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Abstract

Microwave interferometry is adopted to measure the effective col-
lision cross section for momentum transfer Qm of thermal electrons (of
mean energies of*"0.06 to 0.071 eV) with cesium atoms in the after-
glow of pure cesium and helium-cesium discharges. The momentum transfer
cross section Qm is found to be best represented by 1 .61 x 10 ~ T~
- 9.63 x 10“12 tél”Q + 2.03 x 10“1™ cm2 in the temperature range of
approximately kb0° to 550° K. The energy dependence of the elastic
electron-cesium-atom collision probability for momentum transfer is
determined to be Pm = 997 u“l - ~810 u-1™2 + 7230 cm“l where u is the
energy of the electrons in electron volts. This shows a smooth tendency
to join Brode"s data at higher electron energies. Mobilities of Cstions
in helium and iIn cesium have been determined from the helium-cesium mix-
ture experiments in the same temperature range. They are Ji(Cs+ in He)
= 18.5 + 0.5 cm2/volt-sec, and n(Cs+ in Cs) = O.k + 0.05 cm2/volt-sec

referred to standard gas density (i.e., 2.69 x 10~/cm™).
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1. Introduction

A rather thorough study (such as mobility of electrons, recombina-
tion processes, spectral intensity distribution, etc.) of the positive
column of cesium discharges has been made by Boeckner and Mohlerl and
by Mohler.2 Nevertheless, the knowledge of the elastic electron-atom
collision cross section at low energies (below 0.3 electron volts
and ion mobilities at low E/% have been Iacking.k' The present experi-
ment extends the electron-atom collision cross section measurements to
the thermal energy range (©50° to K) and the cesium ionic mobility

to E/p”0.1 volt/cm-mm Hg or less.

I1. Experimental Apparatus

Microwave techniques > are used to measure the electron density
and electron collision frequency (for momentum transfer) in the after-
glow of a pulsed dc discharge established in pure cesium and in cesium-
helium mixtures. The duration of the breakdown voltage pulse is of the
order of 7 microseconds, the repetition frequency of the pulse IS

31 cycles per second. The discharge tube is made of thin wall
(0.7 mm) pyrex tubing (22 mm outside diameter and 72 cm long) with 6 cm
tapering to a point at each end. The tube is housed coaxially iIn a
1" x 1” square wave guide, which is connected to the standard X-band
wave guide through two six-inch tapering sections. Tantalum elec-
trodes are used for the discharge tube. A schematic diagram of the

microwave circuitry used is shown in Figure 1. A five microsecond,
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low power (~ 7 Xwatt), 86”7 MC probing signal is launched at times
in the afterglow and measurements of phase shifts and attenuations are
made.

The cesium used is obtained from the Bram Metallurgical Chemical
Company claimed to be 99*9 °/o pure, the iImpurities being mainly sodium
and potasium. Small capsules of cesium are made for the present experi-
ments through vacuum distillation in a standard ultra-high vacuum system.”
A capsule is then installed on the system in a side tube connected to the
discharge tube. The system is then baked at ~00° C for more than 2K hours.
An ultimate vacuum of the order of K x 10 ~ mm Hg is attained. The cesium
capsule is opened by a breaker (a short soft steel bar sealed in an evacu-
ated glass tubing) and the discharge tube is then sealed off. The tem-
perature of the discharge tube is then brought up to the desired value
by the oven control. The temperature of the cesium capsule and of the
wave guide are manitored constantly by five copper-constantan thermo-

7
couples. The vapor pressure p(in mm Hg) of Cs is calculated from

loglOp= - ~ +11.38 - 1.145 10ogl0 T

where T is the temperature of the cesium reservoir in degree Kelvin.
T w o 1.5 mil mica sheets are placed on both sides of the discharge
tube in the wave guide to cut down any convection and guarantee uni-
formity of temperature in the discharge tube. By this means, the

temperature variation of the discharge tube is kept within 1° C.
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I11. Measurements in Pure Cesium

(o}
It can be shown that the complex electrical conductivity, ac of a plasma

is given by:

6fc
ov 3
a3am / v+ jw d= v (1)

ne2/v

where n is the electron density, e the electron charge, m the electron
mass, and v the electron velocity, T 1is the zero-th order of a spherical
harmonic expansion of the electron velocity distribution function and is
assumed maxwellian. v = NQ”~vJv is the momentum transfer collision fre-
quency of the electrons with the neutrals in the plasma. N is the neutral
gas density and Qm(v) is the momentum transfer collision cross section de-

fined as:
v) =/ ({( - cos 9 19, v) dO- @)

where O is the scattering angle of the electrons, and 1(9, Vv) is the dif-
ferential scattering cross section.

For w2>> v2, (i.e.,low pressure and high frequency) Eq.(l) becomes :

df c
od3V=ne

™

v - jeiv (veFf - ©)

where v N iIs the effective electron collision frequency and can be shown

to be

veffF = 5 K sVv> C>O

for f0 to be maxwellian.
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The average velocity of the electrons < v> is given by

<*> Ajmj'ie (5)

Here k is the Boltzmann constant and T is the electron temperature.
is the effective collision cross section for momentum transfer of the

electrons with the neutrals and is given by:

00
exp (6)
as calculated from the measured as a function of temperature
is shown in Figure 2. Data were taken generally 1 2 milliseconds after

termination of the excitation pulse (i.e., in the afterglow). The elec-
trons are assumed to have relaxed back to the gas temperature at times
the measurements were made. This is justified through comparison of

the mobility data (Cs+ ions in Cs) as calculated from the measured char-
acteristic ambipolar diffusion time constants with those deduced from
the helium-cesium mixture experiments (see Section V). Within experi-
mental errors, they are generally the same. The fast cooling of the
electrons in the afterglow of pure cesium discharge is attributed to

the phenomenon of "diffusion cooling."

The collision probability for momentum transfer is defined as:

Pm:NV @

where pQ is the gas pressure in mm Hg referred to 0 C.
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FIGURE . Momentum Transfer Cross Section of Electrons with Cesium Atoms



137-13

1IV. Measurements in Cesium-Helium Mixtures

In order to insure that the electrons have relaxed back to the
gas temperature at times intiie afterglow the data were taken, helium
gas of known density was admitted to the discharge tube. Since
V=) v  where 1 is the index representing different species

i 1
of gas molecules in the discharge tube, it can easily be shown that:

5 Verrt (8)

where the primes refer to the quantity per unit pressure and g" is the
fractional concentration of the i-th species of gas molecules provided
w2 » v2. 1In our case, the effective electron-cesium collision fre-
quency for momentum transfer is calculated from the measured veff.' by
subtracting the electron-helium part using existing data.l0 for
electron-cesium so calculated is shown in Figure 2. The value of

for electron-helium is taken to be 5*3 x 10-16 cmp and has been shown

to be independent of the electron energy from about 0.0 eV to about

Theoretically, it is required to know the functional dependence
of Qm(v) over the entire velocity spectrum in order to be able to
calculate Qm according to Egq. (6) and compare it with the experi-
mentally determined one. This is not available at the present. Ex-
perimentally, @m(v) could be determined if enough data of as a
function of temperature were available. A least square fit to the

present experimental points of Qmn by a polynomial of the form:



lyr-i*v
V) = — + - + C (9)
v2 v
gives
A=987 °"
sec
3=-8.(Ax 100 M
sec

and

@]
|

= 2,3 x 1015 cm2

Here v is the electron velocity in cm/sec. It is felt that this simple
polynomial approximation is adequate because of the following reasons:
1) In the temperature range (™-50° to 550° K), the fraction of electrons
possessing an energy higher than 0.5 eV is very small and the effect of
these electrons on is negligible. 2) The Ffluctuation of the data
(due mostly to the temperature drifts of the order of one degree in the
experiment) prevents us from doing anything more meaningful.

The velocity dependence of the electron collision probability for
momentum transfer Pm calculated according to Eq. (7) together with the
existing data by Brode 3 is shown in Figure 3» The extrapolated curve
beyond the thermal range (approximately 0.06 to 0.071 eV) of the present
experiment according to Egs. (9) and (7) exhibits a smooth tendency to
join Brode"s data at high energies.

To exhibit experimentally this strong velocity dependence of the
electron-cesium-atom collision probability, we have performed microwave

cross modulation Sy;l experiments in the decaying plasma established in
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helium-cesium mixture. The electron temperature dependence of Qn for

electron and cesium atoms as calculated from Egs. (6) and (9) is
5 =1.61 x 10710 T"1 - 9.63 x 10”12 T71"2 + a.03 x 1013 cm2

If the contribution of electron-ion collisions to the measured effective
electron collision frequency is negligible as in the present experiment,
it can be shown immediately from Egs. ¢4 and (B) that the effective
electron collision frequency in helium-cesium mixture, in the tempera-

ture range of present interest is

eff  &\rm 5,3 x 10716 itf t + 2-03 x 10'13) Tess

+ 1.61 x 10%10 T"1/2 - 9*63 x 1012 Kes @o)

where PQ(He) and PQ(Cs) are the partial pressures of helium and cesium
gases referred to 0° C. NCg is the cesium gas density in numbers per
cubic centimeter. The effective electron collision frequency as given
by Eq. (10), has a minimum value at an electron temperature of

-10
T = |.6| X 10 K (103.)

16 P GHe)
5.3 x 10710
OT7 +2-05x1°
The effect on vm”™ by changing Tg is typically shown in Figure K. 1h this
case, a rectangular, 9410 M3, 10 Kwatt sensing wave pulse of 60 micro-

seconds duration is propagating through the decaying plasma

700 microseconds after termination of the breakdown voltage pulse

(~M10 wusee). At times shortly after introducing the sensing wave



FIGURE k.

137-17

Time

Effect (trace a) on the sensing wave pulse (60 microseconds)
in the decaying plasma established in helium-cesium mixture
with the presence of an~®" 150 milliwatts disturbing wave
pulse (20 microseconds). Here pQ(He) = 1.82 mm Hg and
pO(Cs) = 0.071 mm Hg. Trace b is the transmitted sensing
wave pulse in the absence of the disturbing wave pulse.
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(about 15 nsec), a rectangular 8650 VC, 120 m watt, 20 nsec duration
disturbing wave pulse £l *2 is launched into the plasma. A fraction of
this energy is absorbed by the electron gas and its temperature is hence
increased. The change of and hence the real part of the electrical
conductivity of the plasma is then sensed by the sensing wave. The sensing
wave is picked up at the far end of the discharge tube through a ferrite
isolator and two microwave filters. The disturbing wave is rejected by
the filters and is absorbed by the ferrite isolator. The traces shown

in Figure 4 are double exposures of the oscilloscope traces. Traces "a”
and "b" are the transmitted sensing wave without and with the disturbing
wave present. It is predicted from Eq. (10a) for this particular case
(PQ(He) = 1.82 mm Hg and PQ(Cs) = 0.071 mm Hg) that the minimum value of
veff should occur at Te = 77°5° K whille the background gas temperature is
~N95° K. A bump is observed (as shown by an arrow in Figure *0 about

k microseconds after initiation of the disturbing microwave pulse. This
confirms qualitatively the predicted pattern of electromagnetic wave in-
teraction with a plasma established in a helium-cesium mixture and is a
further evidence that we do have a decaying plasma in which electrons

have already been thermalized with the background gas at times in the

afterglow studied.
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V. Mobility of Cesium lons

By applying Blanc’s Ia—w12 which states that the reciprocal of the
mobility in a binary mixture should be a linear function of the concen-

tration of either of its constituents, i.e.,

Si e
@o)
[aCs in He) 1i(Cs 1in Cs)
the mobilities of cesium Cs+ ions in helium n(Cs+ in He) and in cesium
[i(Cst in Cs) can then be determined. gl and gg are the fractional con-
centrations of helium and of cesium respectively. The mobility of

Cs+ ions in the mixture i is calculated from the time constant of

electron density decay curve by

2

20. Gi)

and

EP (12)

Here Da and D+ are the ambipolar and ionic diffusion coefficients,
respectively. /\ is the characteristic diffusion length of the dis-
charge tube and T ' is the measured characteristic ambipolar dif-

fusion time constant. Prom the best fit to the experimental points
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(see Figure 5)> we get m.(Gs+ in He) = 18.5 + 0.5 cm2/volt-sec and

Yi(Cs+ in Cs) = 0.k + 0.05 cm2/volt-sec.

VI. Discussion

The elastic collision cross section of low energy electrons with
heavy atoms is difficult to compute theoretically and only very few
calculations have been performed.

Robinson ~ has calculated Qn(v) for cesium by using a polari-
zation potential in addition to a scattering potential constructed
from slater orbital type wave function. His preliminary analysis re-
produces the shape of the cross section versus energy curves at high
energies but disagree considerably with the present experiment at low
energies. Recently, Phelps “l'has calculated the electron collision
frequency with cesium atoms from Mahler’s data2 and found
v/ns — 1.6 x 10~ cm™/sec-atom for electrons of 0.22 to O.IH0 eV.

We arrive at an expression

V/N_Cs =1 3k x 10~ Yz - 8 x 10~ + 1.66 x 10-7 T1™2 cm"/sec-atom
from Eq. (9). This yields v/N~ = 1*95 x 10", 1.76 x 10 ~ and
1.66 x 10"~ cm”™/sec-atom £°T electrons at J50° K, 500° K and 550° K,
respectively, and in fair agreement with each other.

As to the mobility of Cs+ ions in helium, the polarization force

is believed to be the dominating interacting force at such low energies.
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Langevin®s theory (to this limit) gives a value of 15-8 cm2/volt-sec

in contrast with 185 + 0.5 cm2/volt-sec determined by the present experi-
ment. Tyndall et al.1” used shutter methods to determine the mobilities

of alkali ions in helium and found a value of 1Q.K cm2/volt-sec for Cs+ ions

in helium, in excellent agreement “with the present experiment.
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