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ABSTRACT

The report gives a detailed review of energy-loss processes and of
charge drift and diffusion in gases, which define the operational charac-
teristics of this family of charged-particle and photon detectors. In a
practical discussion of the chambers themselves, emphasis is placed on
gas properties and electrostatics whereas the mechanics and electronics
of the chambers are covered by references to the extemsive bibliography.
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INTRODUCTION

The first multiwire proportional chamber, in its modern conception, was constructed
and operated by Charpak and his coliaborators in the years 1967-68 1). It was soon recog-
nized that the main properties of a multiwire proportional chamber, i.e. very good time re-
solution, good position accuracy and self-triggered operation, are very attractive for the
use of the new device in high-energy physics experiments. Today, most fast detectors con-
tain a large number of proportional chambers, and their use has spread to many different
fields of applied research, such as X-ray and heavy ion astronomy, muclear medicine, and
protein,crystallographyz). In many respects, however, multiwire proportional chambers are
still experimental devices, requiring continuocus attention for good operation and sometimes
reacting in unexpected ways to a change in the envirommental conditions. Furthermore, in
the fabrication and operation of a chamber people seem to use a mixture of competence,
technical skill and magic rites, of the kind "I do not know why I'm doing this but some-
body told me to do so.

In these notes I will try to illustrate the basic phenomena underlying the behaviour
of a gas detector, with the hope that the reader will not only better understand the reasons
for some irrational-seeming preferences (such as, for example, in the choice of the gas
mixture), but will also be able better to design detectors for his specific experimental
needs.

Most of the recent development on multiwire proportional chambers is due to the enthusi-
astic work of Georges Charpak who initiated me into this exciting field of applied research;
these notes are dedicated to him.

A large number of the illustrations have been extracted from old textbooks and articles,
and T would like te thank Claude Rigoni for her great skill and patience in making them suit-
able for reproduction.

DETECTION OF CHARGED PARTICLES

2.1 Generalities

A fast charged particle, traversing a gaseous or condensed medium, can interact with-
it in manmy ways. Of all possible interactions, however, only the electromagnetic one is
generally used as a basis for detection, being many orders of magnitude more probable than
strong or weak interactions and therefore leaving a "'message’ even in very thin samples of
material. These notes are mainly concerned with the highly probable incoherent 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 elec-
trons), such as bremsstrahlung, Eerenkov, and transition radiation, to the total energy
loss is negligible in gas detectors and we will ignore them.

2.2 FEnergy loss due to electromagnetic interactions

An expression for the average differential energy loss (loss per umnit length) due to
. : 3 . e s
Coulomb interactions has been obtained by Bethe and Block ) in the framework of relativistic
quantun mechanics, and can be written as follows (in the electrostatic unit system):



mc?
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where N is the Avogadro mumber, m and e are the electron mass and charge, Z, A and ¢

are the atomic number and mass, and the density of the medium, respectively, and I is its
effective ionization potential; :z is the charge and B the velocity (in units of the speed
of light ¢) of the projectile. In the electrostatic unit system and expressing energies in
MeV, K = 0.154 MeV g™' cm? for unit charge projectiles. In the system used, the rest energy
of the electron, mc?, equals 0.511 MeV.

The quantity EM represents the maximm energy transfer allowed in each interaction,
and simple two-body relativistic kinematics gives

_ Zncip?
EM_ l_Bz - (2)
For example, for 1 GeV/c protons (B = 0.73) EM = 1.2 MeV. Not always, however, can this
kinematical limit be used, particularly in the case of thin detectors where energy can
escape in the form of é-rays (see Section 2.4).

It is customary to substitute for the length X a reduced length x defined as ¥p and
measured in g cm 2. In this case, the reduced energy loss can be written as

dE _ 1 dE

d  pd&X
The value of the effective ionization potential I is in general the result of a measure-
ment for each material; a rather good approximation is, however, I = I,Z with
Io = 12 eV. Values of I, are given in Table 1 for several gases. For molecules and for.
gas mixtures, average values for Z, A, and I have to be taken.

Table 1

Properties of several gases used in proportional counters (from different sources,
see the bibliography for this section). Energy loss and ion pairs per unit length are given
at atmospheric pressure for minimum ionizing particles

Gas | z | A 5 Eex | Bi | I, | Wi A/ dx . -
{g/am®) 1 @ MeV/g on?) | (keV/em) | (i.p./am) P | (Hop./em) @)
Ha 2 8.38 x 107° |10.8 |15.9 ) 15.4 | 37 4,03 0.34 5.2 5.2
He 2 | 4 11.66x 107" |19.8 |24.5 | 24.6 | 21 1.94 0.32 5.9 7.8
N: 14 | 28 [1.17x107° | 8.1 {16.7 [15.5 | 35 1.68 1.96 (10 56
0 16 32 1.33 « 107% | 7.9 |12.8 |12.2 | 31 1.69 2.26 22 73
Ne | 10 | 20.2|8.39 x 107* |16.6 |21.5 | 21.6 | 36 1.68 1.41 12 39
Ar |18 | 30.9|1.66 x 107* [11.6 [15.7|15.8 | 26 1.47 2.44 29.4 9
kr | 36 | 83.8|3.49 x 107° [10.0 {13.9 [ 14.0 | 24 1.32 4.60 (22) 192
Xe 54 131.3  5.49 x 107% | 8.4 [12.1]12.1 | 22 1.23 6.76 44 307
2 22 44 1.86 = 107° | 5.2 [13.7 | 13.7 | 33 1.62 3.01 {34 91
ar [ 10 |16 |6.76 % 107" 15.2 {13,1 | 28 2.21 1.48 16 53
Cullye | 34 58 2,42 % 1073 10.6 | 10.8 | 23 1.86 4.50 (46} 195

a) i.p. = ion pairs
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Inspection of expression (1} shows that the differential energy loss depends only on
the projectile velocity B, not on its mass. After a fast decrease dqminated by the B2
term, the energy loss reaches a constant value around g = 0.97 and eventually slowly in-
creases for B + 1 {relativistic rise). The region of constant loss is called the minimum
jonizing region and corresponds to the more frequent case in high-energy physics.

When plotting dE/dX as a function of the projectile emergy, see Fig. 1 (computed for
air), one cbserves that at energies above a few hundred MeV all particles are at the minimum
of ionization and therefore lose the same amount of energy per unit length; for most
materials, dE/dx is equal to about 2 MeV g~' cm® at the minimm. Computed values of the
differential energy loss at the minimum are given in Table 1, together with other relevant
parameters and for the gases commonly used in proportional counters.

It should be emphasized that, even for thin materials, the electromagnetic energy loss
is the result of a small mumber of discrete interactions and, therefore, has the character-
istics of a statistical average. The distribution, however, is not Gaussian for all cases
where the energy loss AE is small compared to the total energy, as will be discussed below.
Furthermore, a closer look at the interaction mechanism shows that individual events can be
grouped in two classes: close collisions, with large energy transfers resulting in the
liberation of electronic charges (ionizations), and distant collisions involving smaller
energy transfers and resulting in both ionization and atomic excitation. Primary ioniza-
tion and excitation share more or less equally the available energy loss, although secondary
effects can increase the efficiency for one of the processes. In Fig. 2*) the probability :
of the processes described is qualitatively shown as a function of the energy tramsfer, in
a single event, for 100 keV incident electrons.
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Fig. 1 Energy loss per unit length Fig. 2 Relative probability of different processes

in air, as computed from induced by fast (100 keV) electrons in water,
expression (1), for differ- as a function of the energy transfer in a
ent particles as a function collision®). The maximum kinematically

of their energy. At ener- allowed energy transfer, Ey = 50 keV in this
gies above 1 GeV/c or so, case, ig also shown.

all particles lose about
the same amount of energy
(winimum ionization
plateau}.



2.3 The relativistic rise of energy loss

At very high momenta, above 10 GeV/c or so, the logarithmic temm in the Bethe-Block
formula produces an increase of the energy loss; this may constitute a basis for particle
identification at very high energies since, for a given momentum, the average energy loss
will be slightly different for different masses. Polarization effects, not taken into
account by expression (1), however, produce a saturation in the increase, that would other-
wise indefinitely continue. In gases, saturation occurs around a few hundred GeV/c at a
value which is about 50% above minimun ionizing; Fig. 3 shows a collection of experimental
data for argon5) . For statistical reasons, discussed more fully later, an effective par-
ticle identification in the region of the relativistic rise requires a very large number of
independent measurements of energy loss for each track, and stacks of multiwire proportional
chambers have been succesfully used for this purposee}.
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Fig. 3  Relativistic rise of the enmergy loss in argon, as
a functiom of particle mass and momentum; the
vertical scale gives the relative increase above
the minimum of iomization®

2.4 é-ray production

In ionizing encounters, the ejected electron is liberated with an energy E that can
assume any value, up to the maximum allowed EM’ as given by expression (2}. An approximate
expression for the probability of an electron receiving the energy E is given by3)

£ X (3)

P(E) = K o

=l

that corresponds essentially to the first term in the Bethe-Block formula. More accurate
expressions can be found elsewhere’»®), but for our needs the approximation {3) is suffi-
cient, If the reduced thickness x = X§ is introduced, and given in g cm™2, the expression

can be comnveniently rewritten as

P(E)AE = X ap=wE | (3"
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Electrons ejected with an energy above[ﬁifé@migﬁjare nommally called 8-rays, using an old
emulsion terminology. Integration of expression (3') allows one to obtain an expression for
the nurber of § electrons having an energy Ee or larger:

By
1 1 w
N(E 2 E,) = P(E)dE=W[—--_]:_._’
0 Efo E0 EM Eo

the last approximation being valid for E, << Ey.

As an example, Fig. 4 shows the number of electrons ejected with energy E 2 Ey by
1 GeV/c protons, as a function of E; in 1 cm of argon at normal conditions. There are,
for example, about ten electrons emitted with energy above 15 eV, which is the ionization
potential of argon (see Table 1); these considerations are very important for the under-
standing of secondary processes (see below). In Fig. 4, the maximum energy transfer for

1 GeV/c protons as projectiles is also shown, as given by expression ).

The angle of emission of a § electron of energy E is given in a free-electron approxi-

)

. N 8
mation, by the expression

E
cos® 6 = =—
Ey

= 29 me!

N(E=2£,) IcmAr

Epy for | Gevie ;
protons

AR I RN

10‘5 PEPTTITY BRI RN UTITY WA B R eeT
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I 10 Tod 10° 10 10° e o7
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Fig. 4 Computed number of & electroms ejected
at an energy larger than or equal to
Eps 25 a function of Eq, in 1 cm of
argon at normal conditions. The aver-—
age number of primary ionizing colli-
sions {29 per cm) and the maximum al=-
lowed energy transfer for 1 GeV/c
protons are showm.
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Therefore for minimum ionizing particles (By » 1 MeV), and up to energies of emission of
several keV, § rays are emitted perpendicularly to the incident track; however, multiple
scattering in the medium quickly randomizes the direction of motion of & electrons. In fact,
typical electron molecule cross-sections, in the keV region, are around 10-1% cm? 3), at at-
mospheric pressure, this corresponds tc a mean free path between collisions of a few microns.
For energies around a hundred electronvolts, the cross-section is increased by an order of
magnitude or so owing to the high probability of inelastic collisions {see Section 4.7}. Be-
cause of the large mass difference between target and projectile, large momentum transfers
(scattering angles} are highly probable, which means that in a few collisions any trace of
the electron's original emission angle will be obliterated. A detailed discussion of the
process can be found in Refs. 6 and 7.

2.5 Range of slow electrons

Deperding on their energy, & electrons will cover a certain distance in the gas, suf-
fering elastic and inelastic scétters from the molecules. The total range Rr for an energy
E, along the trajectory, can be calculated integrating the Bethe-Block formula over the
length Ry and requiring the integral to equal the total available energy; however, it
gives a bad representation of the distance effectively covered by an electron, because of
the randomizing effect of the multiple collisions. It is customary to define a practical
range Rp that appears to be two or three times smaller than the total range and in general
is the result of an absorption measurement. For energies up to a few hundred keV, a rather
good approximation for the practical range, in g on™?, is®)

1.72
Rp = 0.71 E (E in MeV) ,
Figure 5 gives the range of electrons in argon, under normal conditions, as a function of
energy. Combining the data of Figs. 4 and 5, one can deduce, for example, that in 1 cn of
argon, one out of twenty minimm ionizing particles ejects a 3 keV electron having a prac-
tical range of 100 um.

|03E T T e ) p

ozl Argon, | atm |

T l0F 3

o E |
a
=4

19" -

Lo ) IR/ UV RS SRETIT R ETIT R T R

| 10 10" io* 10° I0*

E (kev)

Fig. 5 Range of electroms in argom, at normal
conditions as a function of energy, de- )
duced from measurement in light materials
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Since the average energy loss in argon is 2.5 keV/cm, these events will result in a
much bigger pulse height, and also the centre of gravity of the detected charge, which is
the best position information cne can get, will be systematically displaced to one side of
the original track. This obviously sets a limit to the best accuracy of position one can
hope to cbtain in a single gas counter operating at atmospheric pressure, somewhere between
20 and 30 im. Actual measurements obtained so far with high accuracy drift chambers pro-
vide accuracies of localization of between 50 and 100 wn ?219) . Notice that an increase in
the gas density or pressure does not obviously improve the accuracy since, although the

range of electrons will decrease, the number produced at any given energy will increase.

Also, from Fig. 5 one can dedice that electrons produced with energies above 30 keV
have a range larger than 1 cm of argon, and will escape detection from the 1 cm thick
jayer. In this case use of the Bethe-Block formula is not completely justified, since the
maximum energy transfer E, camnot in fact be dissipated in the detector.

2.6 Energy loss distribution

The fact that in thin materials the total energy loss is given by a smail amount of
interactions, each one with a very wide range of possible energy tramsfers, determines a
characteristic shape for the energy loss distributioh. In & classical formulation due to
Landau, the energy-loss distribution in thin media is written as'l)

B e

£f(A) = =

where the reduced energy variable X represents the normalized deviation from the most
probable energy loss (AE)mp:

AE - (AE)mp

A z ) where £ = K

P
PR

=l

AE being the actual loss and £ the average emergy loss given by the first term in the
Bethe-Block formula. Figure 6 shows the characteristic shape of the Landau distribution,
and indicates the meaning of the average and of the most probable emergy losses. Notice
the long tail at very large energy losses, corresponding to c¢vents where one or more €ner-
getic § electrons have been produced. The energy resolution of thin counters for fast
particles is therefore very poor; increasing the thickness of the detector is of no heilp,
since the mmber of energetic electrons will increase (unless, of course, one gets close

to total absorption where Gaussian statistics again dominate).

The large fluctuation in energy loss for individual events has several important
practical consequences. First, when designing the amplification electronics for a gaseous
detector one has to take into account the large dynamic range of the signals. Secondly, a
single measurement of a track contains very 1ittle information about the average enexrgy
loss; when trying to identify particles in the relativistic rise region from the small
increase of dE/dx, one is obliged to sample each track as much as several hundred times.
This requires the development of relatively cheap, large surface miltiwire proportional

chambers.
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2.7 Primary and total jonization

We are now in a position to understand in detail the process of energy loss by ioniza-
tion of a charged particle. On the passage of the particle, a discrete mumber of prlmary
ionizing collisions takes place which liberate electron-ion pairs in the medium. The
electron ejected can have enough energy (larger than the ionization potential of the medium)
to further ionize, producing secondary ion pairs; the sum of the two contributions is
Called total ionization. Both the primary and the total ionization have been measured for
most gases, although not always in the minimum ionizing region. The total number of ion
pairs can be conveniently expressed by

AE

it TW o
i

where AE is the total energy loss in the gas volume considered, and W, is the effective
average energy to preduce cne pair. Values of Wi for different gases are given in Table 1.
No simple expression exists for the mmber of primary ion pairs; in the table, experimental
values of np for minimum ionizing particles are given, per unit length and at normal condi-
tions. As Fig. 7 shows, Ty is roughly linearly dependent on the average atomic mumber of
the gas, and the figure can be used to estimate the number of primary pairs for other mole-
cules {an exception is xenon). This has been done, for example, to obtain W for carbon
dioxide ((0,) and isobutane (CyHio) (values in brackets in Table 1).



T T T T
60r 7
Xe
50k 7
40 .
5
30t By
//
o “EaMg0H Fig. 7
-
ook g i Primary ionizing events pro-—
P duced by fast particles per
O unit length at normal condi-
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The Teader should be warned that the values of Wy and of n_ listed in the table cor-
respond just to a reasonable average over results of dlfferent experlmenterslzj values
different from the averages by as much as 20-30% can be found.

A simple composition law can be used for gas mixtures; as an example, let us compute
the number of primary and total ion pairs produced in a 1 am thick 70-30 mixture of argon-
isobutane, at normal conditions:

2440 4500
E 0.7 + ok 0.3

124 pairs/cm

29.4 x 0,7 + 46 % 0.3

il 34 pairs/an .

P

In other words, we see that the average distance between primary interactions is around
700 um at normal conditions, and that each primary produces about 2.5 secondaries on the

average.

2.8 Statistics of ion-pair preoduction

The primary ionization encounters, being a small number of independent events, follow
Poisson-like statistics; if n is the average number of primary interactions {n = np), the
actual mumber k in one event will have a probability

P - nk -n

A .
The inefficiency of a perfect detector is therefore given by

1-eg=pl=e™ | (4)
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In the gas mixture previously considered, the inefficiency will be around 10-!5 for a 1 cm
thick detector (n = 34), and 3.3% for a 1 mm thick detector (n = 3.4). As a matter of fact,
it is from inefficiency measurements in low-pressure proportional counters that the values of
n, have been deduced. When k ion pairs are produced in a given event, simple probabilistic
considerations provide the space distribution of each pair j (1 < j £ k) along a normalized

coordinate x (0 £ x £ 13}:

k k! k=-j_j=2

7309 = gy G0

and the general expression for the space distribution of the pair j, when n is the
average number produced, is obtained as follows:

n _ = k B X3 j
560 = L B30 = gy o ¢

Consider, in particular, the distribution of the pair closer to one end of the detection
volume,

A?(x) =ne ™ | (5)

which is represented in Fig. 8, for n = 34, as a function of the coordinate across a 10 mm
thick detector. If the time of detection is the time of arrival of the closest electron

at one end of the gap, as is often the case, the statistics of ion-pair preducticn set an
obvious 1imit to the time resolution of the detector. A scale of time is also given in the
figure, for a collection velocity of § am/usec typical of many gases; the FWHM of the distri-
bution is about 5 nsec. There is no hope of improving this time resolution in a gas counter,
unless some averaging over the time of arrival of all electrons is realized.

n
AL (x) n=34ion pairs/em |

Ilfflf

Fig. 8

Statistics of primary ion
pair production: prob-
ability of finding the
closest pailr at a distance
% from one electrode in a
counter, in argon-isobutane
70-30. The corresponding
electron minimum collec—
40 t (nsec) tion time is shown, for a

L typical drift velocity of
0 | 2 x (mm) electrons of 5 cm/usec.
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DETECTION OF PHOTONS

3.1 Different processes of absorption

As for charged particles, an electromagnetic interaction allows the detection of
photons; in this case, however, the interaction is a single localized event. The probabi-
lity of absorption can be written in terms of the cross-section o, and the attenuation of
a beam of photons traversing a thickness X of a medium having N molecules per umit volume

is given by

I=Tpe ™Mo, e (6

where u is the mass attenuation coefficient (normally expressed in cam?® g=!) and x = pX 1s
the reduced thickness of the medium, see Section 2.2. One can also define an absorption

mean free path A = (up)”' and in this case Eq. (6) is rewritten as

=T,V 7 )

Depending on photon energy, the interaction can follow different mechanisms. At low ener-
gies, up to several keV, the dominant process is photoelectric conversion; then Compton
scattering takes over, up to energies of a few hundred keV, and at even higher energies

electron-positren pair producticn is the most probable process (Fig. 9).
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3.2 Photoelectric absorption

We will consider this process in some detail for two reasons. Firstly, it is common
practice for laboratory testing of proportional chambers to use X-ray emitting isotopes
producing energy losses in the few keV region (as can be seen from Table 1, this is equal
to the typical energy loss of 2 minimum ilonizing particle in 1 cm of gas). Secondly, multi-
wire proportional chambers are used as soft X-ray detectors in many applications, such as, for
example, to study transition radiation, in crystal diffraction experiments, and in X-ray
astronomy. A clear understanding of the detailed process of energy loss by the photoelec-
tric effect is necessary in all these cases.

Photoelectric absorption is a quantum process involving one or more transitions in the

‘electron shells of a molecule, Denoting by E the energy of a shell j, photoelectric

absorption in the shell can take place only for photon energies EY z E and, at a given
energy, the contributions of all levels having E. < E add up. The absorptlon is a maxi-
mum at the edge, and then very rapidly decreases w1th energy.

The binding energy of a given shell increases rapidly with atomic number, as shown in
Fig. 10; precise values can be found in many textbooks (see the bibliography for this sec-
tion). Figure 11, drawn using the tables of Grodsteinla),vgives the photeelectric absorption
coefficient as defined in the previous section, for several elements. Approximate values
of the absorption edges are also shown. At a given energy, light elements have the smallest
coefficient and, except for the heavier noble gases, at cnergies above a few keV X-edge ab-
sorption dominates. For a gas mixture or for complex molecules one can assume a simple com-
position rule to be valid; if pi, pa, ..., p, are the percentages, in weight, of atoms
1, 2, ..., n in the mixture, the absorption coefficient of the compounds can be written as
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In particular, the organic vapours used as quenchers in propertional counters have a very
small absorption coefficient, since they mainly contain light elements.

Using the definition (7) cne can compute the mean free path for absorption in gases
under normal conditions, as shown in Fig., 12. Notice, for example, that the absorption in
argon increases by almost two orders of magnitude when the photon energy increases over the
K-shell edge of 3.20 keV.

Absorption of a photon of energy E in a shell of energy EJ results in the emission of

a photoelectron of energy E, = E - E.' the excited molecule can then return to its ground

Yy 3
state mainly through two competing mechanisms:
- fluorescence, i.e. the transition of an electron from an energy shell E, < Ej into the
j-shell, with the emission of a photon of energy Ej - Ei;
- radiationless transition, or Auger effect, which is an internal rearrangement involving
several electrons from the lower energy shells, with the emission of an electron of

energy very close to Ej‘
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The fraction of de-excitations producing the emission of a photon is called fluorescence
yield. For the K-shell, the fluorescence yield increases with the atomic mumber as shown
in Fig. 13'%), In argon, for example, about 15% of the photoelectric absorptions are
followed by the emission of a photon, while in 85% of the events two electrons, of energy
EY - EK and slightly smaller than EK’ respectively, are produced. The secondary photon,
emitted at an energy just below the K-edge, has of course a very long mean free path for
absorption and can therefore escape from the volume of detection. This produces the
characteristic escape peak of argon, at an energy EY - Eg. In detectors where localization
of the conversion point is required, the emission of a long-range photon can introduce a
large error if the position is estimated with a centre-of-gravity method as is often the
case. A quantitative discussion on this point can be found in Bateman et al.'®) for xencn~
filled counters,

The primary photoelectron is emitted in a preferential direction, depending on its
energy, as shown in Fig. 14; up to a few tens of keV, the direction of emission is roughly
perpendicular to the incoming photon direction. Bowever, as already discussed in Sec-
tion 2.4, multiple scattering quickly randomizes the motion of the heavily ionizing photo-
electron. The range of electrons in gases was also discussed in Section 2.5.
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3.3 Compton scattering

When the photon energy rises well above the highest atomic energy level, Compton
scattering begins to be the dominant process. The incident photon, with energy hv , is
scattered by a quasi-free electron by an angle 6, and takes a new energy hv’ such that

E%;—- ﬁ%%= E%? (1 - cos 8)
The energy of the scattered electron is hvy- hv'. Quantun-mechanical theory provides the
differential cross-section and the angular distributions for this effect (see the biblio-
graphy for this section). Figure 15 shows the computed absorption coefficient for Compton
scattering (coherent and inccherent), as from Ref. 13; Figs. 16a and 16b 16) show correla-
tions between the energies and angles of diffusion, while Fig. 17 is a polar plot of the
cross-section for different photon energiesle}.

in a thin gas counter, it is unlikely for the scattered photon to be absorbed again;
therefore, the energy deposit depends on the (unknown) angle of scattering. No energy
resolution is therefore cbtained in the Compton region.
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Fig. 15 Absorption coefficient for Comptom
scattering (coherent and incoherent)
as a function of photon energy, for
several elementsl®)
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3.4 Pair production

Electron-positron pair production can take place at photon energies above the threshold
of 1.0Z MeV (corresponding to two electron masses); Figure 18 shows the absorption coeffi-
cient due to pair preduction for several elemgntsla), while Fig. 19 gives the relative
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Fig. 18  Absorption coefficient for ete” Fig. 19 Relative energy sharing between e*
pair production in several mate- and e~ in pair production, for
rials, as a function of the in~ several incoming emergies (given
coming photon energy (drawn from in terms of the electrom rest energy
the Tables of Ref. 13) me? = 0.511 MeV). The ordinate is

proportional to the cross—section
for the process, as given in the
previous curve. (From N.A, Dyson,
see bibliography for this section.)
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energy-sharing between e’ and ¢”. In the figure, the ordinate is a quantity proportional

to the differential cross-section for the process, increasing with photon energy (given in
terms of the electron rest mass). Because of the very small value of the absorption coef-
ficient, proportional chambers are used in this energy region only to detect the pairs pro-
duced in a layer of heavy material placed in front of the chamber. Shower counters are either
constructed in this way sandwiching chambers with conversion plates, or by using high density
drift chambers with conversion cells of heavy material in the gas volume "’

DRIFT AND DIFFUSION OF CHARGES IN GASES

4.1 Ion and electron diffusion without electric fields

Charges produced by an ionizing event quickly lose their energy in multiple collisions
with the gas molecules and assume the average thermal energy distribution of the gas.
Simple kinetic theory of gases provides the average value of the thermal energy,
ep = {3/2) KT = 0.04 eV at normal conditions, and the Maxwellian probability distribution
of the energies

Fe) = ¢ /Ee (/KD (8)

In the absence of other effects, a localized distribution of charges diffuses by
multiple collisions following a Gaussian law:

dN . 1 ~(x%/4DE)
oy e dx , 9
N JarDt (

where dN/N is the fraction of charges found in the element dx at a distance x from the
origin, and after a time t; D denotes the diffusion coefficient. The root mean square
(r.m.s.} of the distribution, or standard deviation, is given by.

o, =vIDt or g, = Vet (1m

Tespectively, for a linear and a volume diffusion. As an example, Fig. 20 '®) shows the
space distribution of ions produced in air, at nomal conditions, after different time
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Fig. 20 Space distribution of ions produced in
air, at normal conditions, after dif-
ferent time intervalsl®
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Table 2

Classical mean free path, velocity, diffusion coefficign}s,
and mobility for molecules, under normal conditions!?

Gas R u D* pt

(cm) (an/sec) | (cm?/sec) | (cm? sec™® V71)
H, [1.8x107% |2 = 10° 0.34 13.0
He 2.8 x 107° | 1.4 x 10° 0.26 10.2
Ar |1.0x 107° | 4.4 x 10" 0.04 1.7
0, [1.0 % 107% { 5.0 x 10* 0.06 2.2
H,0 {1.0 x 107% | 7.1 = 10° 0.02 0.7
& X% o7

intervals; values of the diffusion coefficient of several ions in their own gas are given
in Table 2. During diffusion, ions collide with the gas molecules; the mean free path,
average velocity, and time between collisions are also given in the table. Electrons move
mich faster than ions (because of their small mass), their average thermal velocity being
about 107 cm/sec; also, because of their negligible size, their mean free path is classi-
cally four times longer than that of ions in a like gas.

A positive ion can be neutralized recombining in the gas volume with a negative charge
carrier, either an electron or a negative ion, or extracting an electron at the walls. A
process of charge transfer is also possible with a molecule of its own gas or with mole-
cules of another kind having lower ionization potentials. We will reconsider this very

important effect in the next sectiom.

Electrons, instead, can be neutralized by an ion, can be attached to a molecule having
electron affinity (electro-negative), or can be absorbed in the walls. The probability of
attachment h is essentially zero for all noble gases and hydrogen, while it assumes finite
values for other gases (see Table 3). In the table we have also shown, taking into account
the previous data, the average attachment time t = {(hN)-!, if N is the number of colli-
sions per unit time. One can see, for example, that in oxygen the average time it takes
for a thermal electron to be attached is 140 nsec. The attachment coefficient is a strong
function of the electric field, as will be shown later.

Table 3

Coefficient, number of collisioms,
and average time for electrom attachment
in several gases under normal conditions'Z>18521)

. -1
_ (AN
Gas h N t T \ ’

(sec™!) (sec)

W, |[6.2x107%]2,2 % 10'1[0.71 x 107¢
02 2.6 x 1075 2.1 x 101 31.9 x 1077
H,0 | 2.5 % 107% | 2.8 x 101 {1.4 x 1077
Co. 4.8 % 107 [4,5x 10 (4.7 x 107°

X

%
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4.2 Mobility of jons

When an electric field is applied across the gas volume, a net movement of the ions
along the field direction is observed. The average velocity of this slow motion (not to be
confused with the instant ion velocity) is called drift velocity w+, and it is found to be
linearly proportional to the reduced field E/P up to very high fields, P being the gas
pressure. It is therefore convenient to define a quantity u+, called mobility, as

u+ =w [%J-l . (11)

The value of the mobility is specific to each ion moving in a given gas. A constant mobi-

lity is the direct consequence of the fact that, up to very high fields, the average energy
of ions is almost unmodified; we will see that this is not the case for the electrons.

A classical argument allows one to obtain the following relationship between mobility
and diffusion coefficient:

= (0.026 eV . {12)

Values of the mobility and diffusion coefficient for ions moving in a like gas were given in

Table Z, while Table 4 gives the mobility of several ions drifting in gases commonly used in

proportional and drift chamberszo)

Table 4

Experimental mobilities of several ions

in different gases, at mormal conditions?®)
Gas Ions Mobility
(cm® V7! sec™)
Ar (OCH;) »CH} 1.51
IsoCyHyo (OCH;) o CHE 0.55
(OCH;) 2CH, | (OCH3) ,CH3 0.26
Ar IsoC,Ht 1.56
Is0C,H; ¢ IsoCyH7 o 0.61
Ar CHy 1.87
CH, QY 2,26
Ar w3 1.72
W 003 1.09

In a mixture of gases G;, Gy, ..., Gn, the mobility u; of the ion Gz is given by the

5 p.
Z —3— (13)
u

j=1

relationship (Blanc's law):

=0 +IF
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where p. is the volume concentration of gas j in the mixture, and u;j the mobility of iom

G; in gas G.. In gas mixtures, however, a very effective process of charge transfer takes
place, and very quickly removes all ions except the ones with the lower ionization poten-
tial. Depending on the nature of the ions, and on the difference in the jonization potential
(small differences increase the charge-transfer probability), it takes between 100 and 1000
collisions for an ion to transfer its charge to a molecule having a lower ionization potential.
Since mean free paths for collision are of the order of 10-% cm under normal conditions, see
Table 2, one can assume that after a drift length between 107° p~' and 107% p~! cm, where p
is the percentage of the lowest ionization potential molecules, the charge-exchange mechanism
will have left migrating only one kind of ion. Figure 21 20) shows the measurement of iom
mobility in the mixtures argon-isobutane and argon-iscbutane-methylal. As shown by the re—
Iationship (13}, for a given kind of ion drifting in a gas mixture, the inverse of the mobil-
ity depends linearly on the mixture's specific weight; 1ines of equal slope, therefore, re-
present migration of the same kind of ions. In the figure, curve F Tepresents the mobility

100
16000 '

14000

12000

1/ g [m2 v . sec ]

100C0O

| ] | | | | i
20 22 24 2.6

p last]

Fig. 21 Inverse mobility of ions migrating im argon-isobutane mixtures
{curve F), in argon-methylal (curve A) and argon-isobutane-
methylal (B = 80% argom, C = 707 argon, D = 60% argon, E = 50%
argon). The mumbers close to the experimental points represent
the methylal concemtration (curves A to E) or the isobutane
concentration (curve F)ZO).
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of isobutane ions in variable argon-iscbutane mixtures, while curves B, C, D, E represent

the measured mobility of methylal ions in several argon-isobutane-methylal mixtures; the
fraction of methylal in each measurement is written close to the experimental points. (learly,
in the range of electric fields considered (a few hundred to a thousand volts/cm) and for 1 m
of drift, if methylal is present in the mixture by more than 3-4% the exchange mechanism is
fully efficient and only methylal ions are found to migrate. The relevance of this mechanism
in the operation of proportional counters will be discussed in Section 5.3.

Ions migrating in a time t over a length x diffuse with a probability distribution
expressed by Eq. (9), and the standard deviation is given by [introducing expressions (12)
and (11) in (10)7]:

- A _ fZKTWwTPt _ [ Z2KTPx
9, = vebt = eE - eE

Therefore the r.m.s. linear diffusion is independent of the nature of the ions and the gas;
the variation of Oy with the electric field, at 1 atm, is shown in Fig. 22, as well as the
equivalent time dispersions Oy for several gas mixtures“), and 1 om drift.
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Fig. 22 Positive ion diffusion in space (Uy) and in time (o) for
a drift length of 1 _cm, at normal conditioms as a function
of electric field2%). WNotice that ¢, is the same for all
gases,

4.3 Drift of electrons

A simple theory of mobility can be constructed following the same lines as for positive
lons; it was found very early on, however, that except for very low fields the mobility of
electrons is not constant. In fact, due to their small mass, electrons can substantially in-
crease their emergy between collisions with the gas molecules under the influence of an elec-
tric field. In a simple formulation, due to Townsend“) one can write the drift velocity as

W = = Et, (14)
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where T is the mean time between collisions, in general a function of the electric field E.
It has been found that the collision cross-section, and therefore T, varies for some gases
very strongly with E, going through maxima and minima {Ramsauer effect). This is a con-
sequence of the fact that the electron wavelength approaches those of the electron shells
of the molecule, and complex quantum-mechanical processes take place. The energy distribu-
tion will therefore change from the original Maxwellian shape [as given by Eq. (8)] and the
average energy can exceed the thermal value by several orders of magnitude, at high fields.
As an example, Fig. 23 shows the energy distribution of electrons in helium at several
values of the electric field!®). Figure 24 gives instead a typical Ramsauer cross-section
measurement for argon?); it appears that the addition of even very small fractions of
another gas to pure argon can, by slightly modifying the average energy, dramatically. change
the drift properties, as illustrated in Fig. 25 22) | We have collected from different
sources?»12:2272%) in Figs. 26 to 30 .the measured drift velocities for several pure gases
and gas mixtures of interest im proportional chambers. Depending on the source, the abscissa
is given in terms of the electric field at normal conditioms, or of the reduced field E/P;
to obtain in the last case the equivalent field at 1 atm one has to multiply the scale by
" 760. At high fields, typical values of w around 5 cm/usec are cbtained; wuse of Table 2.
shows that, under similar conditions, ions are roughly a thousand times slower.

probability

Normalized

Fig. 23

Computed energy distribution of electroms in
helium at different field values (X/p =1
means 760 V/cm at atmospheric pressure)l®?)
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Fig. 30 Drift velocity of electroms in argon-isobutane mixtures, at
normal conditions?®)

A rigorous theory of electron drift in gases exists; it has recently been reviewed
for the study of drift chamber perfonnanceszs:zs). Here, we will only sumnarize the main
results. Under rather broad assumptions, and for fields such that only a negligible frac-
tion of the electrons get enough energy to experience ionizing collisioms, one can deduce

the following expression for the energy distribution:

Bl = C /B [_ 35 (e)ede J ’ (15)
(=) "o I[eER(EJJZ + 3ekTA(g)

where the mean free path between collisions, A(e), is given by

_ 1
Ae) = No(e] (16}
N being the rumber of molecules per uhit volume. At the temperature T and pressure P,
N is given by
P 273

N = 2.69 x 10'? 60 T molecules/am?

and the cross-section o(z) is deduced from the Ramsauer curve of the gas considered. In
Eq. (15), A(e) is the fraction of energy lost on each impact, or inelasticity; 1in other
words the amount of energy spent in processes like rotational and vibrational excitations.
If the elastic and inelastic cross-sections are known, F(e) can be computed and the drift

velocity and diffusion coefficient are given by



where u = vZg/m is
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o[ F(e) ut]

. 2 ek
w(E) = - gfm_ er(e) — de
D(E) = f%uA(E)P(z—:)dE ,

the instant velocity of electrons of energy = .

Simple rules hold for gas mixtures

a7

(18)

o(e) = Zpioi(eJ and  o(e)A(e) = Zpici(e)Ai(e)

with obvious meaning, It is customary to define a characteristic energy ¢ as follows:

_ eED(E)

Fx w

(19)

Figures 31 and 32 show the computed and measured drift velocity and the characteristic

energy for argon on carbon dioxide2%), while Figs. 33 and 34 give the dependence of £y on

“ - . . 25
the electric field, at normal conditions, for several pure gases and gas mixtures }.
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4.4 Diffusion of electrons

During the drift in electric fields, electrons diffuse following a Gaussian distribution
like formula (9); the change in the energy distribution due to the electric field does, of
course, result in a coefficient of diffusion dependent on E, as shown by Eq. (18).

Figure 35 gives, as a function of the electric field, the computed value of the standard
deviation of space diffusion ¢y, as defined by formulae (10) and for 1 cm of driftzs). The
thermal limit is also shown, corresponding to a fictitious gas where the energy of clec-
trons is not increased by the presence of the field; carbon dioxide, because of its very low
characteristic energy, is very close to the thermal limit. For a 75-25 mixture of argon-
isobutane, very close to the one often used in proportional and drift chambers,

a = 200 um independently of E. Im drift chambers, one obtains the space coordinates of
ionizing tracks from the measurement of the drift time, in a more or less umiform field, of
the electron swarm. A small diffusion coefficient leads of course to a better accuracy;

the choice of carbon dioxide is, however, often forbidden by the poor quenching properties

of this gas in proportional counters {see Section 5.3) and the quoted argon~-isobutane mixture
is often preferred.

Notice that the limiting accuracy with which one can localize the drifting swarm is
not directly given by Oys but by its variance, depending on the mmber of electrons neces-
sary to trigger the time-measuring device. For example, if the average time of the n drift-
ing electrons is measured, the limiting accuracy will be ox/¢ﬁl A general expression, which

2x1g x W eE .

Tox

—

— —
25% isobutone —
75%argon  (theory)

o, {em, for [em drift)

Exp Loty

Lower limit

from temperature
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Exp.CyHg
Pure iscbutane (theory)_ |

100 500 1000 2000
E({V/ecm, ot 1atm)

Fig. 35 Computed and experimental dependence of
the standard deviation of electron dif-
fusion from the electric field for 1 em
drift, in several gases at normal condi-
tions25
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can be written for the case where k electrons out of n are necessary to trigger the detect-
ing electronicszs), is

s
Z1

=2 Ea i)

HZT‘T'

k

n
2
gf =
k

1

For k = 1, the expression can be seen to reduce to

m
0] = —mmms O 20
' %3 Inn X (20)

for example, for n = 100 (typical value for 1 cm of gas), o1 = 0.4 a_. We will discuss
this point further in the section devoted to high-accuracy drift chambers.

4.5 Drift of electrons in magnetic fields

i

The presence of a magnetic field modifies the drift properties of a ij;m of electrons.
The Lorentz force applied to each moving charge transforms the small segment of meotion
petween two collisions into circular trajectories, and also modifies the energy distribu-
tion. The net effect is a reduction of the drift velocity, at least at low electric fields,
and a movement of the swarm along a line different from a field line. In the case of a
movement in a constant electric and magnetic field, the swarm will drift along a straight
line at an angle oy with the field lines, and with a velocity Wy # w. The same simple
theory that gives the expression (14) allows one to write the effect of a magnetic field H
applied in a direction perpendicular to the electric field2V as follows:

w =____l\r._._........ m_gﬂ
o T e m

tan aH = Wt

Substituting the value of T obtained from Eq. (14}, one gets an approximation which is
rather good for low electric fields, as shown in Fig. 36, where experimental points are
compared with calculation, for the standard gas mixture used in high-accuracy drift cham-
bers?)}, i.e. 67.2% argon, 30.3% isobutane and 2.5% methylal. At higher fields, the pre-
sence of the magnetic field modifies the energy distribution of electrons and a more rigo-
rous analysis is necessary, similar to the one sketched in the previous section25+28), We
will present here some experimental measurements of Wy and Qpp in the quoted gas mixture,
from Ref. 9. Figure 37 shows that the drift velocity, although reduced at low electric
fields, tends to reach the same saturation value for all values of magnetic field;

Figure 38 gives instead the angle of drift which appears to follow almost a linear depen-
dence on H for large electric fields. The deflection of drifting electrons has to be
taken into account, especially when operating drift chambers close to or inside strong
magnetic fields. Notice also, from Fig. 38, that the use of a heavier gas (xenon replacing
argon) reduces the deflection of the drifting swarm.
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4.6 Effect of electronegative gases

Addition to an inert gas of even small quantities of electronegative products sensibly
modifies the drift properties due to clectron capture. The attachment coefficients h for
several gases, in the absence of electric field, were given in Table 3; the cross-section
for electron capture varies, however, with the electron energy, as shown in Fig. 39 for
oxygen. Figures 40 and 41 show instead the attachment coefficient as a function of the

. reduced field E/p for air and chlorine in argon; similar curves for many other gases can
be found in Refs. 18 and 2Z.
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Fig. 39 Attachment coefficlent for electroms Fig. 40 Attachment coefficient for elec—
in oxygen, as a function of electron trons in air as a functiom of

energy*2). . the reduced electric field?2).
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The presence of electronegative polluants, mostly oxygen and water, in proportional
counters reduces the detected pulse height because of electron capture. Let p be the
fraction of electronegative polluant in the gas, A and u the electron mean free path and
instant velocity, respectively, and w the drift velocity. The number of collisions per
unit time of an electron with the electronegative molecules is therefore up/A and the
probability of attachment

hup _ 1
WX {21)

where Ac is the mean free path for capture. Substituting in Eq. (21) the expression (16)
and the definition of u, one gets

_ [H W
A = \/:Z—E Nhpo (&)

The loss of electrons in a swarm drifting in constant fields across a distance x is given
by

n _ "X/)\C
e . (22)

As an example, let us consider the effect of air pollution in pure argon, at noymal condi-
tions. We sﬁall assume that the presence of the pollution does not modify the energy distri-
bution of electrons in argon. (This is, as we have seen, a rather naive assumption!) From
previous figures one gets, at E = 500 V/am: ek = 6 eV = 1.9 x 107'2 erg, w = 4 x 10° am/sec,
o(g) = 5 x 107'* am?, and for air h = 2 x 10~°. From Eq. (21), therefore, pA_ = 2.5 x 1072 cm,
A 1% pollution of air in argon, therefore, will remove about 33% of the migrating electrons,
per am of drift, due to electron capture.
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4.7 HKigh electric fields: excitation and ionization

Increasing the electric field above a few kV per cm, more and more electrons can re-
ceive enough energy between two collisions to produce inelastic phenomena, excitation of
various kinds, and ionization. Even a simplified description of the energy dependence of
inelastic processes would exceed the purpose of these notes; here, we will only summarize
some phenomenological aspects which are relevant for understanding the operation of propor-
tional counters. A molecule can have many characteristic modes of excitation, increasing
in number and complexity for polyatomic molecules. In_ particular, noble gases can only be
excited through photon absorption or emission, while weakly-bound polyatomic molecules, for
example the hydrocarbons used in proportional counters as a quencher, have radiationless

et e ettt

tranSItlons of a rotatlonal and v1brat10nal nature. Addltlon of an organlc vapour to, noble

;tran51t10n, and, as will be discussed later, this is essential for hlgh galn and stable
operation of proportional counters.

When the energy of an electron increases over the first ionization potential of the
gas E (see Table 1), the result of the impact can be an ion pair, while the primary elec-
tron contlnues its trip. The probability of ionization is rapidly increasing above thresh-
old and has a maximum, for most gases, around 100 €V (see Fig. 42). Approximate curves
showing the fraction of emergy going into differemt processes, as a function of the reduced
field E/P, are given in Fig. 43 for argon, nitrogen and hydrogen‘s). In the figure curves
labelled El represent the elastic impacts, EV the vibrational excitations, EE the excita-
tion leading to photon emission, and I the ionizatioms.

Consider now a single electron drifting in a strong electric field; at a given time,
it will have an energy & with a probability given by the appropriate energy distribution
function F(e). When, following the statistical fluctuations in the energy increase between

H
@] |e | ] | L 1

0 200 400 600
eV

Fig. 42  Probability of ionization
by the impact of electroms,
as a function of their energy,
in several gases22)
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collisions, the electron gains an energy in excess of the ionization potential, an ioniza-
tion encounter may occur. The mean free path for ionization is defined as the average dis-
tance an electron has to travel before getting a chance to become involved in an ionizing
collision. The inverse of the mean free path for ionization, a, is called the first Townsend
coefficient and represents the number of ion pairs produced per unit length of drift. Values
of a/P as a function of the reduced electric field E/P are given in Fig. 44, while Fig. 45
shows the dependence of o/P on the energy of the electrons ¢ .
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Fig. 44 First Townsend coefficient as a funmc-
tion of the reduced electric field,
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The process of jonization by collision is the basis of the avalanche multiplication in
proportional counters. Consider an electron liberated in a region of uniform electric field.
After a mean free path a~!, one electron-ion pair will be produced, and two electrons will
continue the drift to generate, again after one mean free path, two other ion pairs and so on.
If n is the number of electrons at a given position, after a path dx, the increase in the
mumber will be

and, by integration

n-= no-eax or M= = e | (23)
M represents the multiplication factor. In the genecral case of a non-uniform electric
field, o = a(x), Eq. (23) has to be modified in the following way:

Xy

Meep| fal & | - (24)

X



Fig. 46 Drop-like shape of an avalanche, showing the posi-
tive ions left behind the fast electronm front.
The photograph shows the actual avalanche shape,
as made visible in a cloud chamber by droplets
condensing around jons!®).

If one remembers now the big difference in the drift velocity of jons and electrons --
about a factor of thousand -- and the diffusion of migrating charges in the gas, the follow-
ing picture of an avalanche multiplication appears (see Fig. 46): at a given instant, all
electrons are situated in the front of a drop-like distribution of charges, with a tail of
positive ions behind, decreasing in number and lateral extension; half of the total ions
are contained in the front part, since they have just been produced in the last mean free
path. Knowing the dependence of the Townsend coefficient on the electric field, one can
compute the multiplication factor for any field geometry. Many approximated analytic ex-
pressions exist for o, valid in different regions of E; for a summary sec Ref. 25. We
will mention here a simple approximation, due to Korff27} and valid for low values of o

-BP/E
% =Ae / \

where A and B are constants as given in Table 5. In the same region one can assume the
coefficient to be linearly dependent on the energy of the electrons

o = kNe , (25)

N being the mmber of molecules per umit volume; the values of k are given in Table 5.
The limits of the approximation can readily be estimated by inspection of Figs. 44 and 45,
Knowing the dependence of o« on the electric field, the multiplication factor can be com-
puted for any field configuration; an example will be given in Section 5.1. No simple
rules can be given for the behaviour of the first Townsend coefficient in gas mixtures. As
a general trend, addition to a noble gas of a polyatomic gas or vapour increases the value
of the field necessary to obtain a given value of o ; Figure 47 shows the effect of adding
several vapours to argonza). An exponential approximation is still possible, at least for
small values of a.
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Table 5
Parameters appearing in Korff's approximated
expression for the first Townsend coefficient a 17
Gas A ’ B k
{em~! Torr) | (V cm™! Torr) (em* V1)

He 3 34 0.11 x 10717
Ne 4 100 0.14 x 10737
Ar 14 180 1.81 x 10717
Xe 26 350
CO, 20 466
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Fig. 47 TFirst Townsend coefficient as a function of the reduced electric
field, for several vapours added to argon®®).

The multiplication factor cannot be increased at will. Secondary processes, like
photon emission inducing the generation of avalanches spread over the gas volume, and space-
charge deformation of the electric field (which is strongly increased near the front of the
avalanche), eventually result in a spark breakdown. A phenomenological limit for multipli-
cation before breakdown is given by the Raether condition

ox v 20, (26)

or M~ 10%; the statistical distribution of the energy of electrons, and therefore of M,
in general does not allow one to operate at average gains above & 10° if one wants to avoid
breakdowns. Notice also that by increasing the gap thickness, the Raether condition will
be met at decreasing values of «; in other words, for a given field strength, the break-

down probability increases with the gap thickness.
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5. PROPORTIONAL COUNTERS

5.1 Basic operation

Consider a thin layer of gas, for example 1 cm of argon at normal conditions, between
two flat electrodes. A minimm ionizing particle will relecase (see Section 2.7) about
120 ion pairs; if this charge is collected at one electrode, the detected signal will be

ne

V=—C" 3’

which, for n = 120 and a typical system capacitance C = 10 pF, gives V~ 2 uV; this is so
far below any possibility of detection. If, however, a strong electric field is applied
between the electrodes, avalanche multiplication can occur, boosting the signal amplitude
by several orders of magnitude. This kind of parallel plane detector suffers, however,
from severe limitations. The detected signal, to start with, depends on the avalanche
length, i.e. on the point where the original charge has been produced: no proportionality
can be obtained between the energy deposit and the detected signal. Also, because of the
uniform value of o over the thickness, the Raether condition (26) is readily met for some
electrons in the energy distribution: only moderate gains can be obtained before breakdown,
except under very special conditions?®), A cylindrical coaxial geometry allows one to
overcome the quoted limitations (Fig. 48). A thin metal wire is stretched on the axis of a
conducting cylinder and insulated from it so that a difference of potential can be applie?
between the electrodes. The polarity is chosen so that the central wire is poéitive in
Tespect to the outer cylinder. The electric field in the system is a maximm at the sur-
face of the anode wire and rapidly decreases, as r~!, towards the cathode; using thin
wires, very high values of the field can be obtained close to the anode. The operation of
the counter will then be as follows. In most of the region where the charges are produced
by the primary interaction processes, the electric field only makes electrons drift towards
the anode and, of course, positive ions towards the cathode. But very close to the anode,
nomally at a few wire radii, the field gets strong emough so that multiplication starts;

a typical dfopmlike avalaﬁéﬁérdevelops with all electrons in the front and ions behind.

Cathode

~-l/r
r

Ancde

a r

Fig. 48  The coaxial cylindrical proportional counter,
and the shape of the electric field around the
thin anode. Only very close to the anode the
field grows high emough to allow avalanche
multiplication.
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a b c d ' e

Fig. 49 Time development of an avalanche in a proportional counter?®), A single

primary electron proceeds towards the anode, in regioms of increasingly
high fields, experiencing ionizing collisions; due to the lateral dif-
fusion, a drop-like avalanche, surrounding the wire, develops. Electroms
are collected in a very short time (1 nsec or so) and a cloud of positive
ions is left, slowly migrating towards the cathode.

Because of lateral diffusion and the small radius of the anode, the avalanche surrounds the
wire as shown in Fig. 49 *%); electrons are collected and positive ions (half of them
produced in the last mean free path) begin to drift towards the cathode.

Figure 5¢ shows how the detected charge depends on the potential difference Vo between
anode and cathode. At very low voltages, charges begin to be collected but recombination
is still the dominant process; then full collection begins and the counter is said to
operate in the ionization chamber mode. At a certain voltage, called threshold voltage Vo,
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Fig. 50 Gain-voltage characteristics for a
proportional counter, showing the
different regions of operation
(from W. Price, see bibliography
for Sections 2 and 3}.
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the electric field close to the surface of the anode is large enough to begin the process

of multiplication. Increasing V, above VT, gains in excess of 10* can be obtained, still
having the detected charge proportional, through a multiplication factor M, to the original
deposited charge. At even higher voltages, however, this proportionality is gradually lost,
as a consequence of the electric field distortions due to the large space charge built around
the anode. This region of limited proportionality eventually ends in a region of saturated
gain, where the same signal is detected independently of the original ionizing event. Pro-
ceeding even further, the photon emission process outlined in Section 4.7 begins to propagate
avalanches in the counter, and the full length of the anode wire is surrounded by a sheath

of electrons and ions: this is the typical Geiger-Miller operation.

in the development of multiwire proportional chambers, in order to reduce the cost and
complexity of the electronics, very often one tends to work at the highest possible gains,
without entering into the Geiger-Miller region which would introduce prohibitive dead-times
for the counter (see later), i.e. either in the semiproportional or in the saturated mode.
The maximum amplification is limited, of course, by discharge or spark breakdown; the maxi-
mum gain that can be obtained before breakdown depends on the gas used (see later).

Let a and b then be the radii of anode and cathode; at a distance r from the centre,
the electric field and potential can be written as

_ Vo 1
E(T) - 2']T€n ?
(27)
V(r) = 2 19 L where C = —21c8
() = Zne, T a? < In (b/a) ’

V, = V(b) is the over-all potential difference and V(a) = 0; C is the capacitance per unit
length of the system and e, is the dielectric constant (for gases £, = 8.85 pF/m). Following
Rose and Korff  »°') we will compute the multiplication factor of a proportional coumter,
within the limits of the approximation (25). If 1/a is the mean free path for jonization,
the average enmergy ¢ obtained by an electron from the electric field between collisions is
E/a; using the explicit value of E and expression (25) one gets

e = Vo 1
ITE kN T
and therefore
KNCV, 1
fl(r) = —2?6% ? . {28)

The multiplication factor can then be obtained from the definition (24). To fix the limits
of integration, we will assume that avalanche multiplication begins at a distance r. from
the centre, where the electric field exceeds a critical value EC:

c
M= exp[ T a(r) dr] . (29)

a
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Recalling the definition of threshold voltage V.., one can write

CV. T
_ T 1 c _ Vg
E. = 2Ty a and -~ = V{ (30}
Substituting Eq. (28) in Eq. (29), integrating and using Eq. (30} one gets to the two
alternative expressions: ’
= kNCVoa 0 _ 3
M=expi?2 “Treo (1 / v; IJ:| (31)
or
- Vo (Yo _ ’
M= exp J?FNEZ a7 [ 7 1] . (31")
B T T .
For V, >> Vq, the gain is seen to depend exponentially on the charge per unit length Q = (Vo;
e G2

M= Ke s

having %ntroduced expression (30) in (31) and approximating the term in parenthesis to
{Vo/V3) 2. ‘Once the threshold voltage has been determined, using the value of k given in
Table 5, the multiplication factor can be computed and compared'with the measurements;
Figure 51 (from Ref. 31) shows that the agreement is excellent at least for moderate gains.
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Fig. 51 Comparison between the computed I:through
expression (31)] and the measured multi-
plication factor in argon—filled propor-
tional counters?’). The two curves refer

to the imdicated gas pressures.
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For higher values above 10" , the approximation used for o is not justified; in Ref. 25

a sumary of calculations by different authors is given. For a qualitative understanding of
the proportional counters' operation, however, either expressions (31), (31') or (32) are
quite sufficient.

5.2 Time development of the signal

We can now analyse in detail the time development of the avalanche and of the detected
signal. As shown in Fig. 49, the whole process ﬂégins at a few wire radii, i.e. typically
at less than 50 um from the anode surface. Taking a typical value of 5 amn/usec for the
drift velocity of electrons in this region, it appears that the whole process of multipli-
cation will take place in less than 1 nsec: at that instant, electrons have been collec-
ted on the anode and the positive ion sheath will drift towards the cathode at decreasing
velocity. The detected signal, negative on the anode and positive on the cathode, is the
consequence of the change in energy of the system due to the movement of charges. Simple
electrostatic considerations show that if a charge Q is moved. by dr, in a system of total
capacitance LC (& is the length of the counter), the induced signal is

~ av
dv = Eé%;‘a? dr . (33)

Electrons in the avalanche are produced very close to the anode (half of them in the last
nean free path); therefore their contribution to the total signal will be very small:
positive ions, instead, drift across the counter and generate most of the signal. Assuming
that all charges are produced at a distance X from the wire, the electron and ion contri-
butions to the signal on the anode will be, respectively,

a+i
- Q av . Q a+
v o=- R,CVO f ETF dr = Z'ITEQ.Q In a
a

and

+__Q LA ¢ S T - I
A T, j- Tr 9r = Zregd In 5=
a+h

The total maximm signal induced on the anode is seen to be

L R 7,£l. b._Q
vEv o +v o= TEo L In a %C

and the ratio of the two contributions is

v _In(@a+x) -1na
T b (@ N

<

Typical values for a counter are a = 10 um, A = 1 um, and' b = 10 mm; substituting in the
previous expression one finds that the electron contribution to the signal is about 1% of
the total. It is therefore, in gemeral, neglected for all practical purposes. The time
development of the signal can easily be computed assuming that ions leaving the surface of
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the wire with constant mobility are the only contribution. In this case, integration of
formula (33) gives for the signal induced on the anode

t
vit) = -f dv = - dr In G (34)

0

From the definition of mobility, Eq. (11), it follows that

L1
de _ +E_ GV L
T Y T ImeP T
and therefore '
T t 1
+ + H
- B CVp - 2 laz2 , w GV
j'r dr P J.dt or r(t) [a e ]
a 0
Substituting in Eq. (34} cne gets
+
- Q u CVy - - 9 L :
v(t) deol In |1+ ﬂScPaE dnegl In |1+ to ) ° (35)

The total drift time of the ions, T, is cbtained from the condition r(T) = b, and is

T = naop(laz -a?) (36}
u CVy
and it is easily seen that v(T) = -Q/2C as it should be. As an example, let us consider an
argon-filled counter under normal conditions, and with a = 10 ym, b = 8 mm; it follows from
Fgs. (27} that C = 8 pF/m. From Table 2, u* = 1.7 cm® sec™! V™' atm™'; for a typical opera-
tional voltage V, = 3 kV, one gets T = 550 usec. The time growth of the signal is very fast
at the beginning, as shown in Fig. 52; from Eq. (35) one can see that

)

[0 200 300 400 500 T+
I T [ T [

T=10 usec
T=100uses

-V (t)

Fig. 52 Time development of the pulse in a proportional counter;
T is the total drift time of positive ions from ancde to
cathode. The pulse shape obtained with several differ-
entiation time constants is also shown.
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‘hence half of the signal is developed after one thousandth of the total time, about 700 nsec

in the example. It is therefore normal practice to terminate the counter with a resistor R,

such that the signal is differentiated with a time constant T = RC; wvery short pulses can be
obtained using low impedance terminations, with the aim of increasing the rate capability of

the counter (see below). The figure shows some examples of pulse shape obtained by differen-
tiation. At the limit for R + 0, one speaks rather of a current signal than a voltage; this
is given by

. - dv(t) _ _ QC 1
i(t) = 0 5 dmeg Ty * €

The current is maximum for t = 0:

u+Q§2Vo

lma.x = 1(0) == 4,”22%321;

Substituting the numerical values of the previous example, and assuming Q = 10%, (where e
is the electron charge) one gets ipax = 13 vA, which is a typical value for the operation of
multiwire proportional chambers.

5.3 Choice of the gas filling

Since avalanche multiplication occurs in all gases, virtually any gas or gas mixture
can be used in a proportional counter. In most cases, however, the specific experimental
requirements restrict the choice to several families of compounds; low working voltage,
high gain operation, good proportionality, high rate capabilities, long lifetime, fast re-
covery, etc., are examples of sometimes conflicting requirements. In what follows, we will
briefly outline the main properties of different gases in the behaviour of the proportional
counter; a more detailed discussion can be found in the bibliography for this section (in
particular in the book by Korff).

Comparison of Figs. 44 and 47 shows that avalanche multiplication occurs in noble
gases at much lower fields than in complex molecules: this is a consequence of the many
non-ionizing energy dissipation modes available in polyatomic molecules. Therefore, con-
venience of operation suggests the use of a noble gas as the main component; addition of
other components, for the reasons to be discussed below, will of course slightly increase
the threshold voitage. The choice within the family of noble gases is then dictated, at
least for the detection of minimum ionizing particles, by a high specific ionization; with
reference to Table 1, and disregarding for economic reasons the expensive xenon or kryptom,
the choice falls naturally on argon. An argon-operated counter, however, does not allow
gains in excess of 10°-10* without entering into a permanent discharge operation; this is
for the following reasons. During the avalanche process, excited and ionized atoms are
formed. The excited noble gases can return to the gromnd state only through a radiative
process, and the minimum energy of the emitted photon (11.6 eV for argon) is well above the
ionization potential of any metal constituting the cathode (7.7 eV for copper). Photo-
electrons can therefore be extracted from the cathode, and initiate a new avalanche very
soon after the primary.

Argon ions, on the other hand, migrate to the cathode and are there neutralized
extracting an electron; the balance of energy is either radiated as a photon, or by secon-
dary emission, i.e. extraction of another electron from the metal surface. Both processes
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result in a delayed spurious avalanche: even for moderate gains, the probability of the
processes discussed is high enough to induce a permanent régime of discharge.

Polyatomic molecules have a very different behaviour, especially when they contain
more than four atoms. The large amount of non-rtadiative excited states (xotational and
vibrational) allows the absorption of photons in a wide energy range: for methane, for
example, absorption is very efficient in the range 7.9 to 14.5 eV, which covers the range
of energy of photons emitted by argon. This is a common property of most organic compounds
in the hydrocarbon and alcohol families, and of several inorganic compounds like freons,
(0,, BF; and others. The molecules dissipate the excess energy either by elastic colli-
sions, or by dissociation into simpler radicals. The same behaviour is observed when a
polyatomic ionized molecule neutralizes at the cathode: secondary emission is very unlikely.
In the neutralization, radicals recombine either into simpler molecules (dissociation) or
forming larger complexes (polymerization). Even small amounts of a polyatomic quencher
added to a noble gas changes completely the operation of a counter, because of the lower
ionization potential that results in a very efficient ion exchange (see Section 4,2}, Good
photon absorption ard suppression of the secondary emission allows gains in excess of 10°
to be obtained before discharge.

The quenching efficiency of a polyatomic gas increases with the mumber of atoms in the
molecule; isobutane (C,Hio) is very often used for high-gain stable operation. Secondary
emission has been observed, although with low probability, for simpler molecules like carbon
dioxide, which may therefore occasionally produce discharge.

Addition of small quantities of electronegative gases, like freons (CFsBr in particular)
or ethyl bromide (C.HsBr) allows ome to obtain the highest possible gains before Geiger-
Miller discharge, i.e. saturated operation (see Section 5.1). Apart from their additional
photon-quenching capability, the electronegative gases capture free electrons forming ne-
gative ions that cannot induce avalanches (at least in the field values normally met in a
proportional counter). If the mean free path for electron capture is shorter than the
distance from anode to cathode, electrons liberated at the cathode by any of the described
processes will have very little probability of reaching the anode, and gains around 107 can
be safely obtained before discharge or breakdown. To preéerve detection efficiency, how-
ever, only limited amounts of electronegative gases can be used. Infortunately, the use of
polyatomic organic gases can have a dramatic consequence on the lifetime of counters, when
high fluxes of radiation are detected. To start with, the dissociation process, which is
at the basis of the quenching action, quickly consumes the available molecules in a sealed
counter. For a gain of 10° and assuming there are 100 ion pairs detected in each event,
about 10® molecules are dissociated in each event. In a typical 10 an® counter operated at
atmospheric pressure in a 90-10 mixture of noble gas and quencher, there are about 10t
polyatomic molecules available and therefore a sealed counter is expected to change its
operational characteristics substantially after about 10'° counts. As we will see later,
multiwire proportional chambers are normally operated in an open flow of gas, essentially
because the necessity for large surfaces of detection with thin gas windows does not allow
efficient sealing, and therefore gas consumption is not a problem. However, we have seen
that some products of molecular recombination are liquid or solid polymers. These products
will deposit on cathodes and anodes, depending on their affinity, and substantially modify
the operation of the counter after integral fluxes of radiation around 107-10% counts per
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an®. The following process takes place (Malter effect)az). When a thin layer of insulator
develops on the cathode, as a result of the deposit of polymers, positive ions created in
further avalanches deposit on the outer side of the layer and only slowly leak through the
insulator to be neutralized on the cathode. When the detected radiation flux grows above
a threshold value (10% or 10° counts per second per cm?) the production rate of the ions
exceeds the leakage rate and very quickly a high density of charge develops across the thin
layer. The dipole electric field can be so high as to extract electrons from the cathode
and through the insulator: a régime of permanent discharge is therefore induced, even if
the original source of radiation is removed. Temporary suppression of the counter voltage
stops the discharge; the counter, however, remains damaged and an exposure to lower and
lower radiation fluxes will start the process again. Only complete cleaning can regenerate
a damaged counter,

Flows of 10° counts per cm® are very quickly met in high-energy beams having typical
intensities of 10%/sec an®. Use of non-pelymerizing quenchers, like alcchols, aldehydes,
and acetates, was soon recognized to strongly suppress the ageing effect; however, their
low vapour pressure as compared with hydrocarbons does not allow one to obtain an efficient
quenching against photoionization and secondary emission (for example, isopropylic alcohol
has a vapour pressure, at 20°, of 30 Torr). A solution to the dilemma has been found by
taking advantage of the ion exchange mechanism already mentioned several times. If a non-
polymerizing agent is chosen having its ionization potential lower than those of the other
constituents of the gas mixture, addition of even a small quantity of the new quencher will
modify the nature of the ions neutralized at the cathode into a non-polymerizing species.
Propylic alcohol [C3H,0H] and methylal [ (0CH;).(H.] are often used, having ionization po-
tentials of 10.1 and 9.7 eV, respectively. Integrated rates in excess of 101° counts per
an® have been measured, without alteration of the counter properties®?).

Use of a single inorganic quenching gas, like carbon dioxide, would of course avoid
the ageing effect; the quoted instability of operation at high gains of argon-carbon
dioxide counters, however, limits their use. Incidentally, radiation damage of carbon
dioxide counters has been reported, probably as a result of a small amount of polluting
agents in the gas®*:»35), Use of gas mixtures of three or four components may appear to be
a nuisance, but in practice the advantages of having a high gain, stable operation in a
large multiwire proportional chamber complex widely counteract the mixinrg problems.

5.4 Space-charge gain 1imitation

The growth in the avalanche process of a positive ion sheath around the wire has as a
consequence the local reduction of the electric field; the normal field is completely
restored only when all ions have been neutralized at the cathode (i.e. after several
hundred usec}. When the counter is operated in the proportional or semiproportiocnal mode,
the extension of the avalanche along the wire is very small, between 0.1 and 0.5 mm, and
therefore the field modification is confined to a small region of the counter, In Geiger-
Miller operation, on the other hand, the avalanches spread all along the wire and the field
in the whole counter is distorted: for several hundred psec no further detection is
possible.

When a counter is operated in a proportional mode, the effect of a uniformly distri-
buted flow of radiation is to reduce the average gain. Figures 53 and 54 show the
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pulse-height reduction due to space charge, as measured in a drift chamber for 55Fe 5.0 keV
X-rays and for minimum ionizing particleng. The incident fluxes are given in counts per
second per millimetre of anode wire; the corresponding surface rate can be obtained taking
into account the counter geometry. Following the formulation of Hendricks35), one can com-
pute the approximate change in the ancdic potential V, due to a flux R of ionizing events,
each producing nMe charges in the avalanche,

_ IMeRT

AV
41T2€Q

= kMR, (37)

where T is the total drift time of positive ions, as given by Eq. (36). Introducing

Eq. (37) into the dependence of the multiplication factor on the voltage, one can obtain
the corresponding change in the gain. This could be done using expression (31); however,
it appears that in the region of gain values we are normally concerned with (10° or more),
the simpler expression for M given by formula (32) can be used; 1in this case M, = KeWo

and M = M, e 2V, Substituting this in Eq. (37) one gets

welV = r

which, for small variations of AV (eAV = 1) gives AV = KMpR and

M= M, e-KMOR

The exponential decrease in the multiplication factor with the rate is precisely what has
been observed (see Figs. 53 and 54), at least for moderate rates. At higher rates, eAV > 1
and therefore AV < KM;R; then the decrease of the gain with rate is less than exponential
as shown by the data. A practical consequence of a gain decreasing with the rate is, of
course, loss of efficiency when operating at fixed detection thresholds, as is the case in

multiwire proportional chambers. We will come back to this point in Section 6.

MULTIWIRE PROPORTIONAL CHAMBERS

6.1 Principles of operation

Proportional counters have been and are widely used whenever measurement of energy loss
of radiation is required. The space localization capability of a counter is, however, limited
to the determination that a particle has or has not traversed the counter's volume. Stacking
of many independent counters is possible, but is not very attractive mechanically. There was
a vague belief that multiwire structures in the same gas volume would mnot properly work, be-
cause the large capacitance existing between parallel non-screened wires would cause the
signal to spread, by capacitive coupling, in all wires, therefore frustrating any localiza-
tion attempt in the structure. It was the merit of Charpak and collaborators to Tecognize
that the positive induced signals in all electrodes surrounding the anode interested by an
avalanche largely compensate the negative signals produced by capacitive coupling; these
authors operated in 1967-68 the first effective multiwire proportional chambersl), which com-
prised a set of anode wires closely spaced, all at the same potential, each wire acting as
an independent counter.
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A nultiwire proportional chamber consists essentially of a set of thin, parallel and
Fig. 55
For proper operation, the gap % is nor-

equally spaced anode wires, symmetrically sandwiched between two cathode planes;
gives a schematic cross-section of the structure.
mally three or four times larger than the wire spacing s. When a negative potential is ap-
plied to the cathodes, the anodes being grounded, an electric field develops as indicated
by the equipotentials and field lines in Fig. 56 and in a magnified view around the anodes,
in Fig. 57 7] Suppose now that charges are liberated in the gas volume by an ionizing
event; as in a proportional counter, conditions are set such that electrons will drift along
field lines until they approach the high field region, very close to the ancde wires, where
avalanche multiplication occurs; Fig. 58 ) shows the variation of the electric field along

a direction perpendicular to the wire plane, for a typical multiwire proportional chamber.
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Fig. 55

Principle of comstruction and de-~
finition of parameters in a multi-
wire proportional chamber. A set
of parallel anode wires is mounted
symmetrically between two cathede
planes (wires or foils).

Electric field equipotentials and
field lines in a multiwire propor-—
tional chamber. The effect on the
field of a small displacement of
one wire is also shown®’).

Fig. &7

Enlarged view of the field around the amode wires (wire

spacing 2 nm, wire diameter 20 um) 37}
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The analytic expression for the electric field can be obtained by standard electrostatic
algorithms, and is given in many textbooksag’un]. An approximated expression has been given
by Exskine®”), who also computed the field deformations due to wire displacements.

With the definitions of Fig. 55 and requiring V(a) = V,, V(R) = 0, one gets

Vix,y) = —CV—O{EI-T-& = 1n [4[511'12 % + sinh? Esx]]}

A7WeEg S
(38}
_ 2 TX . g EXJI/Z( 2 TX 2 _71]-1/2
E(x,y) = Ze.s [1 * gt = tgh 3 tgt —+ tgh 2
and the capacitance per unit length is given by
A
C= »

(mi/s) - In (Zna/s) (39)

where a is the anode wire radius. Notice that, since a << s, the value given by Eq. (39) is
always smaller than the capacity of the plane condenser with the same surface (2e,5/%). Com-
puted values of C are given in Table 6 for several typical geometries; in general, one can
see that the capacitance is quickly decreasing with the wire spacing, while it does not de-
pend very much on the wire diameter. Along the symmetry lines x = 0 and y = 0, the electric
field can be written as

CVeo
2805

E_=E(0,y) = coth 1_21

v ¥
Ex = E(x,0) = jgﬁ% cotg %? .

S T o e PR R N T R R L LT LTI eyt



- 53 -

Table 6

Capacitance per unit length, in pF/m, for several
proportiomal chambers' geometries

% 2a s {mm)
(mm) (m) 1 2 3 5

10 1.94 3.33 4.30 5.51
8 20 2.00 3.47 4.55 5.92
30 2.02 3.56 4.70 6.19

10 3.47 5.33 6.36 7.34
4 20 3.63 5.71 6.91 8.10
30 3.73 5.96 7.28 8.58

It is also instructive to consider the following approximations:

CVy 1 2 2+
for y << s : Ey) = =2, 1=K Y9 s (40)
]
cv
. Ty . = ¢
fory z s : coth -2 = 1, Ey 758 ¢ . (41)

Equation (40} shows that the field is radial around the anode, with an expression identical
to that of a cylindrical proportional counter, Eq. (27). One can therefore use the main
results obtained in Sections 5.1 and 5.2 to discuss the operational characteristics of a
multiwire proportional chamber, provided that the correct value for the capacity per unit
length is used.

6.2 Choice of geometrical parameters

The accuracy of localization in a multiwire proportional chamber is obviously determined
by the anode wire spacing; spacings of less than 2 mm are, however, increasingly difficult
to operate. One can understand the reasons by inspection of the expressions (40) and (41)
and of the approximate multiplication factor, expression (32}. TYor a fixed wire diameter,
te obtain a given gain one has to keep the charge per unit length CV, constant, i.e. increase
Vo when s {and therefore C) is decreased. Yor example, going from 2 to 1 mm spacing V. has
to be almost doubled (see Table 6). At the same time, however, the electric field in the
drift region is also doubled; the chance that some drifting electrons meet the Raether con-
dition (26} is strongly increased. Practical experience has shown that, if Z mm wire spacings
are possible, 1 mm wire spacings are rather hard to operéte for surfaces larger than 100 cm®
or so. Decreasing the wire diameters helps, but there are obvicus mechanical and electro-
static limitations (see Section 6.4). Notice that scaling down all geometrical parameters
{i.e. the distance and diameter of the wires, and the gap) is not sufficient to preserve good
operation: in fact, the mean free path for ionization remains invariant, unless the gas pres-
sure is correspondingly increased. Work in this direction has been carried out to obtain good

hl).

accuracies over small surfaces
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Fig. 59 Dependence of the multiplication factor om
the operational voltage, relative to the thresh-
old voltage, in a 2 mm spacing multiwire propor-—
tional chamber with several wire diameters
[computed from expression (31)].

Let us now investigate the influence of the wire diameter, on a given geometry. Figure 59
shows how the gain varies, as a function of the ratio V,/Vp, for an s = 2 nm, £ = 8 mm chamber
with several anode radii; the approximate expression (31) has been used, with the correct
value for C as given by formula (35) for each geometry and for argen (k = 1.8 x 10~21 m% v-l3,
Clearly, although in principle any wire diameter allows one to cbtain any gain, the steeper
slope obtained for large diameters means a much more critical operation. We can represent the
effect of all mechanical and electrical tolerances (see the next section) as a widening of
the lines drawn in the figure into narrow bands; for a given V,/Vy, the multiplication factor
will vary, across the chamber, between two extremes. The steeper the slope of a given band,
the more likely it is that one section of a chamber will begin to discharge when another sec-
tion is not yet properly amplifying. .Obviously, however, thick anode wires are easier to
handle than thin ones and a compromise has to be found; diameters around 1¢ um are a prac-
tical limit, while that of 20 um is more frequently used.

6.3 Dependence of the gain on mechanical tolerances

The gain of a chamber at a given coperational voltage depends on the detailed shape and
value of the electric field in the multiplication region and can therefore change along a
wire or from wire to wire as a consequence of mechanical variations. The maximum tolerable
differences in gain depend, of course, on the specific application: in pulse-height mea-
suring devices, requirements are much more severe than in threshold-operated chambers.

A detailed analysis of the gain variations due to several kinds of mechanical tolerances
7 -
can be found in Erskine ) and Dimcowskiuz). Here we would like to give only a qualitative
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formulation, based on the approximated expression (32) for the multiplication factor. Let
Q = CV, be the charge per unit length of the wires; differentiation of Eq. (32) gives

M _ A
o In M 7% . (42)
The problem of gain variation is therefore reduced to the calculation of the change in the

wires' charge.

Recalling the expression for the capacitance per unit length C in a proportional chamber,
Eq. (39), we can compute the effect of a uniform change in the wire radius A4 and in the gap
AL

M _ € pa
Q 2gy a
(43)
Q. 00 AL
Q  2g48 %

Consider, for example, a typical % = 8 mm, s = 2 mm chamber with 2a = 20 um operating at a

gain around 10%. The gain variation will be

=%
[H
(%3]

w|&
2

Typical diameter variations around 1% have been measured on standard 20 um wires, which re-
sult in a 3% change in gain, while a 0.1 mm difference in the gap length results in about
15% gain change.

The effect of a displacement of one wire in the wire plame is also a change in the

37) has computed the re-

charge, in the displaced wire as well as in its neighbours. Erskine
lative charge modification for a displacement of a wire (wire 0) both in the x and in the y
directions (see Fig. 55 for the definition of the reference system). The results for a typi-

cal chamber geometry are shown in Figs. 60 a and b. It appears that a 0.1 mm displacement

e h I T
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a) b)

Fig. 60 Relative change in the charge per unit length due to wire displacements37). In
(a), wire 0 is displaced in the x direction (see Fig. 53), in (b) in the y direc-
tion. The change in the charge of the neighbouring wires is also shown.
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of a wire in the wire plane results in an 8% change in the charge of the two adjacent wires,
and from Eq. (42) this means, at gains around 10%, more than a 100% change! This is obviously
the most critical parameter in chambers' construction. To achieve a 20-30% maximum gain vari-
ation, tolerable in most cases, a spacing accuracy of +20 um (or 1%) is therefore required.

Expression (42) can also be used to estimate the variation of the multiplicaticn factor
with the operational voltage Vy; a 1% change in V, results in an increase of about 15% in M
at gains around 10°. Practical experience shows that, with normal mechanical tolerances and
for medium-size chambers, an over-all gain variation around 30-40% can be expected, and this
has to be taken into account when designing the detection electronics.

6.4 Electrostatic forces

In a structure like that of a multiwire proporticnal chamber, the anode wires are not
in a stable equilibrium condition when a difference of potential is applied. In fact, as-
suming that one wire is slightly displaced from the middle plane, it will be attracted more
to the side of the displacement and less to the other, and the movement would contimue in-
definitely if there was no restoring force (the mechanical tension on the wires). It has
been observed in large size chambers (1 m or more) that, above a certain value of the opera-
tional voltage, the wires are unstable and the new equilibrium has all wires alternatively

43)

length of a chamber for wire stability. Assuming a radial field as given by Eq. (40), not

displaced up and down, as shown in Fig. 61. Following Trippe we can compute the critical

modified by the small displacement §, the force between two equal linear charges CV, at a
distance T, per unit length, is

and, from Fig. 61 and approximating the tangents to the arcs, the total force on a given wire,
per unit length, in the direction nommal to the wire plane, is

Yoo oo, @V} (126 1 28 _ (CV) i g
LE =2 55 BT THST 2

Z'ITEo 460 52

S

Fig. 61 Electrostatic instability in multi-
wire proportional chambers. The
wires are shown alternatively dis~
placed by a quantity & from the
central plane.
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I£ T is now the mechanical tension of the wire, the restoring force, in the direction per-
pendicular to the wire plane and per unit length, is

2

where & = 6(x) is the displacement of the wire along its length, with the conditions
§(0) = 8(L) = 0 if L is the total wire length. For equilibrium, therefore, one must have
R=-] F, or

azs _ _ {CVe)?m &
dx2 fey  S2 °

The equation has the solution
(Vg [
§(x) = &, sm(—f-sl\lm x]
and the boundary condition §{L) = 0 means

W L L 1 ['CVoL]z
“2?\/}:_0?14_“ or T_thrso s :

For tensions larger than this, no solution is possible other than 8(x) =0, which means that
the wires remain stable. The required stability con,dition is, therefore,

1 (CV,Ly?
> = i | e
T2 T dmep [ [ ]

or, for a given maximum tension Ty allowed by the elasticity module of a given wire, the
critical stability lemgth is

5 " T
LC = 'Cv-é' 4TT€0TM . (44)
Table 7 gives for tungsten wires of several Table 7
diameters the maximum mechanical tension that Maximum mechanical temsion (in new-

tons) for tungsten wires, as a

can be applied before inelastic deformation. function of their diameter

As an example, in an s = 2 mm, £ = 8 mm multi-

wire proportional chamber with 20 um wires, 7a T
the critical length is about 85 cm for an opera- Cum) U‘%

tional voltage V, = 5 kV (normal for this geo-

metry, see Section 6.5). When larger sizes are > 0.04
necessary, some kind of mechanical support has 10 0.16
to be foreseen for the wires, at intervals 20 0.65

bh 45 30 1.45

shorter than L¢ Using thinner wires,

if on the one hand one gains in performance
as shown above, on the other hand one needs much more closely spaced supports and this is
a severe mechanical complication and a source of localized inefficiencies.

Another consequence of electrostatic forces in a multiwire chamber is the over-all
attraction of the outer electrodes towards the anode plane, and therefore an inflection of
the cathode planes with a reduction of the gap width in the centre of a large chamber. As
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we have seen in the previous section, the multiplication factor is very sensitive to the

gap width and this can be a problem in large size chambers. Taking into account all charge
distributions in the multiwire chamber structure, one can compute the over-all electrostatic
force per unit surface, or pressure, on each cathode“s); the calculation is, however, rather
tedious. We can reach essentially the same result using the approximated expression (41) for
the field in the drift volume. The field at the surface of the cathode conductors is then

CVy
BT
Es 2 degs T {45)

Simple charge balance shows that the average charge per unit surface on each cathode is
CVo/2s [this can also be deduced from expression (41) if one remembers the basic electro-
static relationship E = o/e,]. The electrostatic pressure on each cathode is, therefore,

cvi
= —, (48
8€gS2
The limits of validity of this expression can be found in the requirement that the field (and
therefore the charge distribution) on the surface of the cathodes is constant; from Fig. 56,

one can see that this assumption is essentially true for chambers having 2 >> s.

The maximuen inwards deflection of a square foil of surface H?, stretched with a linear
tension T, and subject to a pressure p, is given by

P H
by = 5 - (47

Combining Eqs. (46) and (47), one cane deduce the maximum deflection for a given chamber
geometry, or the maximum size for a chamber if a limit is set for the deflection. In case
of large surfaces, a mechanical gap-restoring spacer may be necessary.

As an example, let us compute the maximm gap reduction in an s = 2 nm, 8 mm gap chamber
with H = 3 m operating at 4.5 kV; from Table 6 one obtains

Q=0Cv, =1.5%x10"% ¢/m

and, from Eq. (46), p = 0.8 N/m?*. The yield strength of aluminium alloys is around

2 % 10% N/m?, and for a 20 um thick foil this gives a maximum stretching tension T of

4 x 10% N/m, Introducing this value in Eq. (47), ome can see that the maximm deflection

is about 220 um, which implies a gain increase in the centre of the chamber of about 35% at
gains around 10° (see Section 6.3), in general not tolerable for correct operation. A mechani-
cal gap-restoring device or spacer is necessary; several kind of spacers have been de—
velopeduTJhe) but they are, of course, a source of inefficiency.

6.5 General operational characteristics:
broportional and Semi-proportional

A large variety of gases and gas mixtures is currently used in multiwire proportional
chambers. Except for special applications (for example, high densities or very good pro-
portionality) all mixtures are more or less equivalent, in terms of performances, at least
for moderate gains. Exceptionally large gains are, however, possible only in several speci-
fic mixtures containing an electronegative controlled impurity.
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A general discussion on gases for proportional counters was given in Section 5.3; here
we will present only a collection of experimental observations. A stable proportional or
semi-proportional operation can be achieved in mixtures of argon or xenon with carbon dioxide,
methane, isobutane, ethylene, ethane, etc; gains above 10° can be obtained before breakdown.
For a typical enexrgy loss of 6 keV this implies (see Table 1) a charge signal around 3 pC,
or 300 mV on a 10 pF load. A collection of measured average pulse heights on *°Fe X-rays
on a very large impedance (100 k) is shown in Figs. 62 and 63 +9) , for mixtures of argon-

Pulse height £0,.4)
millivolts (2mm wire spacing)

15%
600

25%

2000 4000 5000 000 Voits
HIGH VOLTAGE

Fig. 62 Peak pulse height on *®Fe 5.9 keV X-rays, in a 2 mm wire spacin

chamber for several argon—carbon dioxide mixtures (om 100 k)"
{Isobutane.Argon)
Puise height (2Zmm wire spacing}
millivotts 40%,
B0%
—_
S00-
60"-
500+ 6%
400 e
0% 5%
300-
m.
m.
%000 50 8000 =0 00 WO 0 voms
HIGH VOLTAGE

Fig. 63 Peak pulse height on 5%Fe in a 2 mm wire spacing chamber for
several argon-iscbutane mixtures (on 100 I REI
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a) b)

Fig. 64 Pulse-height distribution in the proportional region for °°Fe 5.9 keV X-vays (a)
and for minimum ionizing particles (b) in a standard £ = 8 mm, s = 2 mm wire chamber.
The horizontal scale corresponds to about 1 mV/div. (om 1 k).

carbon dioxide and argon-isobutane, respectively. In Fig. 64 the actual puise-height distri-
butions are shown as measured under identical conditions for 5.9 keV X-rays {(Fig. 64a) and
for minimum ionizing particles (Fig. 64b) in a 2 x 8 mm gap chamber, operating with a 60-40
argon-isobutane mixture. As from the considerations of Secticn 2 and from Table 1, in the
quoted geometry the average energy loss of minimum ionizing particles is also around 6 keV,
the characteristic Landau distribution of pulse height is, however, cbserved. In both cases,
the horizontal scale is about 1uA/div., or 1 mV/div. on a 1 k@ load. Full efficiency of detec-
tion for minimum ionizing particles can be obtained with an electronic threshold around one
tenth of the peak amplitude, i.e. about 0.5 mV on 1 k; this is a typically adopted value
for operation in the porportional region. Notice also in Fig. 64a the characteristic 3.2 keV
escape peak of argom.

Figure 65 shows the approximate limits of operation of a standard & mm gap, 2 mm spacing
chamber for argon-iscbutane and argon-carbon dioxide mixtures; the beginning of the plateau
is, of course, determined by the detection electronics' thresheld, 0.5 mV in this case.

ARGON - ISOBUTANE ARGON - CO,
00— — 100 limit of proportionality _|
2 B 7 9 beginning B
i beginning of limit of ] . i of )
; plateau /proporiionol:‘ry (=) platequ
L i o L .
e
; 50__ 1 50 limit of breckdown
2 b - i
brd i limit of ] i ]
- breakdown L
0 : 1 1 ) 0 1 1 | | ?
4000 &000 volts 4000 G000 volts
HIGH VOLTAGE HiGH VOLTAGE

Fig. 65 Approximate limits of operation of an 8 mm gap, 2 mm wire s?acing chamber, as a
function of isobutane and carbon dioxide content inm argon*®).
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Fig. 66 Timing properties of a multiwire proportiomal chamber??), Depending on where the

original charge has been deposited, ome can distinguish a "fast" region A, a "drift"
region C, and an intermediate regionm B contributing to the tail in the fast regiom
time distribution.

The timing properties of a proportional chamber are determined by the collection time of
the electrons produced by the ionizing track; the peculiar structure of the electric field
around the wires allows the separation of three regions, indicated as A, B, and C in Fig. 66.
Electrons produced in region A are quickly collected (typical drift velocities in this region
of high fields are above 5 an/usec); tracks crossing the low field region B, however, will
produce a characteristic tail in the time distribution. Electrons produced in region C, on
the other hand, smoothly drift to the anode where they are amplified and collected. The time
resolution of a chamber is defined as the minimum gate width necessary on the detection elec-
tronics for full efficieﬂcy; it is of around 30 nsec for a 2 mm spacing chamber. TFigure 67
shows the typical time distribution observed in such a chamber, when all wires are comnected
together (meaning that each track crosses region A or B of at least one wire}, while Fig. 68
shows the same spectrum for a single wire and an inclined beam: the long uniform tail in this
case corresponds to tracks crossing region C of the considered wire. When detecting tracks
not perpendicular to the chamber, the number of wires hit on each track (or cluster size) will

obviously depend on the time gate on the associated electronics. If the gate length is the

— —
10 nsec 100 nsec

Fig. 67 Typical time distribution measure- Fig., 68 Typical time distribution measured
ment in a chamber when all wires on a single wire for an inclined

are connected together (total OR) beam of minimum ionizing electroms.
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Fig. 69 Average cluster size as a funmction of the
incidence angle (0° means a track perpendi-
cular to the wire planes) for a large time
gate width*?)

minimum allowed by the requirement of full efficiency {around 30 nsec), the cluster size

will be of one or two wires in a ratio depending'on the angle; if, one the other hand, the
gate length corresponds to the maximum drift time from region C (about 200 nsec for an 8 mm
gap), the cluster size will correspond to the maximm allowed by geometry. Figure 69 shows
the measured average cluster size as a function of the angle of incidence of the tracks (& =0°
means tracks perpendicular to the wires plane) for a large gate width. A detailed discussion
on cluster size and efficiency can be found in Fischer et al.so).

6.6 Saturated amplification region

Addition to a proportional gas mixture of small quantities of electronegative vapours,
like freon (CF;Br) or ethylbromide (C,HiBr) allows the multiplication factor to be pushed to
values as high as 107 before breakdown, at the same time obtaining a saturated gain con-
dition, i.e. a pulse-height distribution which is entirely independent of the amount of charge
lost in the lonizing event. This particular behaviour was first noticed by Charpak and col-
laborators" ) in the so-called "magic gas", argon-isobutane~freon in the volume proportions
70-29.6-0.4. The appearance of saturation in these conditions is illustrated by Fig. 70,
where the pulse-height spectra for minimum ionizing electrons and 5.9 keV photoelectrons are
compared at increasingly high operational voltages. In Fig. 70a, the amplification is still
proportional (the lower peak corresponds to fast electrons), in Fig. 70b saturation appears
and it is full in Fig. 70c. It has been proved that, under these conditioms, one single
photoelectron provides the full pulse heightSI). Notice that the horizontal scales in the
three pictures are not the smae, owing to the large increase in the multiplication factor.
In Fig. 70c, the peak pulse height corresponds to about 50 A, or 50 mV on 1 kQ; thresholds
of detection around 5-10 A are sufficient for full efficiency. Notice also, comparing
Figs. 70c and 64b, the reduced dynamic range of saturated pulses: this is greatly reducing
the overload recovery time problems of the electronics.
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a)  HV = 4100 V

) .
R e T o

b) HV = 4300 V

¢) HV = 4500 V

Pulse~height spectra measured in a 5 mm gap, 2 mm
wire spacing multiwire chamber for 35Fe X-rays and
minimum ionizing electrons at increasing amodic volt—
ages, in "magic" gas, showing the pulse-height satura-
tion effect??). Notice that the horizontal scales im
the three pictures do not coincide (the average pulse
height is imcreasing by more than one order of magni-
tude from (a) to (e).
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Fig. 71  Typical efficiency plateau and noise rate
versus high voltage for an 8 mm gap, 2 mm
wire spacing chamber, operating with magie
gas and 5 mV (on 1 k) detection thresholds™S)

Figure 71 shows a typical efficiency plateau for minimum ionizing particles, of a multi-
wire proportional chamber operated with magic gas; the average wire noise rate, i.e. the
counting rate in the absence of radiation, is also indicated.

The amount of electronegative gas that can be used in a chamber is obviously limited by
the requirement of full efficiency; roughly speaking, the mean free path for electron capture
Ac should not be smaller than half the wire spacing. Figure 72 shows the measured efficiency
for a 2 mm wire spacing chamber, at increasingly high concentrations of freon; under rea-
sonable assumptions on the detection and capture mechanisms, the experimental points are well
approximated by a calculation that assumes Azt = 1.5 p !, where p is the percentage of
freomn.

Efficiency
1.0 - —» =
.
0.5 1 .
Mogic gos 4 meosured
kc= 1.6 mm
p = 0.41 %
o
S L N S 1.
=1 1
Ae {mm™

Fig. 72  Average efficiency for minimum ionizing particles, as
a2 function of freon content in a2 2 mm wire spacing
chamber51)

L T
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An important consequence of the presence of an electronegative gas in the mixture is a
different behaviour in the cluster size versus gate length; electrons produced in the drift
region (region C of Fig. 66) have a very small probability of reaching the anodes, and the
cluster size is limited even for long gates, as illustrated in Fig. 73.

N e AO8% a-30°
1000 -
0% freon
500~ i
0 1 |
0 2 4 6 8

Number of wires touched

Fig. 73 Cluster size for 30° tracks, for a
large time gate, as a function of
freon content*?). Reduction of the
sensitive zome around the wires re-—
sults in a reduced cluster size.

6.7 Limited Geiger and full Geiger operation

A peculiar mode of operation has been observed in proportional chambers having thick
wires widely Spacedsz). At sufficiently high voltages, and using a reduced concentration
of organic quenchers (for example a $0-10 argon-isobutarie mixture), a transition is observed
from the normal proportional régime to a damped- Geiger propagation, limited in spatial ex-
tension to 10 mm or so along the wire. Alfhough very attractive because of the remarkable
signal pulse height that can/be obtained (30-40 mV on 50 @, see Fig. 74), this mode of opera-
tion has a severe rate limitation in the long time it takes the positive ion sheath to clear
the activated anode wire section. For an 8 mm gap chamber, the assumption that after each
count a 10 mm long section of the wire is dead for about 300 usec provides a good agreement
with the experimentally measured efficiency.

Full Geiger propagation has been observed in multiwire proporticnal chambers when only
a small percentage of quencher, like methylal or ethyl bromide, is added to pure argon:
again, very long dead-times are obtained. On the other hand, a measurement of the propaga-
tion time of the Geiger streamer along the wires can be used to provide two-dimensional

. - - 53
images of the conversion polnts ),
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Transition between the proporticnmal and the limited
Geiger operation in a multiwire chamber as seen di-
rectly on a 50 @ termination52)., Horizontal and ver—
tical scales are, respectively, 200 nsec/div. and

10 mV/div. 1In (a) the small peak at the left shows
the detection of 5.9 keV X-rays still in the propor-
tional (or semiproportional) region, while limited
Geiger pulses begin to appear; Figs. 74b and ¢, ob-
tained at increasingly high voltages, show that all
detected pulses enter the limited Geiger mode. The
time extension of the signal (less than a usec) proves
the limited extension of the Geiger streamer (around
1 cm).
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6.8 Rate effects and ageing

We have already discussed in Section 5.4 the effect on the gain of a positive space
charge built up at high rates. Since the gain reduction is a localized effect, extending
perhaps one or two gap lengths around the hot spot in a chamber, substantial modification
in the distributions of measured particles can be produced if the rate limit is locally ex-
ceeded. Measurements of the average pulse-height reduction as a function of rate were given
in Figs. 53 and 54 for a specific geometry and gas mixture; of course, the effect depends
on the gap ard ion mobility, which however camnot vary over a very wide range. Inspection
of the figures shows clearly that, at fixed thresheold of detection, one will star£“i551ng
efficiency when the lower part of the pulse height spectrum distribution decreaées below
.threshold. High chamber gains and low thresholds are therefore recommended for hlgher rate
full efficiency operation. It appears in practice, however, that at any given chamber gain
the threshold value camnot safely be reduced below one tenth or one twentieth of the average
pulse height (essentially because of noise due to micro-discharges), and therefore almost
identical efficiencies of detection versus rate have been measured in a large variety of
gases and conditions. We will quote here a measurement realized in a multiwire proportional
chamber having 1 sm wire spacing, and operating in magic gas [Fig. 75 5“)] and a similar-
measurement obtained in a drift chamber having 50 mm wire spacing and operating in argon-
iscbutane [Fig. 76 g)]. The efficiency loss per unit length of the anode wire at high rates
is about the same; obviously, the different surface accepténée in the two cases (50 to 1)
reduces correspondingly the tolerable surface rate, Small wire. spacings are therefore neces-
sary for operation at high rates, although the spatiai extensioﬁ-of fhé-ﬁoéitive"chérges may

create some degree of interdependence between wires.

5%~ Inefficiency as function of surface density —

-
[&]
| o
S 0% .
©
s
<
5% .
0 | | | mm pitch l
0 0.5x10° 1.0 x10° 1.5x10° 2 Oxl0®

Number of particles per mm2 and per second

Fig. 75 Space-charge effect on chamber efficiency.
Measured inefficiency om a ¢ = 1 mm chamber,
operating in magic gas, as a functionm of
beam intensityS*
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Fig. 76 Space-charge effect measured in a drift Fig. 77 Ageing effect in a chamber
chamber®). To present the results in a operating with organic gas
plot independent from the wire spacing, mixtures (argom-isobutane
the horizontal scale has been given as 70-30)%%) . The singles count-=
rate per unit length of the anodic wire. ing rate has been measured in

a chamber for increasing in-
tensities of *°Fe X-rays, as
a function of high voltage,

before and after an irradia-

tion of about 10’ counts/cm?.

After the irradiation, the
average pulse height is re-
duced, for a given voltage,
and the discharge knee appears
at lower voltages.

Another effect related to high counting rates is the polymerization of some quenchers
or impurities with the appearance of secondary discharge (see also Section 5.3). A multiwire
chamber -- in which, either owing to improper cleaning or to the deposit of polymers due to
long exposures to radiation, the secondary discharge mechanism is active -- has a very charac-
teristic behaviour. Normally operating at low counting rates, it manifests an increasing and
sustained background rate (or dark current) when exposed to higher radiation fluxes even for
a short time, in the damaged regions. Rapid switch off and on of the operational voltage, .
however, restores the original low-noise condition by capacitive removal of the positive ion
sheath on the insulating layers,_ﬁhich is responsible for the secondary sustained discharge.
The appearance of radiation damage can be quantitatively measured monitoring the singles
counting rates on a variable intensﬁty radioactive source, as a function of the voltage.
Figure 77 shows such a measurement using a ®°Fe X-ray source before and after a long irra-

33)

diation (around 107 counts/cm?) (fhe~hgpkground'rat§lis clearly increased, and appears
L e w7

. R SN SIS R o . .
at lower and lower voltages for increasing rates of the solfce. A shift to higher voltages
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of the lower edge of the plateau also appears, eithef due to the field reduction induced by
the charge dipole created on the cathodes over the thin insulator film, or to an increase on
the anode wire diameter due to conductive deposits (a thin carbonaceous deposit is normally
found covering the anodes of a damaged chamber).

Use of non-polymerizing additives having an ionization potential lower than any other
constituent in the gas mixture eliminates, or at least displaces by several orders of magni-

tude, the integral flux capability of a proportional chamber. In Fig. 78 33)

the efficiency
plateau on minimm ionizing particles, the background rate, and the singles rate on °°Fe are
measured in a chamber operating with magic gas and methylal (72% argon, 23.5% isobutane,
0.5% freon and 4% methylal) before and after a total irradiation of 3.3 x 10'° counts/cm®.

No change is observed in the main operational parameters. Total exposures exceeding 1012 fcm?

have been reported, without detectable ageing effects.
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Fig. 78 Effect of a long irradiatiom in a chamber operating with 47 methylal added to
magic gas??). At left, the effect on efficiemcy for minimum iomizing particles,
ard on the noise, and at right the effect on *°Fe singles rate.

6.9 Mechanics and electronics

Just for completeness, I shall give here some hints on the mechanical construction of
a multiwire chamber, as well as a basic description of the attached electronics; the reader
should, however, refer to the quoted literature to obtain more details.

The basic problem of chamber construction is to support, on suitable frames, a succes-
sion of foils or wire planes constituting the electrodes, within a given set of mechanical
and electrical tolerances, and to make the whole structure gas tight. Several methods of
construction have been developed; we shall mention here two representative examples. The
first, and more frequently used, consists in fabricating a set of self-supporting insulating
frames, normally of extruded or machined fibre-glass, one per electrode. The wire electrodes
are in general soldered on printed circuits, which are an integral part of the frames; the
chamber is then mounted either gluing together the required mumber of frames (in case of small
chambers) or assembled with pins and screws traversing the frames, the gas tightness being
guaranteed by suitable rubber O-rings embedded in the frames, and by two thin gas windows
(mylar or equivalent) on the two outer surfaces. Figure 79 shows an assembled three-gap
Chamber of this kind"®) and Fig. 80 **) an exploded view of a similar chamber; the com-
plexity and the large mumber of parts required is apparent. The reader will find else-

b4 ,45,55=61)

where , a selection of papers devoted to a detailed description of this method of

construction.



- 70 -

Fig. 79 Schematig view of an assembled three-coordinate medium-size multiwire proportional
chamber .

Fig. 80 Exploded view of a 2-coordinates multiwire chamber, showing the number and the
complexity of the required parts55),
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A drawback of the described techmique lies in the rather unfavourable ratio between the
active and the total surface (for a 1 m? chamber it is typically around 70%). In case the
total available detection area is limited, as in a spectrometer magnet, the loss is consider-
able. For this reason, a different construction principle has been developed, based on the
use of metallized self-supporting honeycomb or expanded polyurethanc planes that constitute
both the cathode plane and the chamber supportb7). A sketch of such self-supporting chambers
is shown in Fig. 81 for a two-gap element; notice the very thin (1 cm or less) passive frame
on the edges, on which the anode wires are stretched and soldered and the particular shape of
one side, intended to contain the vacuum tubes at the CERN Intersecting Storage Rings. The
perspective cut shows also the fishbone structure of the cathode plane strips, used to obtain
an ambiguity-resolving third coordinate. The obvious advantages of large active area and
ease of construction are, on the other hand, counterbalanced by a rather substantial increase
in the chamber thickness in the active area (0.6 g/an’ against a few mg/cm? for a conventional
construction).
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Fig. 81 Principle of construction of a self-supporting multiwire proportional
chamber*’}., The basic building elements are foam or honeycomb plates,
coated with insulating or comducting thin sheets as shown in the
cross—section.
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As already mentioned in Section 6.4, when the size of a chamber exceeds a square metre
or so, electrostatic wire instabilities and over-all electrode deflections appear, which spoil
the chamber's operation unless suitable mechanical support lines are used to balance the elec-
trostatic forces. Supports must obviously be insulators if they are in contact with the anodes
and, because they have a dielectric rigidity very different from that of a gas, a substantial
field modification is produced that spoils the efficiency over a large area (a centimetre or
50 around the support}. Several solutions have been developed in which an insulated wire or
a conductive strip, close to the anode wires but not in contact with them, is raised to a poten-
tial high enough to, at least partially, restore the field and therefore the efficiency of
detection. In Fig. 82 an example is given of a vinyl-insulated support line and of the cor-
responding lecal efficiency measurement“s); the photograph in Fig. 83 ve) shows a corrugated
thin kapton strip, with a printed conductor on one side, which corrects both the anode wire
instability and the gap squeezing, with essentially the same efficiency reduction as the pre-
vious support line,

[ ]

Fig. 82

One of the several support lines de-
veloped to avoid electrostatic insta-
bility in proportional chambers, to-
gether with a measurement of efficiency
across_the region perturbed by the
line*®). a correction potential given
! to the central conductor greatly re-

-5 0 duces the extemsion of the inefficient
Distonce trom support line [mm] region, as shown by the family of curves.

o
o
I

Efficiency
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Fig. 83 Example of a mechanical device used both to avoid gap compression (due to the
anode—cathode planes attraction) and anode wire imstabilities, with a potential-
correcting conductor on the anodic side"®

As far as the electronics is concerned, I will again refer the reader to the abundant
literature existing on the subject; almost every group using proportional chambers has de-
veloped its own electronic circuit { see the previously quoted references for the chamber's
construction, and also Lindsay et al.GZ)]. Completely assembled systems are commercially

availablesa:sh).

The basic principle of a single-wire electronic chamnel is shown in Fig. 84.
The signal from one anode wire is amplified, discriminated, and shaped to a logical level;
typical discrimination levels are between 0.5 mV and 5 mV on 1 k2 (0.5 to 5 pA), depending

on chamber gain and performances (see Section 6.5). The pulse is then delayed by either a
passive or an active delay element (cable, delay line, or one-shot monostable}, so that the
experimenter can select, using a logic gate after the delaying element, only events considered
good by fast trigger electronics. In the trigger may participate external devices (such as
scintillation counters, particle identifiers, etc.) as well as the signals from the wires or
group of wires of the chambers, available through the fast OR output. For accepted events,
the wire pattern stored in the memory elements (one per wire) is then read out in a sequential
way into a computer.

We shall only mention here that several alternatives to the one channel-per-wire elec-

tronics have been developed, based either on delay line read—outsss_GT) or on other analogic
methods®®2°%)

Discriminotor Write gate Read gate
Amplifier Delay Memory
Wire I Data
Fast out Write DC out Read

Fig. 84 Basic scheme of the electromics ve-
quired on each wire in a proportional
chamber
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DRIFT CHAMBERS

7.1 Principles of operation

The possibility of measuring the electrons' drift time to get information about the
spatial coordinates of an ionizing event was recognized in the very early works on multiwire
proportional chambersl). In its basic form, a single-cell drift chamber consists of a region
of moderate electric field,. followed by a proportional counter (Fig. 85). Suitable field
shaping electrodes, wires or strips, as shown in the figure, allow one to obtain the desired
electrical configuration. Electrons produced at time t, by the incoming charged particle
migrate against the electric field with velecity w, and reach the anode wire where avalanche
multiplication occurs at a time t,. The coordinate of the track, in respect to the anode

wire, is therefore given by

t,
x = f wdt | (48)
Ty

which reduces, for a constant drift velocity, to x = (t; - t,w. It is obviously very con-
venient to have a linear space-time relationship, and this can be obtained in structures
with uniform electric field. If a large surface of detection is required, however, a simple
structure like the one of Fig. 85 leads to uncomfortably large working voltages and very long
drift times; nevertheless, chambers of this kind having as much as 50 om drift lengths have
been operated, with an over-all drift voltage around 50 kV and maximum drift time (or memory)
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Fig. 85 Principle of operation of a simgle—cell drift
chamber. A set of cathode wires, at suitable
potentials, generate in the drift space a region
of uniform field. The electroms produced by an
ionizing event migrate to one end of the cell,
where avalanche multiplication oceurs in a single
wire proportional counter. The coordipate is
then proportional to the time of drift (the time
reference being given by an external scintilla-
tion counter).
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of 7 usec . For even larger surfaces, or in cases where shorter memory times are necessary
because of the expected particle rates, a multicell structure can be used; in this case,
since the region of the anode wire becomes necessarily part of the active volume, it is not
possible to obtain a constant drift field all across the cell. '

In principle, a structure identical to the one of a multiwire proportional chamber can
be used to realize a multiwire drift chamber; however, the low field region between the anode
wires would result in a strong non-linearity of the space-time relationship, especially for
large wire spacings. A modification of the original proportional chamber structure allows
the elimination of low field regions in the central plane, as shown in Figs. 86 a and b. The
anode wires are alternated with thick field-shaping cathode wires that reinforce the electric
field in the criticai region. Chambers of this design with anode wire spacing of 1 cm were
the first operational drift chambers71), and were built, with wider wire spacings, up to sizes
of about 4 x 4 m? 72). Other designs, similar in principle to the one described, have been
developed, which allow a simpler construction of large surface, mechanically very stiff, drift
chambers; Fig. 87 shows one examp1e73). Thin aluminium profiles (I-beams), insulated from
the cathode planes and kept at a negative potential, serve both the purpose of mechanical
spacers and field-reinforcing electrodes. The cathodes are grounded, while the anode wires

are maintained at a positive potential to collect and amplify the electrons.
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Fig. 86 Principle of the multiwire drift chambers with uniform
cathode plames: (a) the basic geometry and {b) the
electric field equipotentials im a chamber haying

2 x 15 mm gap and 60 mm between anode wires’5).
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Fig. 87 Equipotentials computed in the Harvard-MIT drift chambers’®’. The field wire has
been replaced by an I-ghaped profile, insulated from the cathode planes, and serving
both the purpose of field reinforcing element and of mechanical stiffemer. The gap
is 26 mm, the anode wire spacing about 10 cm.

The major limitation of the structures represented in Figs. 86 and 87 lies in the fact
that, in order to obtain a relatively uniform drift field, the ratio of the gap length to the
wire spacing has to be maintained close to unity. For typical convenient wire spacings (5 to
10 am) this implies rather thick chambers, and therefore a reduced packaging density. More-
over, it takes a long time to collect at the anode all the electrons produced by a track,
and therefore multitrack capability per wire is excluded. These considerations have led to
the development of the structure shown in Fig. 88 ®»7*). Two sets of parallel cathode wires
are comnected to increasingly high negative potentials on both sides starting from the centre
of a basic cell; the anode wire is maintained at a positive potential, and two field wires,
at the potential of the adjacent cathode wires, sharpen the transition from ome cell to the
next. The equipotential lines are shown on the figure, for a typical choice of operaticnal
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Fig. 88 Principle of construction of the adjustable field multiwire drift chambers?},
Cathode wires are connected to uniformly decreasing potentials, starting from ground
in front of the anode. Field wires reinforce the field in the transition region to
the next cell.
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voltages; a uniform field drift region is produced in most of the cell. Small gap-to-anode
wire spacing ratios can therefore be implemented; typical values of & mm and 50 mm have been
used for the gap and the anode spacing, respectively. Notice that, since the cathode planes
are not equipotentials, some field lines escape from the structure; subsidiary grounded

screening electrodes, as shown in the figure, guarantee the immmity of the drift field from
external perturbations.

Qther structures, intermediate between the ones described, have been developed; Fig. 89
shows, for example, a modification of the geometry of Fig. 86, with the introduction of several
additional field-shaping wires that allow reduction of the long collection time on a track by
limiting the effective volume of detectionTs). Figure 90 shows instead a scheme where flat
electrodes on both sides of the anodes replace the field-shaping wires”)
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Fig. 89 (2) Geometry of the Saclay chambers, and (b) electric field equipotential
in one guarter of the structure’ >/, The role of the intermediate poten—
tial wires is to limit the accepted fractiom of ieonizing track so as to
have a more or less uniform response along the drift cell.
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Fig. 90 The drift chambers developed at Fermilab with a thin
aluminium foil separating adjacent cells’®).

7.2 Space-time correlation and intrinsic accuracy

The ultimate accuracy that can be obtained in a drift chamber depends both on the good
knowledge of the space-time relationship and on the diffusion properties of electrons in gases.
From the considerations of Section 4.4 it appears that, for most gases commonly used in pro-
portional counters, intrinsic accuracies (due to diffusion) below 100 um are possible for
minimm ionizing particles. The space-time correlation, however, may not be known at this
level of accuracy, especially for large chambers where various mechanical tolerances can
locally modify the electric field structure. Very good results in terms of stability of
operation and reproducibility have been obtained combining the good electric field charac-
teristics of the structure shown in Fig. 88 and the saturated drift velocity peculiarity ob-
tained in selected gas mixtures. Inspection of Fig. 30 shows, for example, that in a 70-30
mixture of argon~isobutane the electrons' drift velocity is roughly constant at fields ex-
ceeding 1 kV/am. If a chamber is designed in such a way as to avoid regions of field lower
than the quoted value, the sensitivity of the response to local field variation is strongly
reduced.

We shall describe in what follows the main results obtained with a drift chamber of the
kind depicted in Fig. 88, with 6 mm cathode plane separation and 50 mm cell size, operating
in a gas mixture of argon, isobutane and methylal in the proportions, respectively, 67.2%,
30.3% and 2.5% 9). The dependence of the drift velocity on electric field for this mixture was
given in Fig. 37 *). Similar sets of measurements exist for all other drift chamber struc-

tures and can be found in the corresponding quoted references.

A simple way of measuring the space-time relationship in a drift chamber is to record
its time spectrum on a uniformly distributed beam. In fact,

S =885 x (e . (52)

Therefore the time spectrum represents the drift velocity as a functicn of time of drift,
and its integral the space-time relationship. An example of this kind of measurement is

*) Notice, comparing Figs. 30 and 37, that the addition of methylal to an argon-isobutane mix-
ture (necessary for the reasons illustrated in Sections 5.3 and 6.8) increases the satura-
tion voltage to about 1.2 kV/cm.
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given in Fig. 91. Obviously, the limitation of the method lies in the accuracy with which
a uniform beam can be produced over a large surface; for more accurate measurements, several
methods of mechanical or electronic scanning have been used. Figure 92 shows the result ob-
tgined in a chamber of the kind illustrated in Fig. 88 ), the space-time correlation has

Fig! 91 Example of time spectrum and its integral
in a uniform beam, representing respectively
the drift velocity and the space-time rela-
tionship. The measurement has been obtained
by the author with a chamber of the kind de-
scribed in Fig. 88.
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fig. 92 Measured and computed space—time relatlonshlp for the
chamber in Fig. 88, as a function of the minimum ionizing
beam angle of incidence?)
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been measured for several angles of incidence of the minimum ionizing beam, and it is strictly
linear, within the measurement errors (#50 pm) over all the cell for tracks perpendicular to the
chamber plane (6y = 0°) with a slope of 5.20 * 0.02 cn/usec. For a beam inclined in the plane
perpendicular to the wires, the correlation is modified by the fact that the electrons having
the shortest time of drift are not those produced in the middle plane of the drift cell.
However, a simple two-straight-lines approximation is possible to the measurement, as shown

in the figure, under the assumption that the shortest distance to an inclined track is radial
around the anode wire and follows the cathode planes thereafter, i.e. as expressed by

x =¥ for 05t —8&
cos By w sin By

(53)
x=wt+—.g-————1—-1 fort > —&
sin By \cos 6y w sin By

where g is the total gap width. No deviation for linearity is observed for a beam inclined

in a plane parallel to the wires. Nommally, of course, the angle of incidence of the tracks
1s not known a priori; an iterative procedure using the data from a set of chambers is then
followed , computing an approximated incidence angle under the assumption of a linear correla-
tion. The procedure is, in general, very quickly converging. In structures where the elec-
tric field is less uniform, the space-time relationship is obviously more or less deviating
from linearity especially if regions of field are met low enough not to allow drift velocity
saturation. As an example, Fig. 93 shows the measured correlation in a very large (3.6 x

x 3.6 m*) chamber with the structure shown in Fig. 86 and 10 cm between anode wires72).
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Fig. 93  Space-time relationship for the chamber
illustrated in Fig. 86, with 10 cm wire
spacing”2). Due to the large electric
field variability, the correlationm is
not linear.
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Fig. 94 Measured intrinsic accuracy in the drift chamber
of Fig. 88, as a functiom of drift spacel?). The
experimental results have been decomposed into
three contributions: a constant electronics dis-
persion, a physical diffusion term function of
the square root of the drift space, and a contri—
bution of the primary iom pair statistics.

The intrinsic accuracy of a chamber can be estimated by the usual method of measuring
the same track in a set of equal chambers, and computing the standard deviation of the dif-
ference, in a given chamber, between the measured and fitted coordinate. One of the best
results obtained so far is presented in Fig. 94 10} uhich gives the accuracy as a function
of the drift distance in a chamber like the one in Fig. 88, but with 42 mm anode wire dis-
tance. The result can be decomposed into three main contributions: a square rodot depen-
dence on the distance of drift, due to electron diffusion, a constant electronics spread
estimated to correspend to about 40 ym as from the figure, and a contribution of the primary
electrons' production statistics, particularly important close to the anode wire {see the dis-
cussion in Section 2.8).

As far as the proportional gain is concerned, drift chambers are, in general, easier to
operate than multiwire proportional chambers, being essentially isolated proportional counters;
all considerations on multiplication factors and gas choice, developed in Sections 5 and 6,
apply as well with the necessary modifications due to the geometry. Exceedingly long effi-
ciency plateaux (about 30% of the working voltage) have been obtained with rather high dis-
crimination thresholds, 5 to 15 uA 72). The gas purity is, of course, of primary importance
in a drift chamber, especially if long drift spaces are used; the effect of electronegative
gas pollution has been discussed in Section 4.6. Common practice has shown that commercial
grade purities are sufficienmtly good for moderate drift lengths (a few cm), but that the gas
tightness of the chamber and of the tubing has to be carefully checked. In some cases, a
gas monitoring device at the output of a chamber or a chamber system is advisable.

7.3 Stability of operation

It should be emphasized that the intrinsic accuracy given in Fig. 94 is the result of
a local measurement, normally realized in a short run and essentially independent of the de-
tailed space-time correlation. To make use of the quoted accuracies in an actual coordinate
measurement, one has, of course, to know precisely the space-time correlation or the drift
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velocity w = w(t). For a given chamber geometry, the major factors that can influence the
drift velocity are: the electric £ield strength and direction, the atmospheric pressure, the
gas composition and temperature, the presence of external factors modifying the drift pro-
perties {electric or magnetic stray fields), and the mechanical imperfections. Alghough it
is, in principle, possible to take all these factors into account by proper calibration or
monitoring, for a realistic system it is more reasonable to set definite limits to the toler-
able variations, as a function of the desired final accuracy. The choice of a drift-velocity
saturating gas obviously decreases or eliminates the dependence on the reduced electric field
E/P. It appears also 2%,2¢) that for several gases and gas mixtures the temperature depen-
dence of w is reduced at high fields (see Fig. 95a); for the particular mixture used by the
authors of Ref. 9, the calculation gives a value very close to the experimentally measured
one, i.e. Aw/w = 3 x 107* per °C at a field around 1.4 kV/cm (Fig. 95b). At low fields, and
for the same mixture, the relative variation is about one order of magnitude larger. The de-
pendence on gas composition also reduces at saturation, and has been measured in the quoted
gas mixture to be Aw/w = 1.2 x 107 for 1% change in the gas77). Using the measured relative
variations, one can see that to maintain a 50 um stability over 25 mm of drift (dw/w = *2%)
a maximum temperature variation of #7°C, and a maximum gas composition change of #1.6% can
be tolerated.

Mechanical tolerances and electrostatic deformations contribute, of course, directly
to the limiting accuracy, and may moreover produce electric field distortions. For large
size chambers one should also take into account the thermal expansion of the materials.

7.4 Behaviour of drift chambers in magnetic field

We have seen in Section 4.5 that the presence of a magnetic field other than parallel
to the drift direction modifies both the drift velocity and the angle of the electron swarm.
In some cases this can be a perturbing factor, if a chamber is situated too close to a
stray field, in others instead installation and proper operation of a chamber inside a magnet
is desired. Several structures have been studied that permit the use of a drift chamber in
strong magnetic fields. Figure 96, for example, shows the computed electron trajectories in

— Cathodes Sense wire Field wire
\\ (_ F_ a)

Fig. 96

Computed electron trajectories in a cham-
ber like the onme of Fig. 86, for several
values of the magnetic field, parallel to
the wires’?)
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Fig. 97 Computed space-time relationship for
normal tracks in the geometry of
Fig. 96, at increasing values of
the magnetic field?8)

a structure similar to the cne of Fig. 86, at increasingly high values of the magnetic field
parallel to the sense wires, and Fig. 97 the corresponding time-space relationshipsTsj. Ob-
viously, precise knowledge of the magnetic field strength and direction is necessary for each
position in the chamber and a rather complex parametrization or tabulation for the correla-
tion must be used. In the case of a uniform magnetic field, the electric field in a structure
like the one of Fig. 88 can be modified to compensate for the angle of drift. By a suitable
choice of the drift voltage connections, the equipotential surfaces in the chamber can be
tilted by an angle corresponding to the expected angle of drift (see Fig. 98), the fine ad-
justment being then possible by a modification of the field strength (see Fig. 38} still
maintaining the saturation properties of the velocity. The result of such a procedure can

Cathode wires HYI: -3 kV

Anode wire
HV2:+1.7kV

Fig. 98 Modification of the electric field equipotentials in the structure of
Fig. 88, to allow operation in strong magnetic fields (parallel to the
wires)77)
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Fig. 99 Space-time relationship measured, for several asngles of
incidence, in the chamber of Fig. 98 at 10 kG 3/, The
similarity with the results of Fig. 92 is apparent.

be seen in Fig. 99, where the space-time relationship has been measured for several angles

of incidence and in a magnetic field, parallel to the wires, of 10 kG 9). The equipotentials’
tilt angle was, in this case, about 29°; the similarity of behaviour to the case of no mag-
netic field, Fig. 92,is apparent. In more complex geometries of magnetic field, or for non-
uniform fields, a simple formulation of the space-time relationship is, of course, mot pos-
sible; corrections are then done by using a set of measured »ift velocities and angles,

like the ones shown in Figs. 37 and 38. Denoting by wy the projection of the drift velocity
in the plane of the chamber, or in other words the slope of the space-time correlation, the
following variance has been measuredg) (around 10 kG): Awy/wy = 3 x 107* per kG. To maintain
a +50 um stability, one can therefore tolerate a variation of the axial magnetic field of
+660 G; larger variations imply the use of a modified slope. About the same tolerance has
been found for weak stray fields in a chamber operating with normal geometry.

7.5 Mechanical construction and associated electronics

As for the multiwire proportional chambers, only a brief mention will be given here
about the mechanical construction of drift chambers, and the-reader is referred to the quoted
literature for more information. Basically, the same techniques as those developed for the
construction of proportional chambers have been used for drift chambers, except for high ac-
curacy chambers where the general mechanical tolerances and the anode wires' poéitioning, in

particular, have to satisfy mere stringent criteria.
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Calculation of the electrostatic forces in a chamber with a structure like the one in
Fig. 86 is relatively straightforward and shows that anodic instabilities do not appear for
any reasonable length of the wire72); on the other hand, the two cathode planes are attracted
inwards and the over-zll movement can be estimated following the methods outlined in
Section 6.4. The same is not true for the configuration depicted in Fig. 88, since the
cathode wires are not equipotentials and one cannot assume a uniform charge distribution.
Programs have been written to compute the charge on each wire and the relative forces ®78%),
It appears that the more critical point is in the region of the field wire; since the ad-
jacent cathode wires have a charge equal in sign and rather large, they receive a strong out-
ward force. A gap-restoring strip, like the one depicted in Fig. 83, but inserted between
the cathodes and the screening electrodes every 50 cm along the wires have proved to be suf-
ficient to compensate the electrostatic forces. Being outside the active volume of the
chamber, the strip has no influence on the behaviour of the drift chamber and does not need
a field-restoring conductor.

The problem of amplifying and shaping the signals in a drift chamber is also similar
to the one encountered in multiwire proporticnal chambers, except for the fact that one wants,
in genmeral, to obtain a better time resolution (implying wider bandwidth and smaller slewing
for the amplifier). To measure the time of drift, then, it is pessible to use standard time-
to-digital converters working in the range of 500 or 1000 nsec, with a channel resolution

Fig. 100 Large drift chamber (about 4 x 2.5 m?) constructed at CERN for the f spectro-
weter lever arm®®/, The module has four independent coordinates, similar in
construction to the one depicted in Fig. 88.
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around 1 nsec (for the highest accuracy) or worse. However, several dedicated electronic cir-
cuits have been developed.for drift chambers either cheaper than the standard time-to-digital
converters, or allowing multihit-per-wire capability and faster conversion and read-out
time531_87). Some circuits are already commercially available. A very convenient mode of
operation has been incorporated in almost all dedicated drift time digitizers, which allows
the provision of the time reference, or time zero, as a late stop instead of as an early start
{as Tequired in conventional units). Several mmdred nsec are therefore available to the
experimenter for making up a trigger selectionm, using external devices like scintillation

and Cerenkov counters, before permanently storing the drift chamber data.

Several large drift chamber systems are already or are close to being operational, in-
cluding many thousands of drift wires, at CERN and elsewhere. Figure 100 shows a high ac-
curacy drift chamber module developed at CERN®®); three such chambers approximately 4 x 2.5m?,
have been constructed for the Omega magnetic spectrometer.
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