 0.1 K vy o )

[also rasistors . ]



Simulated heavy
jion collision iNALICE TPC




