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Interaction of charged particles in matter

Bethe-Bloch formula describes the energy loss of heavy particles passing through matter
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B-y = p/Mc

»  for small B the term 1/p? is dominant
» dE/dx has a minimum at fy~3-4 (minimum ionizing particle)
» for high momenta dE/dx reaches a saturation
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lonization detectors

% incoming particle
% lonization track

ion/e- pairs different counting gases:

Minimum-ionizing particles (sauli. Iege+Nss 2002)

GAS (STP) Helium | Argon Xenon CH, DME
dE/dx (keV/cm) 0.32 2.4 1.5 3.9
<n> (ion pairsem) 6 25 16 55

e<1—e M

AE « (n)

~ linear for AE K E

lonization process: Poisson statistics
detection efficiency & depends on average number <n> of ion pairs

GAS (STP) thickness £(%)
Helium T mm 45
2 mm 70

Argon 1 mm 91.8

2 mm 99.3
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Effective Ionization energies

Excitation and ionization characteristics of various gases
IE_gases

Excitation potential lIonization potential Mean energy for
ion-electron pair creation

[eV] [eV] [eV]

H, 10.8 15.4 37

He 19.8 24.6 41

N, 8.1 15.% 35 Mean energy per
0, 7.9 12.2 31 ion pair larger
ie :fg f;g gg than IP because

T r . . .

Kr 10.0 Vi 1 Y of excitations
Xe 8.4 12.1 22

Cco, 100 13.7 33

CH, 13.1 28

CHig 10.8 23

Large organic molecules have low-lying excited rotational states
—> excitation without ionization through collisions
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Charge transport in gas

Electric field E = AU /Ax separates positive and negative charges

P(x)
tO
I >X =
charge diffusion in electric field
P(x) ’
dN N, { (x—w- t)z}
= expy———————
dx 4‘7-[ . 5 . t 4 ¢ D * t
t, >t, v
W= % E-r  drift velocity
| >X y)
= mean time between collisions
P(x) T /{v)
1 D=p- s bilit
=p— U=—= mobility
t, >t, ‘ E
There is a cycle of acceleration and scattering/ionization etc.
drift(w) and diffusion (D) depend on field strength E and gas pressure p
X
charge diffusion w=w(E/p) D=D(/p)
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Drift velocity in em/fsec X 107*

lon mobility

wt ~ 102 cm/ps

GAS ION  p*(cm2V-s*) @STP
Ar Ar* 1.51
CH, CH,* 2.26
Ar+CH, 80+20 CH,* 1.61
mulilll T T T 17177 —|—1—- T T 7]
T |
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E. McDaniel and E. Mason; The mobility and diffusion of ions in gases (Wiley 1973)

up (cm /usec)

gas at p, T = const.

ion mobility u*t=w?*/E

For ions there is an interplay between acceleration and
collisions. lon mobility is independent of field for a given

T T T
electrons increasing
veloc_ify
(H,
4
C,H, |
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N, ]
Ar
1 1 1
1 2 3
E(kV/cm)

w- ~ 10! cm/ps
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Electron mobility

In general, the mobility of electrons is not constant, but depend on their kinetic energy and varies with the
electric field strength.

drift velocities of electrons in Argon-Methan mixture drift velocities of electrons in different gases
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Amplification counters
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lonization chamber

% An ionization chamber is operated at a
voltage which allows full collection of
charges, however below the threshold of

lanar ionization chamber
secondary ionization (no amplification). planar ionization chambe

For a typical field strength 500 VV/cm and typical il ]
drift velocities the collection time for 10 cm drift is
about 2 us for e~ and 2 ms for the ions.
. ® 0 1 1
E —
X
Anode
Time evolution of the signals for one e ion pair:
electrons ions total charge
A S itA QA
i~ (t) = - D e
d
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— 3 L-. -
ty t t ty t
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The motion of charges induces an

apparent current in the electrodes.

lon causes the same signal as the
electron = same sign, same
amplitude, but much slower

. qadVds

"T Y, ds dt

Signal collection

Vo ionisation forms

V:VO

77777777777777777777777 1 electron
. ? positive ion

electron reaches electrode

ion reaches electrode

time
jonisation forms electron reaches electrode
('Y l /
____________________ ~
ion current only
electron + ion current
time
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lonization chamber

“* N0 gas gain
¢+ charges move in electric field
+* induced signal is generated during drift of charges
++ induced current ends when charges reach electrodes
252Cf source (25k f/s)
T,,=2.645y

E, = 6.118 and 6.076 MeV

binary fission/a-decay = 1/31

additional “Frisch grid’:

> electrons drift towards Frisch grid and induce a signal but not
on the anode.

» when electrons pass the Frisch grid, a signal is induced on
anode.

» the angular dependence of the electrons is removed from
anode signal
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41 twin ionization chamber for fission fragments

measured quantities:
Ey } l An
E. AL

e drifttime mm) 9

segmented cathode # ()

130

mivy + myv, =0 = myE; = myk, T 2CF figsion

10+
EZ % 100_— @
ml == (ml -+ mz) = I
El + E2 I
ié 80-—
(E.) = 103.5+ 0.5 MeV — (A,) = 1089 + 0.5 70|
(Ey) =783+ 05MeV — (Ay)=143.14+0.5 T
R0

1 1 1 1 1 1 1 1 L 1 1 1 1 1 1
50 B0 70 a0 90 100 1o 120 130
energy_, (MeW}
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Fission fragment mass measurement
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P. Adrich, diploma thesis (2000)
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Determination of the polar angles

ap | 1
w0l 252Cf fission -
70 | ]
60 | ]
oS wo | §
40 - _
30 | 1
20l 1
! ]
0 20 30 40 50 B0 70 80 80 100
0
cos(¥) = 4 fzb;’ﬁl)ﬁft angular resolution
9 ¢
drift velocity: v, = 10 (cm/ps) 30° 4.2°
range of fragments in methan gas: ¢(E,A) 500 2157
distance cathode-anode: d = 3.8cm 700 2.30

P. Adrich, diploma thesis (2000)
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Determination of the azimuthal angles
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P. Adrich, diploma thesis (2000)
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Signal generation in ionization counters

primary ionization in gases: I ~ 20-30 eV/IP

energy lossAe:  n=n,=n,=Ae/| of primary ion pairs n at X, t,

force: F,=-eU,/d=-F,

energy content of capacity C

Capacitance C

1) W) = g[UOZ —U%(t)] = C- Uy - AU(E)

2) W) = noFy[x.(t) — xo] + nyFy[x;(t) — xo]

n-el,

=+ ~ % ©)]
AN
Wty (t-t)

1)+2) | AU = ?/((2 ==

e
d

w*(®) —w= ()]t — to)

total signal: electron & ion components
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Time-dependent signal shape

total signal: electron & ion components

AU(t) = CA—Ed w*(®) —w= (O]t — to) drift velocities (w* > 0, w- < 0)

lw*(@©)~107% - lw= (0]

Both components measure Ae and
depend on position of primary ion pair

Xg =W (te'to)

for fast counting use only electron component!

tO teNJUS tINmS t
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Proportional counter
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Proportional counter

gas amplification factor (typical 10*-10°) is constant

anode wire: small radius R, = 50 um or less

voltage U, = (300-500) V

field at r from the wire

U 1
E(r) = ° -

In(Rc/Ry)

avalanche R, — R, (wire radius), several mean free
paths needed pulse height mainly due to positive
ions (%)
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Proportional counter

,L - Awalanche / \ .
\
I+

:
Yo
Ry

The primary produced electrons drift the anode wire and reach the area of high electrical field strength. If a
critical field strength is reached, a secondary ionization produces electrons in an avalanche.

cloud chamber

time sequence of the signal evolution

primary ionization secondary ionization  pos. ions drift due to
secondary ionization

t=100ns t=1us t=200us

pos.ion - . electron
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Proportional counter

V,~ 500V
p =5-10 Torr
~ 3 mm gap anode-cathode

entrance window  ~ @,

Atf#'_tanS

et t1LiLILYE

delay line
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ulti- 1re roportional hamber

1/

A multi-wire proportional chamber
Cathode plate P detects charged particles and gives
positional information on their trajectory.
Wires \\\y\\\\j =2mm
/ I>_ r harpak
4D_ J\ ) ngbglep?ri%e ?982
[ AL charge signals
Amplifier
% time resolution: fast anode signals (t,;.. ~ 0.1 ns)
% position resolution:  for d =2 mm o, = 50-300 um
o4 mm " | | ‘ T ! | ‘ (weighted with charges)
0.3 ! ! : ! !
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ulti- 1re roportional hamber

~ Charged particle
éﬁgmde .,.-g P Cathode
. ' signals
J Cathode
- ~— signal distribution
I f‘\.__‘__
— f\\
ol _ /\
— N\
N
.
Center of gravity
Arjode determined with
wire Anode oy = 50 - 300 pm

signal
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Ime rojection hamber

» Principle: Time Projection Chambers are based on the drift of the charge carriers with constant drift velocity vy
in a homogenous E-field (E = -dU/dz).

» typical parameters: E ~ 1 kV/cm, vp ~ 1-4 cm/ps, Az ~ 200 um
» 3-dim. traces: z from the drift time, (x,y) from the segmented anode

Cathode ‘ Incident  Field Cage Anode: Amplification
Particle + Readout

~@\e- (%

lonization Drift
= Q\@ (¥

Anode wires Segmented cathode
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Ime rojection hamber

for position measurement (X +y)

MWPC TPC
_ _ Ax= 0.2 mm (no wires in beam)
Ax= 0.5 mm (wire spacing 1 mm) mounted as TPC21+22 and TPCA41+42

mounted as IVIW11 JMW21+22, MWW31, MW41 e -" -

m l__ﬂ.\ 15]! ,Jl!'

l
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Ime rojection hamber

for position measurement (X +y)

MWPC TPC
Ax= 0.5 mm (anode wire spacing 1 mm) Ax= 0.2 mm (no wires in beam)
mounted as MW11 MW21+22 MW31, MW41  mounted as TPC21+22 and TPC41+42
delay-line readout in x+vy delay-line readout in x, drift time in y

cathode

ionore”

left right
groun d A cathode Y
S5 mm
Ua 1’ anode 45°
5 mm
¥
ground b cathode X
o - 18 mm
avalanche e transfer gap
U v
T iy
&6 mm pre gap
Ug v

scintillator
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Ime rojection hamber

it

AR REENETYEE

Catho c}e

Gas Chamber
Frisch grid

’ [ Anodes LA P : y
shielding S | f _ . Delay lines
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as lectron ultipliers Technology
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< :
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Diffusion : s s, e 7 Iontrap
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Fi
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o I, :I, 6T Anode Ion Feedback =
(gain x transparency) Tartr/ Lo

238 at 1 GeV/u 50 pum insulator, 5 um Cu on both sides, 500 V

?-E..,
£ ’ TPC with C-pads: 100 kHz
F gl .

- t GEM-TPCs: 10 MHz
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Geiger-Muller counter

« The discharge is not any more localized
« The number of charge carriers is not any more related to the primary ionization
% The gas amplification amounts to 108-101°

Spread of avalanches in a Geiger-Muller tube

Tube wall (- ve)

Path of radiation Original ionisation event
particle /

anode wire (+ve)

1 Key !
1
1 % lonisation event ! P
1 e : p p p
: lonising electron path :
1
, Liberated electron path | Spread of avalanches
1

1
: -—E—,* UV photon path & collision! R
L El

p
Tube wall (- ve)
Not to scale
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