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ABSTRACT

Microwave technlques are applied to the study of the diffusion of elec-
trons and positive lons in helium. For the electron and ion densities
realized experimentally, the diffusion takes place ambipolarly; that is, the
flow of charged particles of both signs is equalized by the space-charge
field which they set up. At 1 mm Hg pressure and 0.039 ev average energy,
the measured value of the ambipolar-diffusion ccefficient, Da, is 540 cme/sec.
The measured variation of Da with gas denslty, energy of the particles, and

diffusion-contalner size and shape agrees closely with theory.







MEASUREMENTS OF AMBIPOLAR DIFFUSION IN HELIUM

Ambipolar diffusion 1s the simultaneous diffusion of electrons and
positive ions in the presence of their own space-charge fields. Although
the theory of ambipolar diffusion has been investigated extensively,
experimental measurements in the past have been difficult to interpret
because of the presence of undesired secondary processes. The recent
advancement of microwave techniques has led to an experiment capable of
giving quantitative results which may be compared with theory.

I. Theory

The motion of positive ions and electrons in a gas under the action of
concentration gradients and an electric fleld may be expressed as:

T: = nV =-DVn_-pkEn_, (1)
T: = nv, = - D+Vn+ + u.+En+ , (2)

where Tﬁ represents particle current density; n 1is particle density, Vv is
the average drift velocity; D is the diffusion coefficient; u is the mobil-
ity, and E the electric fileld. The subscripts refer to the positive ions
and the electrons. If the only fleld present is that due to the space
charge of the particles and if the particle densities are sufficiently
large, then (n+ - n_) <<n_, and the currents ]: and T:_ will be equal. Egs.
(1) and (2) simplify to

I'=- D vn , (3)
where Tﬁand n refer to either positive ions or electrons. The ambipolar-
diffusion coefficient, Da, is defined by:

D.iu_ + D_p
Dy = —pF ()
by W

The particle-continuity equation may be written
_on .

where P = yn 1s the rate of production of positive ions or electrons, and
v 1s the production rate per electron.
When Eq.(3) is substituted into Eq.(5), we obtain

2 = on
DV + n= 93 -
o n v 3t (6)
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Assuming an exponential decrease of n with a mean decay time,T , one has

2 1) 1
n+ (—+—=—-mn=0 . (7)
Da DéT

The boundary condition which is applied to Eq.(7) is that n go to
zeroc at the walls. This condition leads to a series of characteristic
values and characteristic functions for Eq.(7).

Vznm-i-%;—g-—=0 , (8)
where the A_m's are lengths which describe the size of the container with
regard to diffusion loss and are called the characteristic diffusion lengths.
The boundary condition 1is satisfactory so long as the mean free paths of
the particles are small compared to the dimensions of the container.

The solution of the diffusion Eq.(7) 1is in general a sum of the charac-
teristic functions of Eq.(8). To measure the diffusion, however, it is
necessary to have a single function, corresponding to the lowest character-
istic value, as the solution of Eq.(7). In the experiment, two intervals
are used, one during which the gas 1s broken down and a steady state 1s set
up (v # 0, T = ), followed by a second in which there 1s no applied
field and therefore no production of ions or electrons (v = 0, T<oe), and
the electron density decays. Measurements of n as a function of time are
made during the second period. By making the lonlzation rate per electron,
v, constant throughout the diffusion container, the lowest mode density
distribution 1s generated during the first period, and maintained during the
second period when v 1s zero. No data are taken until two milliseconds
after the ionization ceases. This allows the electrons to come to thermal
equilibrium with the gas and also insures that no higher modes are present
during the measurements. Under these conditions, Eqgs.(7) and (8) lead to
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where Al represents the lowest characteristic diffusion length. Thus the
ambipolar-diffusion coefficient may be determined by measuring the rate of
decay of charge density in a contalner of known dimensions.

From kinetic theory (1) the definition of the diffusion coefficient of
a particle in terms of 1ts mean free path, £, and velocity, v, is

(10)




where the average is over the distribution in velocity of the particles.

Equations (4),(9) and (10) suggest the proper experimental variations
to study. The effect of container size and shape, of gas density, and of
the electron and ion energy upon measured values of Da’ will be compared
wlth theoretical predictions.

II, Experimental Method

The experimental method consists of measuring the mean decay time of
charge density in a container of known dimensions by observing the change
of the resonant wavelength of a microwave cavity enclosing the contalner.
Provided that oy <:<:co(2ﬂc/%0) and o, <:<:ok, the change in resonant wave-
length of a cavity due to a complex conductivity within the cavity is given
(2) by r o, 5%y

AN A=A _ oy i
(4nce°'£52dv)

== (12)

A represents the resonant wavelength of the cavity with electrons inside;
%0 is the resonant wavelength of the cavity in the absence of electrons;
di and dr are the imaginary and real parts of the conductivity due to the
electrons; E 1s the electric field 1n the cavity; ¢ 1is the velocity of
light, and €, is the permittivity of free space. The relation between o

i
and electron density is given by

g, = - BeX_ 12

4 el (12)
where n is the electron density, and e and m are the charge and mass of the
electron, respectively. For ambipolar diffusion, where the electron and
the positive-ion densities are nearly equal, the contribution to ¢ , and
hence to &A , of the positive lons 1s negligible because of their large

mass. Substituting Eq.(12) into Eq.(11) and integrating, one finds that

2=

AN = CA°RA (13)

C 1s a geometrical coefficient which takes into account the distribution

of electron density and electric field in the cavity; n is the average
electron density within the quartz bottle. Thus the electron density with-
in the cavity is related to the change of resonant wavelength of the cavity.

The experimental arrangement 1s shown in Figure 1. Helium of a high

degree of purity 1s introduced in the quartz bottle in the cavity. The
vacuum system used in the experiment 1s thoroughly outgassed before each
run. The quartz bottle in which the diffusion measurements are made 1s
baked at 500°C, and a charcoal trap in the system is baked at 200°C for
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several days. For each run, a one liter flask of Air Reductlon Sales
Company spectroscopically pure* helium is used. When the system is 1sola-
ted from the pumps by a mercury cutoff, a vacuum of between 107 mm and
10'6 mm is maintained for at least five hours (the maximum duration of a
run). The helium in the quartz bottle is lonized by a 250-microsecond
pulse from the 10-cm wavelength magnetron. A stationary cHarge distribu-
tion is reached during the pulse, and densities of the order of 10lo to
1011 electrons or ions per cc are produced. By placing the quartz bottle
in the near-uniform field region of the cavity, a density distribution 1is
generated which corresponds closely to the lowest mode of Eq.(8). The
magnetron is then turned off for 11 milliseconds. The free electrons and
ions lose energy by collision with gas atoms and come to equilibrium with
the gas in less than 50 microseconds. Thus thelr energlies during the mea-
suring interval are thermal,

A small continuous signal 1s fed from the signal generator to the cavity.
The field produced in the cavity by this signal does not appreclably alter
the energy distribution of the electrons and ions. A standing-wave pattern
is set up in the coaxial line connecting the generator and the cavity. At
the fixed frequency of the signal, the cavity impedance changes with time
because of the decreasing electron density within the cavity. As a result,
the minima of the standing-wave pattern move along the coaxial line. At
the time at which the resonant frequency of the cavity with residual

* Mass spectrographic analysis indicates none of the following impuritiles
present within the resolution of the instrument (1 part in 104): H2, N2, 0
002, A, and Ne. However, the manufacturer believes that the contamination
may be of the order of 1 part in 10°.
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electrons 1s equal to the signal frequency, the minima occur at so-called
resonant minimum positions in the line. A probe inserted in the line at one
of these points will receive a minimum signal at the time of resonance and
8 dip will occur on the oscilloscope trace. The method of determining the
location of these resonant minimum positions will be discussed shortly.

By measuring the time at which resonance occurs (as indicated by the
dip on the oscilloscope trace) for a number of different signal-generator
frequencles, the change of resonant wavelength of the cavity as a function
of time is determined. &Equation (13) then permits the determination of
electron density as & function of time, from which Da may be found.

The positions of the minima of the standing-wave pattern as functlons
of the resonant wavelength of the cavity and electrons are determined in
the following manner. For the coupling between coaxial line and cavity
used in this experiment, the position of a particular minimum of the stand-
ing-wave pattern as a function of wavelength is given by the solid curves
of Figure 2. (For a discussion of this subject see reference 2.) Curve A
represents the minimum position when the cavity contalins an electron density,

Fig.2 Position in the co-
axial line of a particular
minimum of the standing-wave
pattern as a function of
wavelength.

MINIMUM POSITION

WAVE LENGTH

ny, giving a resonant wavelength, Al. Curve B represents the minimum posi-
tion when a smaller density, n2, 1s present, giving & resonant wavelength,
xe. The wings of the curve approach the dotted lines when A 1s very differ-
ent from the resonant wavelength. As indicated in the figure, the position
of the minimum at resonance falls on the dashed curve which is called the
resonant minimum curve.

One determlines the resonant minimum curve by placing a shorting post
at the center of the cavity, causing the resonant wavelength to be very




greatly changed. As a result, the point at which the minimum curve crosses
the dashed line is moved completely off the graph. The wings of the curve
now coincide with the dotted lines over the wavelength range in which we
are interested. The position of the minimum is measured as a function of
wavelength, using a slotted section and probe. By adding (or subtracting)
a distance equal to A/4 to the ordinate of this curve, the resonant minimum
curve for a particular minimum is determined.

III. Correction For Recombination

The experimental measurement of the ambipolar-diffusion coefficient
is complicated by the presence of electron-positive ion recombination. Loss
of particles to recombination may be expressed by

on on
ggi =3 =-ayn_= - an® (14)

where a is the recombination coefficient. Studies of this recombination in
neon and argon (where ambipolar-diffusion loss is secondary to recombination
loss over the range of experimental variables used) indicate that a is inde-
prendent of pressure and energy at low energles.

At pressures above 20 mm in helium, the diffusion loss, which decreases
with Increasing pressure, becomes less important than the recombination
loss, and Eq.(14) represents the principal loss of particles. The solution
of Eq.(14) 1s

1
=n vt (15)

S

where ng represents the electron density at time t = O.

The recombination coefficient may be determined by measuring the slope
of a reciprocal density versus time plot. The density is found by measuring
AA/%Q as a function of time and substituting in Eq.(13). Experimental data
are shown in Figure 3. The value of a for helium is 1.7 x 10‘8(cc/ion-sec).

At low pressures and low electron densities where diffusion loss out-
welghs recombination, the rate of decay of electron density is given approxi-
mately by:

on _ _n 2
9t T T - @, (16)

where T 1s the mean decay time due to diffusion. The solution of this equa-
tion 1s

1 + amn =l1 + aﬂn_jexP (- é) . (17)
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where nO represents the density at t = 0. Equation (17) permits the cor-
rection of the data to find T and hence Da. Figure 4 is a typical experi-
mental curve. The upper curve shows the orlginal data while the lower
curve results when the recombination loss 1s subtracted. The time t = O
was taken 3 milliseconds after the ionization ceased.
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IV. Experimental Results

Data of the type shown in Figure 4 are taken as functions of pressure,
temperature, and the size and shape of the contailner to complete the study
of ambipolar diffusion. According to Eq.(1l0), at constant energy, the




diffusion coefficient is proportional to the mean free path, that is, D,p

should be constant. Since the ions and electrons are in equilibrium with

the gas, we control their energy by keeping the gas temperature constant.

Figure 5 represents measurements on two different flasks of Alr Reduction

Sales Company spectroscopically pure helium. Experimentally, Dap is found
to be independent of pressure within an error of less than 5 per cent.
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The absolute magnitude of Dap differs for the two samples by 3 per cent.
The measured value of Dy should not depend on the size or the shape
of the contalner in which the diffusion 1s taking place. Measurements of
Da were made in three containers whose dimensions are given in Figure 6.
Since different samples of helium give slightly different values of Dy
(due to the presence of very small amounts of impurity), one cylinder was
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used as a reference, and measurements were made using one sample of helium
for the large and the small cylinder and another sample for the large
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cylinder and the sphere. The results are plotted in Figure 6. At constant
energy, the value of Dap is found to be independent of pA withln 3 per cent,
and since Dap has been shown to be independent of pressure, we conclude
that the measured value of Da does not depend on our cholce of A .

Finally, the energy dependence of the amblpolar-diffusion coefficient
has been studied. Under the conditions of the experiment, the electrons
and ions are in equilibrium with the gas and possess a Maxwelllan energy
distribution so that

D D
—.:-_.z-la
hy T T (18)

where T 1s the gas temperature. Under these conditions, Eq.(l}) becomes

2D,
- +7=
because . 1s very much smaller than u_. Positive lons in helium interact
with the helium atoms according to an inverse fifth-power law of force be-
cause of the induced dipole of the atom. Jeans(3) has shown that the

diffusion coefficient for particles obeyling this law of force 1s given by

u,

D, o< — , (20)
g
where ﬁﬁ_is the average energy of the lon and ng is the gas density. This
means that the collision cross section for positive ions in helium varies
as the reciprocal of the positive-ion veloclity. Experimental measurements
of the collision cross section of positive ions in noble gases agree with
the theoretical prediction(4).
At constant pressure, the gas density varles inversely with the gas
temperature, so that under these conditions

D, oC ™ (21)

Experimental data are shown 1n Figure 7. The energy range 1s small because
of experlmental limitations; however, the extrapolated curve passes through
the origin in agreement with theoretical predictions.

V. Discussion

The measured value of Dap at 0.039 ev average energy is 540(cm2/sec)
(mm Hg). There is good agreement between experiment and theory with regard
to the dependence of Da on pressure, energy, and the slze and shape of the
diffusion contailner.
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In the early part of the experimental work, larger values of Da were
found, but the measured wvalues of Da became smaller as vacuum technique
improved. We attribute this effect to the reduction of the amount of im-
purity with which the gas samples were contaminated by the vacuum system.
If the impuritles exhiblt electron attachment, they cause an additional
loss of electrons which will lead to a spurilious, high value of Da. With
present vacuum and gas-preparation techniques, the Impurity in the gas
samples 1s not belleved to be greater than 1 part in 105. If this impurity
has an attachment probability of 10'3 attachments per collision, the effect
on the measured value of Da is only a few per cent., Thus, the experiment
has been done with what may be considered as a pure sample of helium.

The results of this experiment may help to resolve the discrepancy
between the theoretical value of positive-ion mobility in helium calculated
by Massey and Mohr(5) and the experimentally determined value of Tyndall
and Powell(6). Equations (18) and (19) permit the conversion of the
measured value of Da to positive-ion mobility. When our value of D 1s
extrapolated to 760-mm pressure, a value of wy = 13.7 (em/sec) per
(volt/cm) is obtained. This value 1s represented by the triangular symbol
in Figure 8. Massey and Mohr calculate the mobility quantum mechanically,
including the effect of charge transfer between the positive ion and atom
on close approach, to be 12 (cm/sec) per (volt/cm). The quantum-mechanical
calculation of Massey and Mohr, omitting the effect of charge transfer,
leads to a value of 25 (cm/sec) per (volt/cm). ILater work by Pearce (7)
and Hoselitz(8) measured the mobility of various ions in helium. The
results of their measurements are shown in Figure 8. The theoretical
value of Massey and Mohr, for the case in which charge transfer 1s neglected,

-10-
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lies quite close to the extrapolated mobllity versus mass curve, as it
should, since other ions cannot exhibit the charge-transfer effect in helium.
The theoretical value, including the crarge-transfer effect, lies close
to both the value determined in the present experiment on Da’ and to the
value of mobility which Tyndall ana Powell measured 1n an earlier experi-
ment published in 1930 (9).

The explanation of the difference between the values obtalned in the
two experiments of Tyndall and Powell 1s not clear.
in which the mobility was measured as 13 (cm/sec) per (volt/cm) involved
the generation of ions by a particles. The second, in which the value
21.4 (cm/sec) per (volt/cm) was obtained, generated ilons by a point or wire-
Brown(10) has shown that it is possible to gener-
in the 1lnhomogeneous fields of this type of

Thelir first experiment,

to-plane glow discharge.
ate appreciable amounts of I-Ie++
discharge.

If the effect of charge transfer 1s neglected, the theoretical mobility
of He++ should be nearly equal to that of He+, since in doubling the charge,
the mean free path between ion and atom 1s reduced to about half the value
for the singly charged ion. On the other hand, the effect of total charge
transfer between He++ and He should be nearly absent. Therefore, 1t is
suggested that Tyndall and Powell may actually have measured the mobility of
He++ in their second experiment, inasmuch as thelr criterlon was to select
the fastest lon as the one which was to be measured.
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