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Introduction

Ionizing Radiation  
Primary Electrons 
Secondary Electrons 
Delta rays (~keV)

๏ A fast charged particle, traversing a gaseous or condensed medium, can interact 
with it in many ways. 

๏ Most dominant one is Coulomb interactions between the electromagnetic fields of 
the incoming charged particle and of the medium, resulting in both excitation and 
ionization of the atoms of the medium itself. 

๏ The contribution of other electromagnetic processes (at least for particles heavier 
than electrons), such as bremsstrahlung, Cherenkov, and transition radiation, to the 
total energy loss is negligible in gas detectors and we will ignore them in our 
discussion. 

Gas Ionization by Fast Charged Particles: 
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Ionizing Collisions:

The encounters with the gas atoms are purely random and are characterized by a mean 
free flight path λ  between ionizing encounters given by the ionization cross-section 
per electron σI and the density N of electrons: 

λ = 1/(NσI)

Therefore, the number of encounters along any length L has a mean of L/λ, and the 
frequency distribution is the Poisson distribution:2 1 Gas Ionization by Charged Particles and by Laser Rays

P(L/!,k) =
(L/!)k

k!
exp(!L/!). (1.2)

It follows that the probability distribution f (l)dl of the free flight paths l between
encounters is an exponential, because the probability of finding zero encounters in
the interval l times the probability of one encounter in dl is equal to

f (l)dl = P(1/!,0)P(dl/!,1)
= (1/!)exp(!l/!)dl.

From (1.2) we obtain the probability of having zero encounters along a track
length L:

P(L/!,0) = exp(!L/!). (1.3)

Equation (1.3) provides a method for measuring !. If a gas counter with sensitive
length L is set up so that the presence of even a single electron in L will always give a
signal, then its inefficiency may be identified with expression (1.3), thus measuring
!. This method has been used with streamer, spark, and cloud chambers, as well as
with proportional counters and Geiger–Müller tubes. A correction must be applied
when a known fraction of single electrons remains below the threshold.

Table 1.1 shows a collection of measured values of 1/! with fast particles whose
relativistic velocity factor " is quoted as well, because ! depends on the particle
velocity (see Sect. 1.2.6); in fact, 1/! goes through a minimum near " = 4.

Table 1.1 Measured numbers of ionizing collisions per centimetre of track length in various gases
at normal density [ERM 69]. The relativistic velocity factor " is also indicated

Gas 1cm/! "

H2 5.32±0.06 4.0
4.55±0.35 3.2
5.1±0.8 3.2

He 5.02±0.06 4.0
3.83±0.11 3.4
3.5±0.2a 3.6

Ne 12.4±0.13 4.0
11.6±0.3a 3.6

Ar 27.8±0.3 4.0
28.6±0.5 3.5
26.4±1.8 3.5

Xe 44 4.0

N2 19.3 4.9

O2 22.2±2.3 4.3

Air 25.4 9.4
18.5±1.3 3.5

a[SÖC 79].

2 1 Gas Ionization by Charged Particles and by Laser Rays
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Different Ionization Mechanisms: 

π A → π A+ e−, π A++ e− e−,... 

In primary ionization, one or sometimes two or three electrons are ejected from 
the atom A encountered by the fast particle 


e− A → e− A+ e−,  e− A++ e− e− 

Most of the charge along a track is from secondary ionization where the 
electrons are ejected from atoms not encountered by the fast particle. This 
happens either in collisions of ionization electrons with atoms, 

1.1 Gas Ionization by Fast Charged Particles 5

Fig. 1.1 Pictorial
classification of the ionization
produced by a fast charged
particle in a noble gas
containing molecules with
low ionization potential: (!)
electron; (+) positive ion,
single charge; (+ +) positive
ion, double charge; (+)
positive ion of the
low-ionization species; (")
state excited above the lower
ionization potential of the
other species; ()(+) positive
ion of noble gas molecule; #
photon transmission,
!! collision

When a relativistic particle traverses a layer of gas, the energy deposit is such a
small fraction of its total energy that it cannot be measured as the difference between
initial and final energy. Therefore, there is no direct determination of the appropriate
value of W , and we have to rely on extrapolations from fully stopped electrons.

A critical review of the average energy required to produce an ion pair is given
in a report of the International Commission on Radiation Units and Measurements
[INT 79]. A treatment in a wider context is provided by the book of Christophorou
[CHR 71] and by the review by Inokuti [INO 75]; see also the references quoted
in these three works. For pure noble gases, W varies between 46 eV for He and
22 eV for Xe; for pure organic vapours the range between 23 and 30 eV is typical.
Ionization potentials are smaller by factors that are typically between 1.5 and 3.
Table 1.3 contains a small selection of W -values for various gases.

Values of W measured with photons and with electrons are the same. Values of
W measured with !-sources are similar to those measured with " -sources: W!/W"
is 1 for noble gases but can reach 1.15 for some organic vapours [CHR 71]. In pure

or through intermediate excited states A∗. An example is the following chain of 
reactions involving the collision of the excited state with a second species, B, of 
atoms or molecules that is present in the gas: 

πA → πA* or e−A → e−A*  A* B → A B+ e-

Penning effect (involving metastable) and Jesse effect (involving optical excitations)
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Average Energy Required to Produce One Ion Pair 

W < NI > = L < dE/dx >

Energy W spent, on the average, for the creation of one 
ionization electron in various gases and gas mixtures; Wα and 
Wβ are from measurements using α or β sources, respectively. 
The lowest ionization potential is also indicated: 

6 1 Gas Ionization by Charged Particles and by Laser Rays

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 measurements using ! or " sources,
respectively. The lowest ionization potential is also indicated

Gas W! (eV) W" (eV) I(eV) Gas mixturea W! (eV)

H2 36.4 36.3 15.43 Ar (96.5%)+C2H6 (3.5%) 24.4
He 46.0 42.3 24.58 Ar (99.6%)+C2H2 (0.4%) 20.4
Ne 36.6 36.4 21.56 Ar (97%)+CH4 (3%) 26.0
Ar 26.4 26.3 15.76 Ar (98%)+C3H8 (2%) 23.5
Kr 24.0 24.05 14.00 Ar (99.9%)+C6H6 (0.1%) 22.4
Xe 21.7 21.9 12.13 Ar (98.8%)+C3H6 (1.2%) 23.8
CO2 34.3 32.8 13.81 Kr (99.5%)+C4H8-2 (0.5%) 22.5
CH4 29.1 27.1 12.99 Kr (93.2%)+C2H2 (6.8%) 23.2
C2H6 26.6 24.4 11.65 Kr (99%)+C3H6 (1%) 22.8
C2H2 27.5 25.8 11.40
Air 35.0 33.8 12.15
H2O 30.5 29.9 12.60

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

argon, the value of W for very slow electrons such as the ones emitted in primary
ionization processes (1.5) is greater than for fast electrons. Figure 1.2 contains mea-
surements reported by Combecher [COM 77].

From Table 1.3 it is apparent that the total ionization in a noble gas can be in-
creased by adding a small concentration of molecules with low ionization potential.
The extra ionization comes later, depending on the de-excitation rate of the A! in-
volved. For example, a contamination of 3"10#4 nitrogen in neon–helium gas has

Fig. 1.2 Average energy W spent for the creation of one ionization electron in pure argon and in
pure xenon as a function of the energy E of the ionizing particle, which is an electron fully stopped
[COM 77]. The dashed lines represent the values W" from Table 1.2 measured at larger E

Only a certain fraction of all the energy 
lost by the fast particle is spent in 
ionization. The total amount of 
ionization from all processes is 
characterized by the energy W that is 
spent, on the average, on the creation 
of one free electron. 
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๏ An effective description of the ionization left by the particle along its trajectory is provided by a 
probability distribution of the number of electrons liberated directly or indirectly with each primary 
encounter. 
๏ Because the secondary electrons are usually created in the immediate vicinity of the primary 
encounter and, together with the primary electrons, form clusters of one or several – sometimes 
many – electrons. 
๏ Cluster-size distribution P(k) 

1.2 Calculation of Energy Loss 15

1.2.3 Behaviour for Large E

For energies above the highest atomic binding energy EK, the fast particle undergoes
elastic scattering on the atomic electrons as if they were free, and (1.29) becomes
the differential cross-section for Rutherford scattering on one electron. Using (1.26)
and (1.27) we find

d!
dE

! 2"r2
e

# 2
mc2

E2 (E " EK), (1.32)

where re is the classical electron radius, equal to e2/mc2 = 2.82# 10$13 cm. This
happens because the third term in (1.29) is the only one surviving at large E, where
!$(E) vanishes quickly so that the sum rule (1.26) applies, together with (1.22).

This behaviour at large E means that the energy spectrum F(E) has an extremely
long tail. Although

!
F(E)dE converges, the mean transferred energy per collision,

%E&, has a logarithmic divergence,

%E& =
"

EF(E)dE =
"

dE/E % logE. (1.33)

This requires a careful interpretation of the mean energy transfer, as shown in the
following sections. There is no danger that the mean transferred energy %E& diverges
in the practical application because there is always an upper cut-off for E at work in
the integral (1.33), which depends on the situation. This is discussed in Sec. 1.2.8.

1.2.4 Cluster-Size Distribution

An effective description of the ionization left by the particle along its trajectory is
provided by a probability distribution of the number of electrons liberated directly
or indirectly with each primary encounter. It is known under the name cluster-size
distribution, because the secondary electrons are usually created in the immediate
vicinity of the primary encounter and, together with the primary electrons, form
clusters of one or several – sometimes many – electrons. Although the secondary
electrons are not always so well localized, we will use this name.

In order to calculate the cluster-size distribution P(k) we need to know the spec-
trum of energy loss, F(E)dE, and, for each E, the probability p(E, k) of producing
exactly k ionization electrons. The cluster-size distribution is obtained by integration
over the energy:

P(k) =
"

F(E)p(E,k)dE. (1.34)

We may also form the integrated probability Q( j) that a cluster has more than j
electrons:

Q( j) = 1$
j

&
k=1

P(k). (1.35)

spectrum of energy loss=  F(E) dE

Probability of producing exactly k ionization electrons = p(E, k)

16 1 Gas Ionization by Charged Particles and by Laser Rays

Fig. 1.8 Integral cluster-size distribution for fast particles (! = 1000) in argon; Q(n) is the
probability that the cluster has more than n electrons. Calculated from [LAP 80] and [ERM 77].
For large n, Q(n) ! 0.2/n

The quantity p(E, k) contains the details of the various ionization mechanisms de-
scribed in Sect. 1.1 and is generally not known. Lapique and Piuz [LAP 80] have
made a computer model of the atomic processes involved in pure argon and have
thus been able to calculate a cluster-size distribution. It is presented in the integrated
form in Fig. 1.8.

Apart from early cloud chamber studies, there is now one careful experimental
determination of cluster-size distributions from the Heidelberg group [FIS 91]. It
covers the range up to approximately 15 electrons in argon, helium, methane and
several hydrocarbons. We reproduce their measurements in Fig. 1.9. For numeri-
cal applications Table 1.4 contains best estimates for the probabilities P(k), based
on the hand-drawn lines of Fig. 1.9 and their extrapolations according to the 1/n2

behaviour expected for unbound electrons.
If one compares these measurements with the calculation of Lapique and Piuz,

then one observes that there is somewhat less structure than they expected in the
function P(k). The Heidelberg group suggest that the absorption of free photons
with its strong energy variation, which is the basis for the model of Chechin et al.
and the PAI model, may not be directly applicable to the calculation of d"/dE.

The number n in these graphs is called k in the text and in Table 1.4.

1.2.5 Ionization Distribution on a Given Track Length

The importance of the cluster-size distribution lies in the fact that, once it is known,
the ionization distribution G(x, n) on the track length x is calculated simply by
summing the cluster size as many times as there are primary encounters in the track
length; G(x, n) depends only on the cluster-size distribution and the number of

Cluster Size Distribution:

Integral cluster-size distribution for fast particles (γ = 1000) in argon;

Q(n) is the probability that the cluster has more than n electrons. 
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Transport of Electrons and Ions
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๏ The behavior of the gaseous detectors crucially dependent on the drift 
of the electrons and ions that are created by the particles measured or in 
the avalanches at the electrodes. 

๏ In addition to the electric drift field, there is often a magnetic field, which 
is necessary for measuring particle momentum. 

๏ Important to understand how the drift velocity vector in electric and 
magnetic fields depends on the properties of the gas molecules, 
including their density and temperature. 

The motion of charged particles under the influence of electric and magnetic 
fields, E and B in terms of an equation of motion [Langevin Equation]  

Chapter 2
The Drift of Electrons and Ions in Gases

The behaviour of the drift chamber is crucially dependent on the drift of the
electrons and ions that are created by the particles measured or in the avalanches
at the electrodes. In addition to the electric drift field, there is often a magnetic field,
which is necessary for measuring particle momentum. Obviously we have to under-
stand how the drift velocity vector in electric and magnetic fields depends on the
properties of the gas molecules, including their density and temperature. We might
start by writing down the most general expression and then specialize to simple
practical cases. However, it is more ‘anschaulich’ to proceed in the opposite way.
We derive the simple cases first and then generalize to the more rigorous formulation
in Sect. 2.3.

2.1 An Equation of Motion with Friction

The motion of charged particles under the influence of electric and magnetic fields,
E and B may be understood in terms of an equation of motion:

m
du

dt
= eE + e[u!B]"Ku, (2.1)

where m and e are the mass and electric charge of the particle, u is its velocity vector,
and K describes a frictional force proportional to u that is caused by the interaction
of the particle with the gas. In Sect. 2.2 we will see that in terms of the more detailed
theory involving atomic collisions, (2.1) describes the drift at large t to a very good
approximation. Historically, (2.1) was introduced by P. Langevin, who imagined the
force Ku as a stochastic average over the random collisions of the drifting particle.

The ratio m/K has the dimension of a characteristic time, and we define

! =
m
K

. (2.2)

Equation (2.1) is an inhomogeneous system of linear differential equations for the
three components of velocity.

W. Blum et al., Particle Detection with Drift Chambers, 49
doi: 10.1007/978-3-540-76684-1 2, c! Springer-Verlag Berlin Heidelberg 2008

m and e = mass and electric charge of the particle, 

u = velocity vector,

K = a frictional force proportional to u that is caused by the 
interaction of the particle with the gas. 


τ = m/k
characteristic time 
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Drift of Electrons:

Let us consider an electron between two collisions. 

Because of its light mass, the electron scatters isotropically and, immediately after the collision, it has forgotten any preferential direction. 

Some short time later, in addition to its instantaneous and randomly oriented velocity c, the electron has picked up the extra velocity u equal to 
its acceleration along the field, multiplied by the average time that has elapsed since the last collision: 

2.2 The Microscopic Picture 53

2.2 The Microscopic Picture

On the microscopic scale, the electrons or ions that drift through the gas are scat-
tered on the gas molecules so that their direction of motion is randomized in each
collision. On average, they assume a constant drift velocity u in the direction of the
electric field E (or, if a magnetic field is also present, in the direction which is given
by both fields). The drift velocity u is much smaller than the instantaneous velocity
c between collisions.

The gases we deal with are sufficiently rarefied that the distances travelled by
electrons between collisions are large in comparison with their Compton wave-
lengths. So our picture is classical and atomistic. For gas pressures above, say,
100 atm, slow-drifting electrons interact with several atoms simultaneously and re-
quire a quantum mechanical treatment [BRA 81, ATR 77].

In order to understand the drift mechanism, we derive some basic relations
between the macroscopic quantities of drift velocity u and isotropic diffusion co-
efficient D on the one hand and the microscopic quantities of electron velocity
c, mean time ! between collisions, and fractional energy loss " on the other. The
microscopic quantities are randomly distributed according to distribution functions
treated in Sect. 2.3; in this section we deal with suitable averages. The relevant re-
lations can be expected to be correct within factors of the order of unity.

2.2.1 Drift of Electrons

Let us consider an electron between two collisions. Because of its light mass, the
electron scatters isotropically and, immediately after the collision, it has forgotten
any preferential direction. Some short time later, in addition to its instantaneous and
randomly oriented velocity c, the electron has picked up the extra velocity u equal
to its acceleration along the field, multiplied by the average time that has elapsed
since the last collision:

u =
eE
m

!. (2.14)

This extra velocity appears macroscopically as the drift velocity. In the next en-
counter, the extra energy, on the average, is lost in the collision through recoil or
excitation. Therefore there is a balance between the energy picked up and the colli-
sion losses. On a drift distance x, the number of encounters is n = (x/u)(1/!), the
time of the drift divided by the average time ! between collisions. If " denotes the
average fractional energy loss per collision, the energy balance is the following:

x
u! "#E = eEx. (2.15)

Here the equilibrium energy #E carries an index E because it does not contain the
part due to the thermal motion of the gas molecules, but only the part taken out of
the electric field.

This extra velocity appears macroscopically as the drift velocity 

Therefore there is a balance between the energy picked up and the collision losses. 

In the next encounter, the extra energy, on the average, is lost in the collision 
through recoil or excitation. 
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Fig. 2.2 (a) Effective
(‘momentum transfer’) cross-
section !(") for argon and
methane. (b) Fraction #(") of
energy loss per collision for
argon and methane. Results
of B. Schmidt [SCH 86]; see
Sect. 2.4.1

The method of determining them will be discussed in Sect. 2.4. In both cases we
observe a clear dip near " ! 0.25eV or " ! 0.30eV. This is the famous Ramsauer
minimum [RAM 21] which is due to quantum mechanical processes in the scattering
of the electron with the gas molecule [ALL 31]. The noble gases krypton and xenon
show the same behaviour but helium and neon do not. For a more detailed discussion
on the scattering of electrons on molecules the reader is referred to [BRO 66].

The behaviour of #(") for argon and methane is seen in Fig. 2.2b. The thresh-
old for excitation of the argon atom is at 11.5 eV, that for the methane molecule is
at 0.03 eV. Under these circumstances it is not surprising that the drift velocity for
electrons depends critically on the exact gas composition. Owing to the very dif-
ferent behaviour of the energy loss in molecular gases with respect to noble gases,
even small additions (10"2) of molecular gases to a noble gas dramatically change
the fractional energy loss # (cf. Fig. 2.2b), by absorbing collision energy in the ro-
tational states. This change of # results in an increase of the electron drift velocity
by large factors, since the fraction of drifting electrons with energy close to that of
the Ramsauer minimum increases and the average ! decreases. Also the functional
dependence u(E) is changed.

9

Drift of Electrons

(a) Effective (‘momentum transfer’) cross- section σ(ε) for argon and methane. (b) Fraction λ(ε) of energy loss per collision for argon and methane. 

The general behavior of electron drift velocities is that they rise with increasing electric field, then level off 
or decrease as a result of the combined effects of σ(ε) and λ(ε) as ε increases with increasing E. 

11 

Drift velocity 



Prakhar Garg, Oct 25th, 2021

10
Influence of a magnetic field on drifting electrons and ions 

The order of magnitude of  Mobility

 µ ≃ 104 cm2 V−1 s−1 for electrons 

µ = 1 cm2 V−1 s−1  for ions

ωτ = (e/m)Bτ 

64 2 The Drift of Electrons and Ions in Gases

2.2.3 Inclusion of Magnetic Field

When we consider the influence of a magnetic field on drifting electrons and
ions, the first indication may be provided by the value of the mobility µ of these
charges. In particle chamber conditions, this is of the order of magnitude of µ !
104 cm2 V"1 s"1 for electrons (see Fig. 2.17 and use (2.7)), whereas for ions the
order of magnitude is µ = 1cm2 V"1 s"1 (see Tables 2.1 and 2.2). Typical magnetic
fields B available to particle experimenters are limited, so far, by the magnetic sus-
ceptibility of iron, and the order of magnitude is 1 T or 10"4 V s cm"2. We know
from Sect. 2.1 that it is the numerical value of !" = (e/m)B" that governs the ef-
fects of the magnetic field on the drift velocity vector. Using (2.7), which stated that
µ = (e/m)" , we find

!" = Bµ !
!

10"4 for ions
1 for electrons

in order of magnitude. Therefore, the effect of such magnetic fields on ion drift is
negligible, and we concentrate on electrons. This has the advantage that we may
assume that the colliding body scatters isotropically in all directions, owing to its
small mass.

When the magnetic field is added to the considerations of Sect. 2.2.1, we can
describe the most general case in a coordinate system in which B is along z, and E
has components Ez and Ex. An electron between collisions moves according to the
equation of motion,

m
dvvv
dt

= eE + e[vvv#B], (2.41)

which in our case is written as

v̇x = #x +!vy,

v̇y = "!vx,

v̇z = #z,

(2.42)

where ! $ (e/m)B and # $ (e/m)E. Electrons have their direction of motion ran-
domized in each collision, and we are interested in the extra velocity picked up by
the electron since the last collision. Hence we look for the solution of (2.42) with
vvv = 0 at t = 0. It is given by

vx(t) = (#x/!)sin !t,

vy(t) = (#x/!)(cos !t "1),
vx(t) = #zt.

(2.43)

Before we can identify v with the drift velocity, we must average over t, using (2.16),
the probability distribution of t. This was also done when deriving (2.14), which,
being a linear function of time, required t to be replaced by " , the mean time since
the last collision. The drift velocity for the present case is given by

Therefore, the effect of such magnetic fields on ion drift is negligible, 
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Diffusion

7 

Transport of electrons/ions in gas 

Diffusion: 
classical kinetic theory of gases 
 

!!
"

#
$$
%

&
−=
4Dt
x

exp
Dt4

N
dx
dN 2

0

π

after a diffusion time t the electrons/ions are Gaussian distributed with a spread 

6Dt(r) =σ where D is the diffusion coefficient λv
3
1D =

the mean free path of electrons/ions in the gas: 
 
 
the mean velocity according to Maxwell distribution:   

D = 1
3
vλ = 2

3 π
1
Pσ 0

(kT)3

m

m
8kT
π

=v

λ =
1
2
kT
σ 0P

m=mass of particle 

D depends on gas pressure P and temperature T 

๏During the drift in electric fields, electrons diffuse following a 
Gaussian distribution

๏The change in the energy distribution due to the electric field 
does, of course, result in a coefficient of diffusion dependent on 
E.

๏The energy determines the diffusion width σx of an electron 
cloud which, after starting point-like, has travelled over a 
distance L: 
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2.2 The Microscopic Picture 69

Fig. 2.8 Electron paths for
the derivation of (2.60)

we notice that the electron energy can be determined by a measurement of the
ratio D/µ :

! =
3
2

De
µ . (2.62)

When the diffusing body has thermal energy, ! = (3/2)kT , (2.62) takes the form

D
µ =

kT
e

,

which is known as the Nernst–Townsend formula, or the Einstein formula. (For his-
torical references, see [HUX 74].)

The energy determines the diffusion width "x of an electron cloud which, after
starting point-like, has travelled over a distance L:

"2
x = 2Dt =

2DL
µE

=
4!L
3eE

. (2.63)

In drift chambers we therefore require small electron energies at high drift fields
in order to have "2

x as small as possible. In the literature one finds the concept of
characteristic energy, !k, which is related to our ! by the relation !k = (2/3)! .

In Fig. 2.9 we show the variation of !k with the electric field strength, measured
with electrons drifting in the two gases, argon and carbon dioxide, which repre-
sent somewhat extreme cases concerning the change-over from thermal behaviour
to field-dominated behaviour. In argon a field strength as low as 1 V/cm produces
electron energies distinctly larger than thermal (‘hot gas’). In carbon dioxide the
same behaviour occurs only at field strengths above 2 kV/cm (‘cold gas’). The rea-
son is a large value of the relative energy loss # in CO2, due to the internal degrees
of freedom of the CO2 molecule, which are accessible at low collision energies.
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Townsend and Attachment
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During their drift, electrons may be absorbed in the gas by the formation of negative ions, while Townsend reflects the 
multiplication of electrons.
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13 

Avalanche multiplication Avalanche Multiplication

Avalanche @ GEM hole
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Gain Amplification Factor

15 

Gas amplification factor 
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16 

Proportional counter 

Planar design disadvantage:  
 

E uniform and       to the electrodes 
amount of ionization produced proportional to path length 
and to position where the ionization occurs  
! not proportional to energy   

E 

Problem solved using Cylindrical proportional counter: 
 

Single anode wire in a cylindrical cathode  
E~1/r: weak field far from the wire 
electrons/ions drift in the volume  
multiplication occurs only near the anode  

⊥

Proportional counter
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(A) single primary electron proceeds towards the wire anode, 
(B) in the region of increasingly high field the electron experiences ionizing collisions (avalanche multiplication),  

(C) electrons and ions are subject to lateral diffusion,  

(D) a drop-like avalanche develops which surrounds the anode wire,  

(E) The electrons are quickly collected (~1ns) while the ions begin drifting towards the cathode generating the signal at the electrodes. 

17 

Avalanche development 

a)  a single primary electron proceeds towards the wire anode,  
b)  in the region of increasingly high field the electron experiences ionizing 

collisions (avalanche multiplication), 
c)  electrons and ions are subject to lateral diffusion, 
d)  a drop-like avalanche develops which surrounds the anode wire, 
e)  the electrons are quickly collected (~1ns) while the ions begin drifting 

towards the cathode generating the signal at the electrodes. 

Time development of an avalanche near the wire of a proportional counter 

Avalanche Development
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How Gas Detectors are used
 (in the context of accelerator based experiments)

w/ Not very Old Examples
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Particle Identification (PID) ~ Velocity 

p = m   E = m  velocity( ) measurement yields γβ γ β

Direct measurement:   
➡Record signal time at multiple locations, calculate 
v. 

➡“Fast” detector = low transit time spread  
(most easily achieved at small transit time) 

Velocity-dependent interaction(s) with 
detector: 

❖ Specific Ionization ( ) 

❖ Cherenkov Radiation:  
      measured wrt. track direction. 

dE
dx

cosθc = 1/nβ
θc

PID ~ Velocity
X p = mgb E = mg   velocity(b) measurement yields mass.

X Direct measurement:

X Record signal time at multiple locations, calculate v.

X “Fast” detector = low transit time spread 
(most easily achieved at small transit time)

X Velocity-dependent interaction(s) with detector:

X Specific Ionization (aka 𝑑
𝑑

)

X Cherenkov Radiation:  cos 𝜃 = 1
𝑛𝛽

X C measured wrt track direction.

X Thus dependent upon deliverables from tracking

X Bremsstrahlung:  𝑃 = 𝛾
𝑐
�̇�2 +

𝛽 �̇�

1 𝛽

X Transition Radiation: 𝐼 = 𝑒 𝛾
3𝑐

eID mechanisms

TOF covered well in prior presentations, not repeated here

PID ~ Velocity
X p = mgb E = mg   velocity(b) measurement yields mass.

X Direct measurement:

X Record signal time at multiple locations, calculate v.

X “Fast” detector = low transit time spread 
(most easily achieved at small transit time)

X Velocity-dependent interaction(s) with detector:

X Specific Ionization (aka 𝑑
𝑑

)

X Cherenkov Radiation:  cos 𝜃 = 1
𝑛𝛽

X C measured wrt track direction.

X Thus dependent upon deliverables from tracking

X Bremsstrahlung:  𝑃 = 𝛾
𝑐
�̇�2 +

𝛽 �̇�

1 𝛽

X Transition Radiation: 𝐼 = 𝑒 𝛾
3𝑐

eID mechanisms

TOF covered well in prior presentations, not repeated here

Transition Radiation and Bremsstrahlung:eID mechanisms 
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Tracking 

✤ Measure and reconstruct the 
trajectories of charged particles.


✤ High magnetic field parallel to the 
electric field is used to "bend" the        
trajectory of the particle on a spiral 
track due to the Lorenz force. 


✤ Calculate the momentum of the 
particle from the knowledge of the 
curvature and the B-field.
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ALICE TPC w/ wire chambers 
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8 February 2017 QM2017  R. Majka, Yale University for the ALICE Collaboration 7

Several year R&D program developed a solution with 4-GEM chambers
- Different GEM hole patterns on each GEM helps to block ion backflow
- Tradeoff between energy resolution (large gain in first foil) and ion back 

flow (IBF) (small gain in first foil)
Standard Pitch
not rotated

Standard Pitch
rotated

Large Pitch
rotated

Large Pitch
not rotated

55
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ea

k 
s

/m
ea
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)

Ion Backflow current / Anode Current  (%)

Eight voltages (DV on 4 GEMs and DV on 4 gaps) makes huge parameter space to scan
Curves of energy resolution vs ion backflow show a region that meets our design goals and a larger 
region that gives acceptable performance to meet the physics goals.
Calibration method for correcting space-charge distortions is already in use for the current run 
and handles variations even larger than we see in prototype chamber.
їPoster: Space-charge distortions in the ALICE TPC in RUN 2, Ernst Hellbar

90-10-ϱ�EĞ-CO2-E2

400 V/cm drift field

DV=270 V
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DV=359 V
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DV=800 V

DV=20 V
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DV=800 V

Solution – Technology Choice

dE/dx res. =8.0%

dE/dx res. =8.5%

ALICE TPC Upgrade at LHC 

8 February 2017 QM2017  R. Majka, Yale University for the ALICE Collaboration 7

Several year R&D program developed a solution with 4-GEM chambers
- Different GEM hole patterns on each GEM helps to block ion backflow
- Tradeoff between energy resolution (large gain in first foil) and ion back 

flow (IBF) (small gain in first foil)
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Eight voltages (DV on 4 GEMs and DV on 4 gaps) makes huge parameter space to scan
Curves of energy resolution vs ion backflow show a region that meets our design goals and a larger 
region that gives acceptable performance to meet the physics goals.
Calibration method for correcting space-charge distortions is already in use for the current run 
and handles variations even larger than we see in prototype chamber.
їPoster: Space-charge distortions in the ALICE TPC in RUN 2, Ernst Hellbar

90-10-ϱ�EĞ-CO2-E2

400 V/cm drift field
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DV=288 V

DV=800 V
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DV=800 V

Solution – Technology Choice

dE/dx res. =8.0%

dE/dx res. =8.5%

 

Old TPC: Wire chamber end plates  
✤pT Resolution: s /p <3.5%atp =50GeV/c and below 1%atp =1GeV/c. 

✤dE/dx resolution: 5% (p-p) – 6.5% (central Pb-Pb) (158 max. samples)

✤Event rate: 1 kHz Pb-Pb minimum bias


✤Want to be able to record 50 kHz Pb-Pb collision rate and maintain the current performance  

BUT  

• Drift time for ionization electrons from central electrode to end plate is O (100 μs) Drift time for ions 
from end plate to central electrode is O (160 ms) 


• Build up of positive ions in the drift volume → electric field distortion → distortion of the ionization 
electron tracks as they drift to the end plates 


• Ions produced by charged particles traversing the detector are unavoidable – this is the signal 


• Ions from the gain structure - typically a few thousand times the initial ionization - must be 
prevented from getting to main drift volume 
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Same as ALICE GEM scheme 

Unique Zig-Zag shape

Exploits ZigZag Pads for Readout

sPHENIX TPC @ RHIC
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eID by Hadron Blind Detector

X PHENIX HBD optimized for 1e-vs-2e separation.
X 20 photoelectrons vs 40 photelectrons

X Non-zero hadron response.

X Re-optimize for EIC??

Unfocused
Threshold
Cherenkov

Fractional Contribution to signal

Pion Signals Simulated

1st Gap Dominates!

Limited by 1st Gap

Garfield + Fast Monte Carlo

eID by Hadron Blind Detector

X PHENIX HBD optimized for 1e-vs-2e separation.
X 20 photoelectrons vs 40 photelectrons

X Non-zero hadron response.

X Re-optimize for EIC??

Unfocused
Threshold
Cherenkov

Fractional Contribution to signal

Pion Signals Simulated

1st Gap Dominates!

Limited by 1st Gap

Garfield + Fast Monte Carlo

✤PHENIX HBD optimized for 1e-vs-2e separation. 

✤20 photoelectrons vs 40 photoelectrons 

✤Non-zero hadron response. 

Hadron Blind Detector @PHENIX
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Quintuple GEM based RICH
❖Tested a Ring-Imaging Cherenkov 
detector prototype with:

 
๏CsI Photocathode on top GEM 
๏Mirror in deep UV -> MgF2 coating 
๏Single Photon Capability ->quintuple GEM stack
๏Radiator choice: CF4 

❖The windowless technology + 
wave-length-tuned mirror: Minimize 
the loss of photons

❖ Small Ref. Index: Part icle 
identification (PID) reaching out to 
high momenta 
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Electron Ion Collider @ RHIC

Many Proposals for Gas detectors in the upcoming EIC @RHIC
Thank You


