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A discussion is presented of the thermalization of electrons in the track of an ionizing particle in
noble gases, and also of the effect of a molecular impurity on the processes of thermalization and
thermal diffusion of electrons. The cross section for attachment of electrons to H,O molecules in

the thermal region has been determined: oa¢t = (7.5 + 0.6) x 107 cm?,

THE possibility of studying the behavior of individual
electrons arising in the track of a charged particle
makes the streamer chamber a convenient device for

investigation of electron collision processes in gases.m

We will discuss some of the possible applications of
the streamer chamber in this region of experimental
physics.

1. STUDY OF THE SLOWING DOWN (THERMALIZA-
TION) OF ELECTRONS IN A GAS

The thermalization of electrons produced by a
charged particle in the chamber gas can be studied by
measuring the time dependence of the mean-square
deviation of streamers in the track. The mean-square
deviation o can be represented in the form

o= [0+ 2] (1)

where o4 is the mean-square deviation of an electron
in the thermalization process, and op is the deviation
of the electron after thermalization as the result of
thermal diffusion. By measuring the dependence of ¢
on time t for t < t;, where t; is the thermalization
time, we can study the electron thermalization process
as a function of time,

The energy spectrum of the electrons in a particle
track in the chamber is unknown, and therefore in
comparison of experiment and theory there is some
arbitrariness associated with the choice, necessary
for the calculation, of the average energy from which
the slowing down of the electrons to thermal energy
begins. However, it is evident that this energy must be
below the first excitation potential of the atoms, since
electrons having an energy above the excitation poten-
tial rapidly lose it in inelastic collisions with atoms
and are unable to contribute appreciably to o;. There-
fore, in calculation of the thermalization we will take
the average electron energy to be less than the first
excitation level of the atoms and will thereby consider
only elastic collisions of electrons with atoms.

The number of collisions with atoms in which an
electron with energy E loses a part of its energy equal
to dE is

dn = dE | e, )

where € is the average energy lost by the electron in
one collision with an atom. This energy loss (dE)

2

occurs in a time

dt— " dn, (3)
v

where )\ is the electron mean free path and v is its
average velocity. During this time the mean-square
displacement of the electron in the track will amount
to

do = (¥/3Mdn)". (4)

From Egs. (2) and (3) we can write the time of slowing
down of the electron from E, to E in the form

E
te=§ > dE, (5)
B, ve
and the mean-square displacement of the electron dur-
ing this time

E
2 dE '
i a2
ma[igk =~ 1. ®)
The average energy € lost by the electron in a single
elastic collision, which enters into Egs. (2), (5), and
(6), is determined by the well known relation (see ref.
2)

2m A
o= (E—Er)——, (7)

where m is the electron mass, M is the mass of the
atom, ET is the energy of thermal motion, and aq is
the momentum transfer length.

We have used formulas (5) and (6) to calculate the
functions ¢2 and tr in He, Ne, and Xe. It can be
shown that, on thermalization of the electrons (slowing
down to thermal energy), the main contributions to the
mean-square deviation and the thermalization time are
obtained in slowing down from an energy of 10 eV for
He and Ne, and 3 eV for Xe. Therefore, in calculation
of the thermalization time and of. the average electron
energy was assumed to be 10 eV in the case of He and
Ne, and 3 eV in the case of Xe.

Table I lists the calculated values of thermalization
time and mean-square deviation of electrons in the
particle track during the thermalization time. In the
same table we have also listed the theoretical results
obtained by Braglia et al.l®

On the basis of the data presented in Figs. 1, 2, and
3, and also taking into account the fact that op in
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Table I. Values of mean square deviation o; and thermali-
zation time t in different gases (E, is the electron energy
from which the slowing down begins)

Gas |Eg,eV| P,mmHg| T, °K 6., mm ts References
Ne 10 608 293 2,16 5 psec Present work
1.8 pusec B3
Xe 3 38 293 19.6 38 psec Present work
4 33.7 usec l:re .
190 nsec sent wor
He 10 456 293 0.17 { (2.9 e o
H,0 2 1 0.6 8.4 nsec Present work
N.O 2 1 1.4 16 nsec Present work
Ng 2 1 18 4 Msec Present work

*In ref. 3 the authors do not take into account the thermal motion of the noble-
gas atom. Inclusion of this effect greatly increases the thermalization time. This ex-
plains the difference in our results from those of Braglia et al.
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FIG. 1. Time of slowing down t; (dashed line) and mean square de-
viation 672 (solid line), as a function of energy of an electron slowing
down in He; p = 0.6 atm.
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FIG. 2. Slowing down time t; (dashed line) and mean square devia-

tion 642 (solid line), as a function of energy of an electron slowing down
in Ne; p=0.8 atm.
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FIG. 3. Slowing down time t; (dashed line) and mean square devia-
tion 072 (solid line), as a function of energy of an electron slowing down
in Xe; p =38 mm Hg.

formula (1) is op = V2Dt (where D is the diffusion
coefficient of a thermal electron and t’ is the time
measured from the moment when the electron became
thermal), we can obtain o as a function of time. This
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FIG. 4. Mean square deviation of streamers in a particle track, as a
function of high-voltage pulse delay time. Curve 1—calculation taking
into account electron thermalization. The experimental points were ob-
tained in specially purified Ne; [°] p = 0.8 atm. Curve 2—calculation
based on the cross section for momentum transfer [!3] for thermal elec-
trons. The experimental points were obtained in Ne with N, O impurity
(see the text). Curve 3 was obtained in our earlier work [!] with tech-
nically pure Ne.

FIG. 5. Mean square deviation of
streamers in a particle track, as a func-
tion of high-voltage pulse delay time.
Curve 1—calculation taking into ac-
count electron thermalization. The ex-
perimental points were obtained in
specially purified Xe; [*]1 p=38mm #

Hg. Curve 2—calculation based on the

cross section for momentum transfer [°]

for thermal electrons. The experimental yi
points were obtained in Xe with N, O

impurity (see the text).

6, mm

function is shown in Figs. 4 and 5 for Ne and Xe,.
Figures 4 and 5 also show the values of o = f(Vitq)
(tq is the high-voltage pulse delay time) measured in
a streamer chamber filled with specially purified[s] Ne
and Xe to the pressures listed in Table I. The experi-
mental apparatus in which these measurements were
made has been described in detail by us previously.m
From comparison of the experimental data with the
theory it is evident that the experimental results are
in good agreement with the calculations in the case of
Ne and disagree strongly for the case of a xenon-filled
chamber. Since the theoretical values of o for the case
of Xe are greater than the measured values, this indi-
cates the existence of factors leading to a faster elec-
tron thermalization than predicted by theory. Such a
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factor could be a low concentration of noble-gas mole-
cules.[*%"] In fact, the energy loss by electrons in the
thermalization process per unit time is

dE 8

7{ =&V 4 envm, ( )
where € and €)] are the average energies lost by an
electron in a collision with an atom and with a mole-
cule; v =no,v and v)f = noMVv are the frequencies
of collisions of an electron with an atom and with a
molecule; n and n); are the concentrations of atoms
and molecules, v is the average electron velocity, o,
and o) are the cross sections for elastic collision of
an electron with an atom and with a molecule.

Since € < €}y, it is clear that a negligibly small
concentration of Xe, molecules (~3x 107*% for the
case of Xe!®")) is sufficient to strongly affect the
electron thermalization process.

In the case of Ne the role of molecules and the
thermalization process should be considerably smaller
(e/no, > €)p/npmom) for the following reasons:

1) because of the smaller concentration of Ne, mole-
cules in the main gas'®®); 2) because epj(Xez)

> eM(Ney), since the binding energy of the Xe; mole-
cule is greater than that of the Ne, molecule!®! ;

3) because e€(Ne)> e€(Xe), since M(Ne) < M(Xe)

(see formula (7)).

2. INVESTIGATION OF EFFECT OF MOLECULAR
IMPURITIES ON ELECTRON DIFFUSION IN
NOBLE GASES

The effect of a molecular impurity on the diffusion
of electrons in a noble gas can appear as follows:
a) The presence of low lying excitation levels of the
impurity molecules leads to a rapid thermalization of
the electrons, as a result of which the diffusion of the
electrons during thermalization decreases; b) because
the electron collision cross section for some molecu-~
lar impurities in the thermal region is large, addition
of such an impurity to a noble gas can substantially re-
duce the electron diffusion at thermal energies.!®!

Let us consider these phenomena in more detail.

1. Effect of a Molecular Impurity on Electron
Thermalization

The average relative energy loss € of an electron
in a collision can be evaluated from the formula'®!

e = 204’/ 7%, ©)

where vq is the electron drift velocity in a uniform
electric field of intensity E. The functions vg
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FIG. 6. Mean square deviation of o
electrons with time in molecular gases; 2
p=1 mm Hg.
— 1 1 i L
4w 80 120 150 200 Ny
] 1 1 1 A
12 3 4 SHOND

¥¢,nsec 2

={(E/p) and v = f(E/p) have been determined experi-
mentally by several workers.!"®!! Thus, using
formulas (4)—(6), we can easily find the slowing down
time and of. as a function of the energy of the electron
being slowed down in the gas. Figure 6 shows this
dependence in H,O, N,O, and N,. The results of the
calculation are given in Table I.

Thus, addition of an insignificant concentration of
N.O or H,O impurity to a noble gas can reduce con-
siderably the electron thermalization time; this con-
centration can be chosen such that its effect on the
thermal diffusion of electrons can be neglected. We
will illustrate this in the case of measurement of
electron thermal diffusion coefficients in streamer
chambers filled with neon and xenon.

The thermal electron diffusion coefficient of a mix-
ture of two gases is given by the formula

v

—_— k2
nic1 -+ ne2o2

1
D= (10)
where n;, and n, are the concentrations of the gases,
¢, and 0, are the cross sections for momentum trans-
fer of electrons in collisions with atoms and mole-
cules, respectively.[lz'“'] In our case, addition of
N.O impurity in the amount of 0.5 mm Hg in Ne and «
4 mm Hg in Xe is sufficient to reduce the thermaliza-
tion time in Ne to 80 nsec and Xe to 10 nsec. In both
cases ny0,<< n;0; and, consequently, the effect of the
impurity on thermal diffusion of electrons can be
neglected. Under these conditions we measured the
thermal diffusion coefficients of electrons in Ne and
Xe. The results of the measurements are presented
in Figs. 4 and 5 and in Table II. In this table we have
shown also the diffusion coefficients measured by
other workers!*® #! and the results of calculations
made on the basis of the measured cross sections for
momentum transfer in scattering of electrons of
thermal energies.!'?**! From comparison of the data
in Table II, it is evident that the thermal electron dif-

Table II
D, cm?2 /sec |
Method Gas ) Eiz:lsaetgt)ir:) If‘“f’:: References

Experiment momentum transfer
Microwave Ne 1500 3000 {3} ]
Discharge tube » 1800 +100 3000 ['3] ]
Luminescence chamber » 167050 3000 [13] [
Luminescence chamber » 2360+ 100 3000 {18] [}
Spark chamber » (7.9+0.6)-10° 3000 [13] [%]
Streamer chamber » 2000 3000 [13] [0 2]
Streamer chamber » (1. 4+1.3)-102 3000 [18 &
Streamer chamber Ne 3000+174 3000 [18] Present work
Streamer chamber He 312+14 280 [141 1
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FIG. 7. Mean square deviation of streamers in a particle track in Ne
(p = 0.8 atm) with impurity of saturated water vapor at t = 20°C, as a
function of high-voltage pulse delay time. The marked region corresponds
to a calculation taking into account the error in determination of the
momentum-transfer cross section. [23]

fusion coefficient obtained in the streamer chamber in
Ne differs by a factor of 1.5 from the generally ac-
cepted value 2000 cm?/sec,!?2 ] which is calculated
in the usual way from Ramsauer data for cross sec-
tions of elastic collisions of electrons with Ne atoms,
extrapolated to the thermal energy region, and agrees
with the results of recent work!*?7**) on measurement
of the cross sections for momentum transfer of elec-
trons in the thermal region.

2. Effect of an Impurity on Electron Thermal
Diffusion

The phenomenon of reduction in the diffusion coef-
ficient by an impurity has been noted by Vinogradov
et al.!® This effect can be easily understood if we
consider relation (10) (for the case N0 N0, ). We
have measured in a streamer chamber the effect of
water-vapor impurity on electron diffusion in Ne. The
results of these measurements are shown in Fig. 7.
The same figure shows the results of calculation of the
mean square deviation of electrons in the track, ob-
tained on the basis of Eq. (10) with inclusion of data
taken from refs. 15 and 23 on the cross section for
momentum transfer of electrons in collisions with
water molecules. It can be seen from Fig. 7 that the
decrease in the electron diffusion coefficient in Ne
due to water vapor is explained by the large cross
section for collision of electrons with water molecules
(0 ~17.5x107** cm?).

3. STUDY OF ELECTRON ATTACHMENT TO
IMPURITY MOLECULES

Since the presence of an impurity in the chamber
gas leads to a very rapid thermalization of the elec-
trons, as we have shown above, attachment during the
thermalization process can be neglected, and the re-
duction in the number of streamers in the track of the
particle with time characterizes the amount of elec-
tron attachment in the thermal energy region.

The decrease in the number of electrons with time
as the result of attachment to impurity molecules is

determined by the relation
n = nee™'r,

(11)

where n, is the number of electrons at the moment of
their formation, 7 is the attachment time constant,
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FIG. 8. Number of streamers per Hr

unit track length in Ne (p = 0.8 atm) 20
with impurity of saturated water vapor &
at t = 20°C, as a function of high-vol-
tage pulse delay time. The solid and
dashed curves are calculations with

Y
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///

and without inclusion of the effect of 5 [ \\
overlapping of the photographic im- " \
ages of the streamers in the particle 4 TN
- -21 . 2 L
track, for oatt = 7.5 X 107 cm?. T
w3 50 70 9tq, usec

given by 7 = Nogttv, N is the impurity concentration,
and ogatt is the attachment cross section. Thus, by
measuring the number of streamers in the track as a
function of time, we can find 7 and, consequently, the
attachment cross section.

We have determined the cross section for attach-
ment of electrons to water molecules. This was ac-
complished by measuring the number of streamers in
the track as a function of time, in a chamber filled
with neon with an impurity of saturated water vapor at
20°C. The results of these measurements are shown
in Fig. 8. The solid curve in this figure corresponds
to a calculation taking into account the overlapping of
the photographic images of the streamers in the parti-
cle track. The data of Fig. 8 permit us to obtain the
attachment cross section in water vapor for electrons
in the thermal region, ogatt =(7.5 + 0.6) X 107 cm?
This result is in good agreement with the value ob-
tained by Takeda and Dougal.[?*]

The authors are grateful to V. Boitsov and V.
Semenov for major assistance in this work.
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