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Absgstract

Breskdown electrlc fields in low-pressure helium at high fre-
quencles have been theoretically predicted and experimentally verified.
The energy distribution of electrons is derived from the Boltzmann trans-
port equation by taking into account all significant removal processes, The
distribution function 1s expanded in spherical harmonics and the resulting
second-order linear differential equation 1s solved in terms of the con-
fluent hypergecometric funetion. This distribution function combined with
kinetic theory formulas permlits calculation of the ionlzatlon rate and the
electron diffusion coefficient. From these the high-frequency ionization
coefficient is determined. Through the diffusion equation this ionizatilon
coefficient is related to breakdown electric flelds. Thus breakdown elec~-
tric fields are predicted theoreticaelly without using any gas-discharge
data other than experimental values of the excitation potential and col-
lision cross section of helium. Breakdown electric fields are measured
for helium in microwave cavities of various sizes wlth a large range of
pressure. The theoretical electric fields, involving no adjustable param-
eters, are checked within the maximum experimental error of 6 per cent.






HIGH-FREQUENCY GAS-DISCHARGE BREAKDOWN IN HELIUM

Introduction

When a high-frequency electric field is applied to a gas, breakdown
occurs when the number of electrons produced by ionization equals the number
lost by diffusion.1 The lonization rate and the diffusion coefficlent will
be computed theoretically on the basis of kinetic theory. These enable us to
predict high-frequency ionization coefficients and breakdown electric fields.
The electron distributlion function is determined by setting up the electron
continuity equation, accounting for production and loss of electrons in phase
space., The distribution functions so determlined are used in standard kinetic
theory formulas in order to find ionization rates and diffusion coefficients,
The results are expressed in terms of the high-frequency ilonization coefficient

4 1

1. Sphericsl Harmonic Expansion

The phase space continuity equation (Boltzmann transport equation)

for electrons may be written asx'g'3
P = Ha+v.vr+a-vg, (1)

where f is the electron energy distribution function, P is the production rate
of electrons per unit phase space and may be expressed in terms of f by find-
ing the energy changes in electrons for elastic and inelastic collislons; Vv
the velocity, a the acceleration, t the time, and vy the gradient operator in
velocity space.

Collisions with gas atoms tend to disorder any non-random motion of
the electrons so that f is almost spherically symmetric. Thus if f i1s expanded
in spherical harmonics f = £, + (¥ ¢ Tl)/v + .. .;4 the spherically symmetri-
cal term fo is predominant. The fl term represents a vector drift term from
which the current may be calculated. The series then 1s rapidly convergent
and we consider only those cases where the first two terms suffice to calcu-
late the properties of the system.

2. The Differential Equation for fo

Consider the electric field as sinusoidal in time; on expansion,
Eq. (1) becomes® ‘

= Y 2 (uE.? .7
P 5 ¢ e ag(E«Ty) + Ly T (2)
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and
— of, ar
Pl = 'a""' + er + VE ————au (3 )

provided P is expanded P = P + (Pl.v)/v, and the electric field 1is represented
by E. An energy variable u 1s introduced by setting mv /2e = u, where e
1s the electronic charge and m is the mass of the electron.

Elastic collisions may be considered as instantaneous processes and
the energy loss therefrom may be treated by putting equivalent loss terms

P and P in the equation. Morse, Allis, and Lamar® have shown that
0,el il,el
u~fr
P = ny  d __IJQ
o,el 2 Mu du( ) (4)
and
Pr,e1 = -¥ 71 (5)

{ veing the electronic mean free path, and M the mass of the atom.

In low-pressure helium, recombination is not a significant electron
remeval process at breakdown. Ionizations and excitations have no angular
dependence and therefore make a contribution to PO only,; we represent this
contribution due to inelastlic collisions by Po,in‘

The electric field E 1is represented by Eoejwt where w is the radian
frequency. In the gas, the energy transfer by the field to the electrons
depends on E” so that the root-mean-square field is all that is required.

There follows directly from Margenau's analysis5 an expression for E : El
which is the same as that obtained by considering an effective field Ee defined
by

2 _ g2 (v[t)z
E; GTOF + P (6)

where E is the r.m.s. value of the applied field.
The differential equation for fo then becomes

2
u~f ar 2 2
p +any d oy _ &y . _ l.@.{gu o . _E%(v/2) o
o,in M udu' 1 SAB o 3u du du (v/2)2 + w2 - (7)

Here v2f has been replaced by (- lﬁx )f by using the diffusion equation.l
The factor lbx depends on the geometry of the discharge container, and is the

-2




characteristic value in the solution of the diffusion equation; A is then
the characteristic diffusion length. The mean free path 2 equals 1ApPé)if
p is the pressure and Pc the probability of collision per ¢m of path per
mm of pressure. There now remains to specify the functional forms of Pc
and Po,in’ to complete the formulation of the equation., Excitation will
be effectively eliminated by the introduction of mercury vapor.

3. Expression for the Collision Cross Sections

1
A good approximation for P, in helium is P u® = constant =

43 volts%/(cm X mm Hg).G The experimental curve departs from this form for
u less than 4 volts and Pc is roughly constant from u= 0 to u = 4, Most
of the collisions the electron makes with gas atoms occur after the electron
has an energy of 4 e.,v., so that this discrepancy has a small effect on the
breakdan field. The solution of the equation will be carried out by assum-
ing Pcui = constant over the whole range of electron energies, and will be
corrected in Sec. 5 by finding the distribution function required when this
range of constant mean free path is considered.

Helium has a metugtable level at 19,8 volts and transitions from
this level to the ground state by radiation are forbidden. Since metastable
states have mean lives of the order of thousands of microseconds, practi-
cally every helium atom which reaches an energy of 19.8 volts will collide
with a mercury atom and lose its energy by ionizing the mercury. Therefore
each inelastic collision will produce an ionlzation and the effective ioni-
zatlon potential u, will be the first helium excitation potential plus a
small overshoot energy due to the fact that the most probable energy at
excitation is higher than the excitation energy. (The amount of this over-
shoot 1s calculated in Sec. 6.) Then Po,in may be assumed zero for u<uy
and infinite for u>> u, . Physically this means that there will be no elec-
trons with an energy above that corresponding to u = u, . This condition
on the electron population provides a boundary value for the differential
equation which we now solve for u<du,, with fo zero for u = u, .

4, Solution of the Equation and Evaluation of ¥

Equation (7) becomes, on inclusion of results of Sec.3, in the
region where uc< uy

2
a~f ar
o] o gu
uduz.‘-du[:B +%:|+f°|:%%-§:l= © (8)




Where

u = m g A—'zn H)
e r2

M
and
5 = l(—A)B.
aT'uwT ?
T is the mean free time, %- = 2.57(109)p(in mn Hg)6 and

T = 1+ (1_%)2.

For convenlence we transform to a dimensionless independent variable by
letting

w o= RJ1+ £ 4, - &R u, (9)
B 2 B

and transform the dependent variable by

£, = (g)exp [- S(E + 1)w] : (10)
Then
e 4 oags
I R 02)
where
- 2 1
(X. -— Z(l - b)o

Equation (11) is the confluent hypergeometric equation7 and its solutions
may be written ase

-1
g = M(a; %; w) 8o =w 2 M(a - %—; %; w). (12)

For brevity we will use the notation

M(a; %; w) = M (w) (13)

b




and

=
2]
!
Lo
we
fav] [

W) = My (), (14)
Then the distribution function fo is given by

t, = [+ ape)] e[ - 2/5 o) (25)

where the constant C is determined by the boundary condition that the dis-
tribution function go to zero at u = Uy, therefore

¢ = _MB(wi) .
1 Ty )

Having determined the distribution function we are in a position
to calculate the high-frequency lonization coefficient 7 . By the use of
standard kinetic theory formulas and the distribution function expressed in
Eq. (15) we calculste the quantities nv and nD where n is the electron con-
centration, v the ionization rate, and D the diffusion coefficient. The
ratio of nv to nD divided by the square of the electric field 1s r.

The kinetic theory formula for the number of inelastic collisions

per electron per second, v, 1is

1’11)=-41'-'2n;e—2— f Ly du, (16)

where Po,in is the production rate of electrons per unit volume of phase
space due to inelastic collisions.

The integral in Eq. (16) is an improper integral but Po,in
transformed through Eq. (7) to a function of T, and u. The resulting
rigorous expression is integrated by parts. The integration, subject to

the condition that f  and dfo/du are zero for u = oo , yields

is

du

2 5/2 3/2 ar
np = -.2_5"(%) 51‘7' (%n&) [u 0:\ (17)




Similerly the diffusion coefficient for electrons, D, is

m

np = 200 (2&)5/2 fui £ u*/2au . (18)
(o]

The expression for f  from Eq. (15) is substituted in the integrand and
the integrations performed., The integrals have been evaluated for arbi-
trary values of the parameters involved.8

On carrying out the integrations in Eq. (18), and dividing
Eq. (17) by the resulting expression we have the high-frequency ioniza-
tion coefficient

2
% = 2%_ = (E4)° [Mi ) exp( - & aw,) - 1] (19)

The form of Eq. (18) has been simplified by using the fact that the
expression

My ory My ey ) = Moy 0y () 5%; My Gy 5 ()

is the Wronskian of the differential Eq. (11) and its value 1is
% 13/2 exp W;. At breakdown v/D = 144 , 80 we see from Eq. (19) that

the breakdown €lectric fields may be determined by sdlving the equation

Ml(wi) exp( - % awi) = 2. (20)

For helium, the numerical values of the variables involved in
terms of experimental parameters are

0.820(10% Ju,
= bl + L;Q__ 21
W — B 7 (1)
l
b =1+ EA 3e 77(10 (22)
(pn) [ + ( 2]
@ = 0.75 lLﬁgéL (23)




where N 18 the free-space wavelength of the electric field in cm, E is the
r.m.s. value of the electric field in volts per cm, p is the pressure in mm
of Hg and A is in cm.

A plot of ¢ vs.E/p is given in Fig. 1, computed from Eq. (19).
Tables of the functions involved are available.~ The breakdown electric
field may be determined from Fig. 1 by finding the curve through those
points where ¢ = 1/(A2E2).

T TTTTT0 RRN T T TTTTIT
[~ 4 .43 60 T
\ 62 ~nx =2000 —
— pA=I000 =
— pA=500 =
— 72BN =
— BREAKDOWN —
| CURVE
'63_—
. -
‘E —
s L
Al
16—
,@I L1 Il
E/p( ganrig)

Fig. 1. The high~frequency ionization coefficient ¥ computed as a function
of E/p from Eq. (19). The breakdown curve is indicated by the
dashed line; it is determined by setting & = l/(AzEz).

5., Correction for Flat Portion of PC Curve

From Fig. 2 we see that our approximation for Pc i1s inaccurate
for electron energies below 4 e.v., and therefore in those cases where
there are many electrons with low energles, a small correction term may be
applied. The low-energy electrons are most important in determining break-
down fields when E/p is small and there are many more collisions per second
than oscillations of the fleld per second, because under these conditions,

-7=




—— ——ANALYTIC APPROXIMATION
\\ EXPERIMENTAL DATA

Fig. 2. The probability of collision of electrons in helium at 1 mm of
Hg pressure. Brode's experiment is compared with the approximation
of this paper.

the relative number of low energy electrons is large., For energies below
4 e,v., Eq. (6) may be simplified by neglecting w? in comparison with
(v/l)z, and by using the fact that { is constant. The solution may be
carried out in the manner of Sec. 4 and fo 1s then given by

f, = A[M(a;l;y) + BW(a;I;y)] exp(-y) (24)

where M is the confluent hypergeometric function, W is the second solution
for integral values of the second parameter,8’9

a = __.1__5 ,
(pa)
and
2
2
y = 71.2(8) (%;) .

and both functions in Eq. (24) are tabulated.S
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Again we use a more concise notation for the confluent hyper-
geometric function by setting

M(a;1;y)

M, (y)

and

W(ajl;y) = Woly).

The energy at which Pc changes from a constant to a u-% trend
is seen from Fig. 2 to be that corresponding to u, = u1/5. The distribu-
tion functions in Egs. (15) and (24) must be smoothly Joined at this energy.
By equating the values and slopes of the distribution functions, the con-
stants A and B are determined to be

Rl (7 ) - My (y,)
Woly,) - R (y,)

(25)

where

o)+ a1 - 2] + gl + oo [3 - e 5]

R = [¢] C (¢}

AR A

and

L )+ o) exn - w1 - £ o)

. (27)
[Mz(yc) + BWS(yc{]exp(—ycd

This distribution function then modifies the value of the integral for
nD and also the expression for y in Eq. (19).

The amount of this correction for various cavity sizes and
pressures is illustrated in Fig, 3, which shows the correction to be
appreciable only for high pressures, and in no case to be more than a few
per cent.
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Fig. 3. Theoretical E - p curves illustrating the effect of the correction
factors of Secs., 5 and 6. The broken lines indicate theoretica
filelds without corrections. The 1/8-in. cavity is omitted to avoid
confusing the diagram.

6. Correction for Overshoot

The probability of excitation is not infinite at the first
excitation potential so that some electrons reach energles above this
value before exciting helium atoms. This overshoot in energy is most
noticeable at low pressures when the energy gailned between collisionsg is
large., To find the energy ot which the distribution functlon goes to zero,
we insert the measured values10 of the excitation function as a loss term
in Eq. (8). The excitation function h  is linear in energy at energles

close to the excitation potential. Using Maler-Leibnitz's experimental

10

excitation function for hx’ we may write

p 1
= _X _ = f{u-19.8)u2 .
hy 2 by (w - w ) 623 (28)

Equation (8) now written in the reduced form and including hx is

2
g - — (34 _ ;
" Ig=0 £, = (u/%glexp( %%J (29)

=10




where

= 1|1+ M¥p
1= 3 [1 no -

-

(% B hju + 3u) - —55-5} . (30)

16u”

For u>u,, I may be seen on inspection to be a slowly varying function so
that we may solve Eq. (30) approximately and obtain

g=cxp(-YIu. (31)

Equation (31) combined with Eq. (29) gives the distribution function above
the excitation potential; and this distribution function should be fitted
to that of Eq. (15). However, the distribtuion function is small in this
region and we may determine a voltage at which the distribution funetion
goes to zero by extrapolating Eq. (31) linearly and choosing that voltage
where it cuts the axis as the lonization potential. The extrapolation of
Eq. (31) yields

w -u = B = VL (52)

The effective ionization potential is plotted in Fig. 4 for
helium as a function of EA with several values of pA, for one value of A/A,
A more rigorous treatment in which Eq. (29) is solved exaotly8 is possible
but does not alter the value of uy in Fig. 4 significantly.

35—

-f =475 1073

pA=100

pAs200

pA =10
20—
19 1 L
1000 5000 10,000
E ) (VOLTS)
Fig. 4. The effective ionization potential
constams e . o) al as a function of EN at a




7. Experimental Procedupe

A block diagram of the microwave apparatus used in the experi-
ment is shown in Fig. 5. A continuous-wave tunable magnetron in the 1lO0-cm
wavelength region supplies up to 150 watts of power into a coaxlal line
leading to the measuring equipment. A cavlity wavemeter receives a small
signal from a probe in the line. The power incident on the cavity 1is
varied by a power divider. A directional coupler provides a known frac-
tion of the incident power to a thermistor element whose resistance, meas-
ured by a sensitive bridge, indicates power incident on the cavity. A
slotted section of line with a movable probe measures the standing-wave
ratio and voltage minimum, the probe signal going to a detector with a

WAS:WIIgTER l DETECTOR MILLIAMMETER
BOLOMETER
MATCHED (THERMISTOR)
LOAD AND BRIDGE CRYSTAL
I [ Jrrenusron
e POWER - |caLiBRATED
I ' DIVIDER ATTENUATOR
GW. )
MAGNETRON T ™\
DIRECTIONAL | \_/
COUPLER SLOTIED  TMoio

SECTION  caviTy

FPig., 5. Block diagram of the experimental microwave equipment.

wavegulide-beyond-cut-off attenuator. The cavities resonate in the TMOlO
mode in the 10-cm wavelength region, and are coupled to the coaxial trans-
mission line by a coupling loop. A second coupling loop provides a trans-
mitted signal to an attenuator, crystal, and meter. The electric field is
calculated by standard microwave methods.ll’12 The unloaded Q of the cavi-
ty 1is calculated from standing-wave measurements., The power abgorbed in
the cavity is determined by the measured inclident power and the standing-
wave ratio. The absorbed power is related to the stored energy through

the unloaded Q and the electric fleld is determined from the known field
configuration and the stored energy. It is convenient to calibrate the
transmitted signal network in terms of incident power measurements to meas-
ure the field.

Care was taken to obtain high gas purity. The cavities were made
of oxygen-free high-conductivity copper and all Joints were silver soldered.
The coupling loops were made of copper, Kovar, and glass. The cavity was
connected through Kovar to an all-glass system including a three-stage oil
diffusion pump and a liquid-nitrogen trap. Spectroscopically pure helium
and distilled mercury were used. Each cavity was baked out for several days
at 400°C.and the whole vacuum system carefully outgassed before each run,
The mercury pool which introduced the mercury vapor also served to seal the

cavity from the liquid air trap during each breakdown field measurement. The
~12-




possible effect of direct ionization of mercury in the breakdown process
has been investigated theoretically. For the density of mercury used it
was found to be not significant in the range of pressures and container
sizes used in the experiment.

The breakdown experiment consists of filling the cavity with the
gas at a measured pressure, increasing the magnetron power until the crystal
current reaches s maximum and drops suddenly to a much lower value, The
drop indicates that the gas has broken down and the maximum current indicates
the breakdown fleld., The electrons required to initiate the discharge are
provided by a radiocactive source near the cavity. The breakdown measurements
were reproducible within an experimental error of less than 5 per cent in
electric field and less than 1 per cent in pressure. Experiments were done
on four cylindrical cavities having a dlameter of 8.140 cm and heights of
0.1588, 0.3175, 0.4760, and 2.540 cm. The cavity whose height was great
enough so that 1t could not be considered a parallel-plate system was com-
puted using a non-uniform field theory.13

Figure 6 presents the experimental and theoretical E vs. p curves.
In Fig., 7 ¢ vs. E/p curves cbmputed from the experimental data are compared
with theory.

8. Conclusionsg .

The high~frequency lonization coefficient has been calculated
theoretically on the basis of the electron continuity equatien Dby con-
sidering diffusion to the container walls as the only removal process. it
is expressed in terms of EA, pA, and pA . The high-frequency lonization
coefficient has been derived theoretically in Eq. (19). The ionization
coefficient had been previously related to breakdown fields through the
diffusion equation.1

Equation (20), contailning no adjustable gas-discharge data or
constants, and involving only the excitation potential and collision cross
section of hellum, enables us to predict breakdown electric fields. It has
been derived from the electron velocity distribution function given by
kinetic theory, and the diffusion equation, The agreement between theory
and experiment over a wide range of pressure and container-.sige variation
verifies the correctness of the approach,
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Fig. 7. Experimental lonization coefficient compared with theoretically
predicted coefficients. The 1/8-in, cavity is omitted to avoid

confusing the diagrams.
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