Experimental Techniques for Nuclear and Particle Physics

Gaseous detectors

Ton chambers
Proportional counters

Geiger-Miiller counters

MWPC (multiwire proportional chamber)

Drift chambers

TPC (time projection chamber)

* Radiation loses energy to a gas
by creating excited molecules,
positive ions, and electrons or
negative ions

+ On average, about 30-35 eV of
energy is lost per electron-ion
pair created

* Without external electrical
field charges would simply recombine

+ With external electrical field
the positive and negative
charges drift in opposite
directions, resulting in an
electric current that can be
measured externally

Basic configuration

I 500V

Output signal

The mean number of primary ion-electron pairs created

— is proportional to the deposited energy



Operational modes of gaseous detectors

I. Recombination region
Incomplete charge collection

II. Ionization region

Complete primary charge collection, no multiplication
or amplification

Collected charge proportional to energy, however small
signal and typically used only for heavy charged
particles or large fluxes of radiation

IIL. Proportional region

Electron energy > ionization energy - charge
multiplication (secondary charge generation)

Large amplification (~10°)

<~600V: Amplitude/ charge proportional to energy
>~600V: Region of limited proportionality due to space
charge effects (positive ions reducing electrical field)

IV. Geiger Miiller region

Secondary avalanches along anode wire, avalanches are
created until space charge (ion charge) is sufficient to
reduce electrical field and suppresses multiplication,
independent of primary charge > no energy
measurement possible! Only simple counter!

V. Discharge region
Continuous breakdown with or without radiation (to be
avoided to prevent damage to the counter)

Number of ions collected

1012

Total charge collected vs voltage
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Choice of gases

Energy dissipated through
1) excitation

2) ionization
Table 5.1 Values of the Energy Dissipation per lon Pair (the W-Valuc) for
. . . . Different Gases® N )
primary lonization > W-Value (¢V ion pair)
First Tonization o — LA -
X+ p— X"+ p+ e Gas Potential (¢V) Fast Electrons Alpha Particles
: 5.7 264 26.3
Penning Effect A k2 .
. He 245 413 27
Ne +Ar — Ne+ Ar* +e~ . 156 365 64
molecular ion formation N 15.5 348 36.4
+ + Air 338 35.1
He" + He — He; ) ) o
0, 125 308 322
CH, 14.5 27.3 29.1

1Values for W from ICRU Report 31, "Average Energy Required to Produce an lon Pair.”
International Commission on Radiation Units and Measurements, Washington. DC, 1979

Gas mixtures

A problem with some fill gases is that photons can be created by gas de-

excitation.

- Gas multiplication is based on secondary ionization. In addition, collisions may

occur where the gas molecule is raised to an excited state but not ionized, so

secondary electrons are not created. There is no contribution of this molecule
to the avalanche; it decays by photon emission.

- The photons can create ionization elsewhere in the fill gas by interacting with
less tightly bound electrons or interacting by the photoelectric effect in the
counter wall.

- In proportional counters this creates spurious pulses and/or loss of
proportionality. To reduce this effect Quench gases are added. These are
polyatomic gases that will preferentially absorb the photons. Often this
quench gas is methane.

The type of fill gas used is dependent on the function the counter is to perform.
Commonly used gases for B measurements are the noble gases. These often
require a quench gas.

Cost dictates that argon is commonly used, usually as a mixture of 90% argon
with 10% methane. This is called P-10.

For better y-ray detection krypton or xenon can be used as fill gas.



Gas mixtures

The choice of a filling gas is governed by:
low working voltage
high gain Ar: high specific ionization and low cost
good proportionality
high rate capability
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Transport of electrons and ions in Gases

Mainly described by the classical kinetic theory of gases

Diffusion
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Drift in an electric field

In the presence of an electric field, the electrons and ions freed by radiation are
accelerated along the field lines towards the anode and cathode, respectively.



Transport of electrons and ions - diffusion
Diffusion ; thermal motion - collisions ~ Imm/s

8T

am

Thermal motion (Maxwell distribution) v =

at room temp.:
e ~10°cm/s, ions~10*cm/s

charges diffusing for time t — Gaussian distribution

: . dN N, x’
In one dimension: — = exp| -
dx J4xDt 4Dt

spread in 1D and in 3D: o(x)=~2Dr o(r)=6Dt

diffusion coefficient D = %v?t

mean free path A= LK

\/E Oyp

Charge carrier drift velocities in an electric field

Drift: acceleration in E-field, collisions

The movement of ions and electrons is a superposition of thermal random
walk and a drift along the electric field lines. For ions:

- E

v=u—

p

Here y is called the mobility and is typically ~ 1-10-4 atm-m2/V
For electrons the mobility is typically around 1000 times larger and it is a
function of the electric field.

Typical transit times for ions and electrons in a 1atm gas pressure
across a 1 cm typical detector dimension are given in ms and ps, respectively.

For electrons there is also a saturation in the drift velocity for large field
strengths. =

Position resolution??




Tonisation chambers (Ion chambers)

Gas enclosure
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High irradiation rate

Low irradiation rate

At equilibrium the current flowing
in the external circuit will be equal
to the ionization current collected
at the electrodes.

No amplification

often used for dose measurements
in high flux environments

Ionisation chambers (Ion chambers)

The dependence of the pulse amplitude on position of interaction in
electron-sensitive ion chambers can be removed using a Frisch grid
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Signal on anode only generated by electrons
that have passed the Frisch grid

All electrons appear at the same distance thus:

- no position dependence
- recovery time shorter
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|
1Electrons drift! i
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Compensation

Applications: gamma-ray exposure

Exposure is defined in terms of the amount of ionization charge created
in dry air.

(IR = amount of X-ray or y-ray radiation whose associated secondary
electrons create an ionization charge of 2.58x10-* C/kg of dry air.

Range of a few 100 keV e- in air # 1m!

If the surrounding region of the test volume is
subject to the same exposure, all the charge
created outside the volume from secondary
electrons that were produced within the volume
is balanced by charge created within the volume
from secondary electrons formed in the
surrounding air

Free-air ionization chamber
(gamma-ray energies below 100 keV)

Cavity chamber: small volume of air surrounded by a solid material (as
similar as possible to air)

Table 5.2 Thicknesses of Ionization Chamber Walls Required

for of Electronic Equilibrium®
Secondary e yield Photon Encrgy (MeV) Thickness? (g/cm?)
Rate of e energy loss/mass 002 00008
0.05 0.0042
0.1 0.014
02 0.044
05 017
Sa
2 096
5 25
10 49

Electronic equilibrium Ordinary y-ray energies # 1 cm



Guard rings

Quter insulator
Guard ring

Inner insulator

Center electrode

Outer electrode “l
v

Figure 5.5 Cross-sectional view of one end of a cylindrical ion chamber that
utilizes guard ring construction. Most of the applied voltage V appears across
the outer insulator. for which the resulting leakage current does not con-
tribute to the measured current /.

Exposure rate measurements using ionisation chambers

For an air-equivalent ion chamber. the exposure rate R in C kg - s is simply given by
the ratio of the saturated ion current /, (in amperes) to the mass M (in kg) contained in the
active volume:

R=— (5.9)

The air mass M is normally calculated from a measurement of the chamber volume and the
density at STP.
P 1
P .
Py T

kg a
M =1293 | (5.10)

m-

where chamber volume (in m?)

= air pressure within the chamber

Il

v
P
P, = standard pressure (760 mm Hg. or 1.013 x 10° Pa)
T = air temperature within the chamber

T, = standard temperature (273.15 K)

In routine monitoring. exposure rates of the order of 1073 roentgens/hour (7.167 X
10711 C kg - s) are of typical interest. For an ion chamber of 1000 cm? volume, the satu-
rated ion current at standard temperature and pressure calculated from Egs. (5.9) and
(5.10)is 9.27 x 1074 A. Because this signal current is very low. sensitive electrometers and
careful chamber design are required to minimize leakage currents.



Simple derivation of pulse formation in
ion chambers - planar geometry

The signal on an electrode produced by the flow of induced charges is described by using
the Shockley-Ramo theorem

vo-£;.  E--vo
€
The weighting field E, and weighting potential ®,, with respect to an
electrode (“contact”) are introduced by setting its potential to 1 V and all
others fo O V.

The induced current and charge from a charge g moving inside the detector
are then:

i=qgv-Eo; AO = gA®. (Change in induced charge between
d ’ Q=qAd, two points on the drift path)

Simplification: Ton chamber with parallel plate electrodes

No recombination

All pairs produced at the same position

Collecting time longer than both the ion and electrons collecting time

Small distance between the electrodes compared with the length of the electrodes

Simple derivation of pulse formation in ion chambers -
planar geometry

Energy conservation

original energy energy remaining
stored =  absorbed + absorbed + stored
energy by ions by electrons energy
1levg = ngeévtt + ngeévt + levz

%C(V(')2 = V2) =ngeé(vt + v

Ve
2C(Vy + V) (Vg — Vi) = mge (_d‘)(v+ v (5.14)
t
T Q00RO T
Diagram of the derivation of i ! ek Sk
ﬂ) R

the pulse shape Vi(t) for an

0000000 |,
ionization chamber l
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Simple derivation of pulse formation in ion chambers - planar geometry (ctd’)
Putting these substitutions in Eq. (5.14). we obtain

1~ V()
5C2V) Vg = nge “F (vt +v )
¢

nye

R=ac

This result describes the initial portion of the signal pulse and predicts a linear rise with

time. It is valid only for the period that both the ions and electrons are drifting within the
chamber.

The concept of induced charge is sometimes used to describe the changes caused by
the drifting charge carriers. By drifting a distance v*1. the ions cause the chamber voltage
to drop by an amount equal to nyev*t dC. The same effect would be caused by the reduc-
tion of the charge stored across the capacitance C by an amount nyev ™t /d. Therefore, the
ion motion can be thought of as inducing a charge of this magnitude. A similar induced
charge is created by the electron motion. It should be emphasized that the induced charge
results only from the motion of the charge carriers within the chamber volume and does
not require their collection at either electrode.

After a time 1~ = x v, the electrons reach the anode. Their drift has then contributed
the maximum possible to the signal voltage. and the second term in Eq. (5.15) becomes a
constant equal to its value at 1. This constant value is nyev =t~ /dC or nyex/dC. For the next
period of time, only the ions are still drifting, and Eq. (5.15) takes the form

(v +vn (5.15)

nye

dC

Ve = (vt +x) (5.16)

Simple derivation of pulse formation in ion chambers - planar geometry (ctd’)

The ions reach the cathode after a time 1™ = (d — x) v*. At this point, the signal voltage
no longer increases, and Eq. (5.15) becomes

Ve = L [(d = x) + x]
dac
or
nye
Vi = ? (5.17)

The shape of the signal pulse predicted by Egs. (5.15). (5.16). and (5.17) is shown in
Fig.5.16. When the collection circuit time constant is very large, or RC => (*. the maximum
amplitude of the signal pulse is given by

% "o (5.18)
max C N
and is independent of the position at which the ion pairs were formed within the chamber.
Under these conditions. a measurement of the pulse amplitude V. gives a direct indica-
tion of the original number of ion pairs 1, that contributed to the pulse.

In electron-sensitive operation. however. the portion of the pulse derived above that cor-
responds to drift of the ions is almost entirely lost by choosing a collection time constant that
is much shorter than the ion collection time. The pulse that remains then reflects only the
drift of the electrons and will have an amplitude given by Eq. (5.16) (neglecting ion drift)

nge

X
Velcc = ? ' :} (5.19)
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Signal formation, planar geometry, ctd’

pulse is cut short by an RC circuit

VR(t)
R(_' = oo
Bl e e e - ———————EEUIIT
/ = _0r T
Vimax C ¢ : RC >> '
|
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Output pulse shape V(1) for various time constants RC

Signal formation - cylindrical geometry

Signal at the contacts is induced by the motion of electrons and ions in the detector
volume (not by the collection of charges).

Electric field and potential
En=S0l g0 —%m(i),
2mer 2me a
C 2me

where a is the wire radius and capacitance per unit length n = /@) with b the outer radius.
nb/a

A charge ¢ at r has the potential energy

W=ap(r). aw =g g,
dr
Energy contained in the field of the detector: W = %IC v}

dW =ICVydV =q 49(r) dr = dv=—1_ %dr
dr Icv, dr
integrating for e'from a +r' to a and for ions froma+r1'to b

Vf=_L1n(£) v+=_Lm( b )
2mel a 2mel \a+r'

11



Pulse amplitude

- Incident particle must transfer at least the ionization energy to

generate an ion-electron pair.

- Since other mechanisms of energy loss exist (e.g. excitation) the
average or mean energy for ion-electron pair creation ( W-value) is
always higher

Excitation potential Ionization 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 15.5 35
0, 7.9 12.2 31
Ne 16.6 21.6 36
Ar 11.6 15.8 26
Kr 10.0 14.0 24
Xe 8.4 12.1 22
co, 10.0 13.7 33
CH, 13.1 28
CHyo 10.8 23

Pulse amplitude -example
Maximum pulse amplitude:
Vo= nye

max ?

Example: A 1 MeV charged particle is stopped in an ion chamber:

W 35 eV/ion pair -
For a typical ion chamber the capacitance, C = 100pF

Then:
. 4 . . 719
Vmax=2.9 10 1.60%Z 10 C=4.6-10'5V
100-107°F

Requires amplification!!!

Internal gas multiplication of the charge (later)



Energy resolution

- Fluctuations in mean number of ion pairs formed for incident particles of
identical energy provide fundamental limit on the achievable energy
resolution.

- In the simplest form, the formation of each ion pair can be considered a
Poisson process (Poisson limit)

- However, the formation of each individual charge carrier is not
independent leading to a deviation from this simple assumption (e.g. fotal
energy from incident particle is fixed, other interaction mechanism and
energy loss mechanism exist) - Fano factor

Fano factor

The Fano factor reflects the fraction of all incident particle energy
that is converted into information carriers within the detector:
F=observed variance/Poisson variance

Extreme limits: Measured Fano factors ¢ o4

Ar 100% 0275’02

. . . <0.40+0.03

* Entire energy is converted into Ar+80% Xe <0.21+0.03

ion pairs only - no statistical Ar+§4:/']o ie <g.3‘35 xg.gg
H - Ar+20% Xe <0.16+0.

ﬂUCTLIGTIOhS (F_O)I Ar+ 5% Xe <0.14+0.03

Ar+ 5% Kr <0.37+0.06

+ Only small fraction of energy 2”323" :ﬁr <g-:§:g-g;
H H N H r+ 0 T <0. +0.

is cor)ver‘rec{ m‘rp ion pairs e 100% <0.15.£0.01

- Poisson distribution (F=1)! <0.15+0.03

Kr 100% <0.23+0.01

<0.19+0.02

Kr+1.3% Xe <0.19+0.01

Kr+20% Xe <0.21+0.02

Kr+40% Xe <0.22+0.01

Kr+60% Xe <0.21+0.01

Kr+95% Xe <0.21+0.01

13



Fano factor and energy resolution

Fano factor in gases: F ~0.2-0.4

Number of created ion pairs: N = E/W

02 = F x Nand o/N= /(F/N)
AE=235xWxo0=235xW xJ/(FN)=2.35 x /(FEW)
And AE/E = 2.35 x /(FW/E)

Example:
An a-particle with E=5.5 MeV is fully stopped in Ar gas:
N = E/W = 5.5x100eV/26eV/ion pair = 2.11x10° ion pairs

With F=0.2:

02 = FXE/W - o(N) = 205 and o(E) = o(N)xW-=

5.3 keV (in terms of particle energy) or o(E)/E=0.1% or 0.23% in terms of
FWHM.

Such excellent energy resolution is usually not achieved due to electronic
noise.

Avalanche Multiplication
Numbers of ion pairs produced are greatly amplified

After creation by radiation interaction, both electrons and ions make many
collisions with neutral gas molecules until collected. When the electric field is
strong enough, electrons get high kinetic energies between collisions and
eventually can ionize neutral while ions have low mobility and they attain very
little energy between collisions. The two electrons can then be accelerated and
further ionizations can be caused. The process takes the form of a cascade
(Townsend avalanche). The electric field must be stronger than the threshold.

.J
% . In typical gases, at atmospheric

e % pressure, the threshold field is of
e ‘ the order or 10° V/m

.. Fed

o

E-field b
Fig. 3.8. Principle of multiplication

process.

14



Avalanche Multiplication

The fractional increase in the number of electrons per unit path length is
governed by the Townsend Equation: dN (x) = aN.(x)dx

where Ne(x) = number of electrons for the path length x. The constant o is
called the first Townsend coefficient for the gas .
Threshold

For a spatially constant field, such as parallel
plates, a is a constant, which leads to:

N,(x)=N,(x=0)e™

The number of e increases exponentially with
distance.

>

Electric ficld strength

Fig. 3.9. Variation of a as a function of the electric field.

The fotal number of electrons can therefore be multiplied by a factor of
thousands and this amplified signal at the anode is much easier to detect.
The charge pulse has a much better sighal to noise ratio and this reduces the
requirements on external amplifiers.

Avalanche multiplication Qf

if electrons accelerate between collisions

to sufficient energy for ionization 25pm
mean free path for a secondary ionizing collision A it

probability for ionization / length

a=1/A (Townsend coefficient)

increase in number of electrons per unit path length: dn = nadx
total electron yield over path x

n =n,exp(ax)

multiplication M = n(x)/n, =exp(ax) Anode

wire
limited by ~M <10%, ax <20

The proper geometry for the electric field should be chosenl!l!
Planar detector with parallel electrodes:

Electric field uniform and perpendicular to the plates. Therefore for
events having the same energy, the signal amplitude will vary with position and
the relation between signal and energy is lost.

Cylindrical Proportional counter

15



Avalanche multiplication, ctd’

Usually, the field is not strong enough in most of the detector volume. Charges are
collected from there without multiplication.

The avalanche occurs close (some um) to the anode resulting in amplification just
before electron collection.

Electrical field to create avalanche: 10

LB R |

- E=dV/dr=W/A

- With W~25 eV and A~5 pm:

* Critical field strength: E.~50kV/cm
+ Critical radius r.~30pum

* Critical volume Vc/Vtotal~10-6

* Critical voltage difference: ~25V

LA L | UL |

M depends strongly on electric field k-
10600 z000 2400 2800

bias voltage

Fill gas and quenching

Requirements:
- Low working voltage - noble gases (e.g. Ar -“cheap")

- High gain - Noble gas limit to 103 before continuous
discharge occurs (due to photons capable of ionizing the
cathode and causing further avalanches) - Use of polyatomic
gases as quencher (e.g. Methane)

* Quenching gas absorbs photons and dissipates energy
through dissociation and elastic collisions.

P10 gas (mixture of 90% Ar and 10% Methane (CH,)) mostly
used and gains of up to 10° have been observed!

16



Thin end
window

Anode Cathode =

Proportional counter W

/\

/

/

1’ - | Signal
\

/ \ j
\

=

wire 4
+ Operation in proportional region - Each primary electron leads to an
due to Townsend avalanches: avalanche independently of all other
- Electrons are sufficiently avalanches
accelerated between collisions by - Since all avalanches are nearly
high electrical field to ionize identical, the collected charge

additional atoms

remains proportional to the number

* Cylindrical geometry to achieve of original electrons
high electrical field

Si

Vo 1 ___Y% r
Elr)= In(b/a)r ) In(b/ a) ln(a)

where a is the wire radius and b the cathode inner radius

gnal formation in case of multiplication
(cylindrical geometry)

In case of avalanche amplification, charges start very close to the anode wire

resulting in a sig

nal dominated by the motion of ions.

For motion of ions from the vicinity of the anode to the cathode:

Time development of the pulse given by integration over r(t)

V()=

r(t)
[ &gy jy "0
dr 2mel  a

r(0)

What is r(z)?

Using charge mobility
ar_ UE(r)= wh | {= #CV, l} rdr = “ dt {= €V, dt}
dt In/(b/a)r 2me r In(b/a) 2me
172
integrating from r(0)=ato r(t) r(t)= (az +ﬂt)
TTE

V(t)=

where

—Lln(1+&vz"t) -9 [+ L
4mel mea 4mel Z,

t, = a’me / uCv,

Total drift time T = Loz(bz -a)
a

17



Proportional counters - typical energy resolution

The avalanche statistics should be accounted for (b) and will dominate the
pulse amplitude variance. The fluctuations in the number of pairs are a small
contributing factor.

Table 6.2 Resolution-Related Constants for Proportional Gases

w Fano Factor F Multiplication Energy Resolution at 5.9 keV
Gas (eV/ion pair) Calculated®  Measured Variance b Calculated®  Measured
Ne 36.2 0.17 045 14.5%
Ar 26.2 0.17 0.50 12.8%
Xe 215 =0.17
Ne + 0.5% Ar 253 0.05 0.38 10.1% 11.6%
Ar +0.5% CH, 203 0.075 =0.09 0.43 9.8% 12.2%
Ar +0.8% CH, 26.0 0.17 =019
Ar +10% CH, 26¢ 0.50 12.8% 13.2%

“From Alkhazov et al.20

bGiven by 2.35[W(F + b)/5900 eV]'/2 [see Eq. (6.22)].
“From Wolff.50

Source: Adapted from Sipila.5?

The Geiger-Miiller Counter

G-M counter - Increased electric field, otherwise similar to proportional counter

* High gas amplification with many avalanches created until space charge effects reduce
effective field and terminate the chain reaction.

+ Since this stage is always reached,
independent of original number of ion pairs the

same amplitude is observed independent s e
of incident energy M/E
W ‘rn\c"‘

UV photon
\ i

sealanches

- Photons emitted from excited molecules are essential in providing increased multiplicatién
and spread along the entire length of the wire

+ Buildup of slow moving positive ions close to the anode wire reduces field eventually to
below critical strength terminating the Geiger discharge

18



Multi-wire proportional counter (MWPC)
Tracking detector -> Determination of particle trajectories

Plane of equally spaced anode wires centered between two cathode planes

10

Incident Particle 701
-0.2

Cathode 103
Planes 0.4

\ P77
Anode Sense Wires 17 _;
e o

can achieve 1D position sensitivity
* charge distribution over anode wires

* induced signals distribution on segmented cathode signals

XY-MWPC: 2D position sensitivity / Multiple track resolution

Example: Experimental setup o Laboratori Nazionali di Legnaro (Italy)

19



PRISMA spectrometer data analysis

MCP detector:

Exact ion positions in X (theta) and Y (phi) directions (trajectory reconstruction)
Angle between the ion and its emitted gamma ray (Doppler correction)

Time signal as START for TOF measurement (velocity determination Dopp. correction)

o X (as)

Calibration of the MWPPAC and IC detectors are done befor

1 =

TOF (ne

TOF: Ion flight-time between
MCP (START) and MWPPA(
(STOP) detectors

mep ¥ (mww)

O I TRE I 3 2 jmm |

- n
EC]
mep X pmrmy

e the experiment.
£ ‘.’ o 5.2 3
g

g . »

= e g I R i ==

EPVPPR LI i NP W VSR U U S U L. S

o 200 400 600 800

1000
X, (mm)

PRISMA spectrometer data analysis

3e+06
. . . s Ge
Z identification B 2006
c
3 4800F= T g le06f
s = 0o
g"mg g R -
aano=— Ga (-1p)
Y 4o00E- 1e+05
4000F- 04
3800F- 7 Sesg ot .
3600 Zn (-2p)
E Set04
3400—
E 2 5e+04 1
3200F- 2.5e+04
3000 ser0al 5 (3' ) =
= u(-op
28001 2e+04 -
26005 4] SR R
3000 4000 5000 6000 let04

0
1 64

Charge state determination
and selection

65 66 6I7 6I8 6‘9 7I0 7I1 7I2 7I3'47‘J:I745I7I6‘7I7‘7I8‘7‘9I80
Atomic Mass Number (A)
Mass separation

(all distances together)
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Drift chambers

Spatial information can be also obtained by measuring the
drift time of the electrons coming from an ionizing event

1 IT;F V—DELAY p—
scintillator
X=[vdr o
V—

fy

to: arrival time of the particle : :
t;: time at which the pulse appears F ditt »&®anode

I e

Same structure as for a MWPC

I
low field region  high field region

can be used with a |GI"9€I" wire —>dlrif1 — gas amplification
spacing
Electric field not homogeneous!
et en et 2T
Screening | I l I l | ’ [ (@) ) I I | | I | I ["""™~cathode
electrodes NJ L)L L LL L)L O UL LA LA L /drl" wires
N .
Solution: additional field wires Field\wire An{dlc wire Field wire
“HV 1 sHV2 SHY Y

Time projection chamber (TPC)

Three dimensional tracking detector capable of providing information
on many points of a particle track along with information on the specific
energy loss (dE/dx) of the particle.

Based on MWPC and drift chamber

Endcap sense
wires
o

Endcap sense
wires

Negative high
voltage electrode

Beam pipe 183 dE/dx wires per sector
15 spatial wires per sector

Long drift distance (¥ m), to avoid diffusion -> Magnetic field

21



Time projection chamber (TPC)

-

27777 T TR N

Assssssnnm

AN\

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

Challenges:

Long drift time; limited rate capability
[attachment, diffusion ...]

Large volume [precision)
Large voltages [discharges]
Large data volume ...

Extreme load at high luminosity; gating
grid opened for triggered events only ...

Typical resolution:

z: mm; x: 150 - 300 pym; y: mm
dE/dx: 5 - 10%

Time projection chamber (TPC)

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: oy = 250 pm
Resolution: o = 0.2 mm
op/p~1%p; €~97%
Ooe/an/(AE/AX) ~ 6%
Magnetic field: 0.5 T

Pad size: 5x7.5 mm? (inner)
6x15 mm? (outer)

Temperature control: 0.1 K
falso resistors ...]

Material: Cylinder build from composite
material of airline industry (Xo= ~ 3%)
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View inside.
ALICE TPC

Simulated heavy
ion collision inALICE TPC
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Projectile FRagment Separator FRS

Production of radioactive secondary beams
Primary beam p- B
U ~GeV, roauction
g oev/u Target (g/cm?) ﬁ - Bp i

Mid focal area Q ﬁy cu
(dispersive)

SEETRAM
scl, Ic
(1)

Degrader
TOF (Bv)

Bp,

End focal area
(dispersive)

® FRS ‘Standards’: (tx) (xy) scl
® Separation method MUSIC  (t,,x,y) il DI
Bp-AE-TOF (12 Tm, 37 m) (AE(Z),) .

setup

e Detector equipment (CG, SEETRAM, MWPC, SCI, MUSIC)
e Analysis for identification of secondary beams

Projectile Fragment Separator at 6SI

Different systems for the combined setup

MWPC: Position identification (Tracking detectors)
TPC: dE/dx measurement (Particle Identification)

MUSIC (Multi Sampling Ionization Chambers): Identification
of the Energy deposited through the charge (Z)
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Micro-strip gas chambers (MSGC)

Consisting of a set of tiny metal strips engraved on a thin insulating support, and
alternatively connected as anodes and cathodes.

XRAY

va \ _ Photolithography technology permits to
3 reduce the electrode spacing by at least an
i * i order of magnitude, correspondingly
= 3% \ improving the multi-hit capability. The fast
% Y collection of most positive ions by the
S W S — nearby cathode strips reduces space charge
1 i S build-up, and provides a largely increased
rate capability
CMS experiment at CERN 3 ol —
0% vy,lzr\?i,'
Comparison of the " N
performance with respect \ afZua
to MWPC

CHARGED PAKTICLE X-RAY

Drift plane

/
-'< %

1
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A layer of solid detector material can be used to increase dE/dx

Drift plane

Micro-gap chamber (MGC)

Drift electrode
(50 pm Aluminem)

(cathode) Metal 2
(anode)

Si Dioxide
Substrate (insulator)

\
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Gas electron multiplier (GEM)

Position sensitive gas detector

A thin insulating sheet is coated with a 5 um
thick copper layer on both sides. When a high
voltage (~ 500 V) is applied, a strong electric
field is formed inside the holes, which leads to
the multiplication process.

iy

\ \‘\H\ j

I

4 0 3um Cu
77 & : //F‘::\\

I| [ﬁ S0pm Kapton
b

x i Vn.

|

COMPASS (Common Muon and Proton Apparatus for Structure
and Spectroscopy) experiment at CERN

Gas electron multiplier (GEM)

Image of a small bat (width 32 mm
with a pixel size of 50 pm). Two-
dimensional read-out boards made
using GEM technology have been
made for digital absorption
radiography. (F Sauli, CERN.)

A GEM foil can be used for
additional amplification inside a
gas detector
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Limitations of Gas Detectors 2a. Gas Detectors

Classical ageing \\ /

Avalanche region — plasma formation
(complicated plasma chemistry)

*Dissociation of detector gas and pollutants
*Highly active radicals formation
*Polymerization (organic quenchers)

*Insulating deposits on anodes and cathodes

. Anode: increase of the wire
@ o diameter, reduced and variable
L]

field, variable gain and energy

resolution. E" | ﬁ:’é‘a § ’i& ‘i

CERN Academic Training Programme 200412005

Cathode: formation of strong <« S _8
dipoles, field emmision and -8 ‘
microdischarges (Malter effect). "‘{';
|
g
C. D'Ambrosio, T_Gys, C. Joram, M. Moll and , Ropelswskj CERN - PH/IDT2 Particle Delectors - Principles and Techniques Z2a/31

Gas detectors in CERN experiments
ALICE: TPC (tracker), TRD (transition rad.),

TOF (MRPC), HMPID (RICH-pad chamber),
Muon tracking (pad chamber), Muon trigger
(RPC)

ATLAS: TRD (straw tubes), MDT (muon drift
tubes), Muon trigger (RPC, thin gap chambers)

CMS: Muon detector (drift tubes, CSC), RPC
(muon trigger)

LHCb: Tracker (straw tubes), Muon detector
(MWPC, GEM)

TOTEM: Tracker & trigger (CSC , GEM)



Problems

21 Caleulate the charge represented by the positive ions (or
free electrons) created when a 5.5 MeV alpha particle is

stopped in helium. Find the corresponding saturated current
if 300 alpha particles per second enter a helium-filled 1on
chamber.

Solution:

# electrons = E/W = (5.5 x 106 eV)/(42.7 eV/ion pair) = 1.29 x 105

Q = (# charge carriers)(charge per carrier)

Q=(1.29 x 105)(1.602 x 1019 C/e-) = 2.06 x 10-14 C

I = (# o's per second)(charge per o) = (300 s-1)(2.06 x 10-14 C) = 6.19 pA

5.3 An air-equivalent pocket chamber having a capacitance
of 75 pF is initially charged to a voltage of 25 V. If the active
volume contains 50 cm? of air at STP, what value of gamma-
ray exposure will reduce the chamber voltage to 20 V?

Solution:

AV = AQ/C
exposure = AQ/M = AV C/M
At STP, M = (1.293 kg/m3) V = (1.293 kg/m3) (50 x 10-6 m3) = 6.465 x 10-5 kg.
exposure = (5V)( 75 x 10-12 F)/(6.465 x 105 kg)
= 5.80 pC/kg or 22.5 mR.
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5.4 An ion chamber is constructed using parallel plate elec-
trodes with a spacing of 5.0 cm. It is filled with pure methane
gas at a pressure of 1 atm and operated at an applied voltage
of 1000 V. From the data given in Fig. 5.2, calculate the max-

imum electron collection time. [ ,
10 )
£
5 08 _
3 as ]
g N ¢ 10% methane
& 04 N
02 N
L :
9 05 10 15 x 10°
1 . &% in V/m « atm
SOl Utlon - Figure 5.2 Electron drift velocity as a function of electric field ¢ divided

by gas pressure p. (Data from Bortner et al.”)

E/p = (1000 V /0.05 m)/(1 atm) = 2x10*V/m-atm.
Using Fig. 5.2, v = 0.36x10° m/s.
te = d/v = (0.05 m)/(0.36x10° m/s) = 1.39 pis

58 The average beta particle energy emitted by 18C is
49 ke V. Calculate the saturated ion current if 150 XBq of the

isotope in the form of CO, gas is introduced into a large-
volume ion chamber filled with pressurized argon.

Solution:
[=E,,; oe/W

I = (49 x 103 eV/B)(150 x 103 B sec1)(1.602 x 10-19 C/e-)/(27 eV/e)
=43.6 pA
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5.10 A parallel plate ion chamber with 150 pF capacitance is
operated in electron-sensitive mode. Calculate the pulse
amplitude expected from 1000 ion pairs formed 2 cm from
the anode. if the total spacing between the plates is S cm.

Solution:

V = [nge/C] [x/d]
V = [(1000 e)(1.602 x 10-19 C/e)/(150 x 10-12 F)] [2/5]
=0.427 uv

5.12 An air-equivalent ion chamber is constructed using alu-
minum walls. What is the minimum thickness of these walls
if compensation is to be maintained up to a maximum
gamma-ray energy of 10 MeV?

Solution:

Using Table 5-2, 10 MeV gamma rays require a wall thickness of 4.9 g/cm?2.

t= (4.9 g/cm?)/(2.699 g/cm3) = 1.82 cm
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6.1 Assuming that W = 26.2 eV ion pair and the Fano fac-
=or F=0.17 for argon, find the mean and expected standard
Zeviation in the number of ion pairs formed by the absorp-
=on of 1 MeV of radiation energy.

Solution:

n = E/W = (10 €V)/(26.2 eV/ion pair) = 3.82 x 104 ion pairs
G, = [F n]%5 = [(0.17) (3.82 x 104)]%5 = 80.6 (or 0.21% of n)

6.7 A given voltage-sensitive preamplifier requires a mini-
mum input pulse amplitude of 10 mV for good signal noise
performance. What gas multiplication factor is required in
an argon-filled proportional counter with 200 pF capaci-
tance if 50 keV X-rays are to be measured?

Solution:

Q=CV=neM — M=CV/nge]
ng=E/W = (50 x 103 eV)/(26.2 eV) = 1908
M = (200 x 10-12 F)(10-2 V)/[(1908)(1.602 X 10-19 C)] = 6540
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6.8 A cylindrical proportional tube has an anode wire radius
of 0.003 cm and a cathode radius of 2.0 cm. It is operated
with an applied voltage of 2000 V. If a minimum electric ficld
of 1.0 MV m is required to initiate gas multiplication, what
fraction of the internal volume of the tube corresponds to
the multiplication region?

Solution:

E=V/rin(b/a)l — 1= V/EIn(b/a)]
Ic = (2000V)/[(10V/m) In(2/0.003)] = 0.0308 cm

Vmu]t regionjvmml =[n (l'c)2 h] / [T: b2 h] = [rcfb]z = [0.0308&]2 =0.0237%

7.5 Both the proportional counter and Geiger tube are
based on internal gas multiplication. Comment on each sep-
arately and contrast their behavior with regard to:

(a) Variation of pulse height with applied voltage.

(b) The need for a quench gas and its function.

(c) Ability to differentiate heavy charged particle and

electron radiations.

(d) Ability to register high counting rates.

(e) Typical counting efficiency for 1 MeV gamma rays.

: The pulse height varies as the avalanche amplitude which, in turn,
d.epen.ds on volmge in an approximately exponential manner.

The pulse amplitude corresponds to the number of ion pairs at the point at
which the accumulated positive space charge is sufficient to reduce the electric field below
its critical value. This number will increase in approximate proportion to the original
electric field or linearly with the applied voltage.

b) Proportional: The quench gas must absorb UV photons.
1 The quench gas must pick up positive charges from the original positive ions
through charge transfer collisions.

c) Because heavy charged particles tend to deposit all of their energy, and
electrons t‘mlyr pan of theirs, the two radiations can be separated by their different pulse
heights.

Geiger: No differentiation can be achieved, because pulse height is independent of
particle type and energy.

d) ; The maximum counting rate is often set by pulse pile-up. The minimum
pulse shapmg time (that will minimize pile-up) is limited by the finite rise time of the
pulses.

i The maximum counting rate is limited by the long dead time of the tube itself.

e) Proportional: Gamma rays produce very small amplitude pulses and are often below
the discrimination level.

Geiger: Counting efficiency is a few percent due primarily to the liberation of
secondary electrons from the detector walls.
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7.8 In a given counter gas operated at a pressure of 0.5 atm.
the mobility of a free electron is 1.5 X 1074 (m/s) - (m/V) -
atm. The threshold electric field for the onset of avalanche
formation is 2 X 10° V /m. If this gas is used in a cylindri-
cal tube with anode radius of 0.005 cm and cathode radius
of 2 cm, calculate the drift time of an electron from the
cathode to the multiplying region for an applied voltage ot
1500 V.

Solution:

The critical radius for avalanche formation is obtained using E;, = V/[r;, In(b/a)], so
Terit = V/[E e In(b/a)] = 1500 V/[(2 x 106 V/m)(In(2/0.005)] = 1.25 x 102 cm
drift distance =d = b — r;, = 2.0 - 0.0125 = 1.9875 cm
tarify = (drift distance)/(drift velocity) = d/[W.E,.g/p] = pPA/M.E,yg
b

__ 1 .[ \ _ v ) 1500V In(2/0.0125)
we " b-r_ JTIn®M = b-r InMa) (2.0-0.0125) cm In(2/0.003)

crit it

cnt
Egyg =639 V/cm

tgin = (0.5 atm) (2.0 — 0.0125)cm / (1.5 % 104 m? atm/s-V) (639 V/cm) (104 m?/cm?)
tarift = 1.04 ms
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