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ABSTRACT

A microwave system (K-band, 24KMC) was designed
and assembled to study the degree of ionization in
argon as a function of time or distance behind shock
waves in a shock tube. The relaxation time for ioniz-
ation and the attenuation and reflection of the micro-
wave at eguilibrium were measured for Mach numbers
from 6.19 to 7.74 at Py %f Smm and 1lOmm Hg te deter-
mine the influence of temperature, density, colli-
glon cross-section and impurities. These measure-
ments were complemented with theoretical calculation
of microwave absorption and electron density at
equilibrium for a Mach number range of 6 to 8 with

initial pressures Py of 1 mm to 10mm Hg.

(Sections II, III, IV)
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I. INTRODUCTION

The present work described is part of a general study
of the dynamics of reacting gases. The problems are very
complex because of the simultaneous occurrence of non~indep-
endent reactions such as excitation, dissociation, ioniz-
ation and chemical chaﬁge. The particular phenomena consid-
ered here is thermal ionization of the gas. To simplify the
problem further a simple gas (argon) is chosen for this
study. It is hoped that after attaining a bettér under—
standing of the reactions of this gas, the technigues devel-

oped can be applied to more complex gas mixtures (i.e. air).

The experiments are all focussed on conditions be-~
hind the incident shock wave developed in a shock tube.
The mechanismlof ionigation starts as soon as the shock
passes through the gas, setting it in motion and giving
the gas a high enthalpy. The gas particles ﬁill transfer
their translational energy to other degrees of freedom and

may eventually bring about excitation and ionization by :-

(a) thermal atom - atom collision
(b) thermal electron - atom collision

(c¢) photoionization

Which of the above processes will predominate during the

9
non-eguilibrium period will depend primarily on the number



density and energy level of the particles and their effec-
tive collision cross-sections. Ideally, these factors will
completely determine the relaxation time of this process.
In practice, one must not neglect the effects of minute
amounté of\impufities on the rate of ionization even

though the contributions of electrons from these impurities

~does not affect the equilibrium level.

At present measurements of the rate and degree of
ionization of gases are hampered by the lack of means to
measure them accurately, particularly in regions of low
electron density and fast reaction time. The methods and
technigues used thus far are reviewed in ref. 2,3. Using
microwaves as probes (spatial resolution limited by the
wavelength employed) will reduce some of these problems
and has the added advantage of not introducing any foreign
element into the flow. Microwaves have long been used in
the investigation of ionized gases, but only recently have
they been used for the study of the properties of plasma$’34
generated in shock tubes. In using electromagnetic waves
to probe the ionized gas, we are primarily interested in
the disturbance (absorption and seatter) of the propag-
ating waves by the gas, rather than the disturbance of the
gas by the wave field. This physical situation depends on
the strength and fregquency of the impressed signal, the

free charge and particle densifties and whether or not the



atoms and molecules have permanent dipoles. The micro-
waves (24KMC) used are of such small amplitude that no
components of the gas other than the electrons both
free and‘bound are significantly disturbed. Thus the
attenuation and reflection of the microwaves in the
ionized gas will depend on the collision freguencles of
electron and atoms, impressed wave freguency and the
plasma frequency in the experimental set-up. The theory
derived does not take into account the ftemperature,
pressuré, veloclty and species gradients near the walls
of the shock tube which will add to the complication in
the interpretation of our data. See reference (30) for

amplification.

The purpose of this papér is a preliminary study in
the utilization of microwave_technique to determine the
rate and degree of thermal ionization of argon behind
shock waves generated in a shock tube (6.19 = M =< 7.74,
py= 5,10mm). Only the measurements of overall atten-
uation (absorption + reflection) of the microwaves at
equilibrium conditions behind the incident shocks are
compared with theoretical values., The theoretical cal-
culations in the following sectioms (II, III, IV) con-
tain the equilibrium conditions (temperature, pressure,
electron density, attenuation factor) behind the shock

waves at various initial pressure conditions,



II. THERMAL IONIZATION IN GASES

Degree of Tonization at Egquilibrium.

Derivation of Saha Equation.5

This equation relates the degree of ionization or
electron density to the temperature and pressure at equilib-
rium conditions, and is independent of the reaction chain by

which equilibrium is reached.

The assumptions made in the derivation of the equa- -

tion for argon are:

(a) Each specie of the system is treated as a per-
fect gas. That is the body forces between par-
ticles are assumed small and have negligible
effect on thermal and physical properties of
the entire gas. This assumption will hold as
long as the density is moderate.

(b) A1l the neutral atoms are unexcited (error is
less than 1% for T= 15,000°K) °

(c) The ionized atoms are in two possible states,

2 2
Py, OP,

3
3 Z

For a reaction



which takes place at constant T and P, the change in the

Gibbs function G, ‘
JdG

at eguilibrium
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Also £ = - 46 where 6 1s the free
,94*’1'” LT

energy at p.
To evaluate//c' we shall turn to guantum statistics6.

The Helmholtz free energy of an assembly of Ni particles

_5{ 2/
L= bTE & blrr 4 & %)+ nér b

(4

A, = absolute activity

&, = statistical weight
Above eguation may be applied to Fermi-Dirac, Bose-LEinstein
and Maxwell-Boltzmann statistics.
(a) Statistics for classical systems can be derived as
limiting case for either Fermi-Dirac or Bose-Einstein form-
ula by assuming A<</ .

Then A=

. N: = number of particles

M
%)
f4(T) = partition function

s ~Mkr [ mfer) - Ha "y

This means the number of particles is small compared to the
accessible lower energy states. The approximation is ade-
guate as long as the separation between guantal energy levels
are small compared with all other energy guantities rele-

vant to the particular problem.



(b)

{c)
(d)

Assume partition function can be given by the
products of partition functions of different
modes of degree of freedom, l.e. partition func-
tions are still separable factors--can uncouple

translational and internal energys

The partition function for an atom becomes:

7‘[(7'/ = /4(7/64-(7]/}‘.(7-/ = /‘»(r}\/"./r]
Jor) = egr) adr)

for internal energies (electronic and nuclear)

- nj(T) =1 for present application.

Interactlons between atoms have negligible effect.
No external field except local boundary fields

exists.

The chemical potential per particle becomes:
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At equilibrium

,/
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For the reaction - i1onization of argon
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jA+ (T) is the intermnal partition function for the ionized

atom. For the rare gas lons the lowest lylng levels are

with a small energy difference El between

[ [2



levels with different J values

. - £ £
«A"(T) - L r 2o &7 T = 2060 K
Assume jA(T) = 1. Since we are considering the zero ground

state as those electrons bound fo the atoms, the free elec-

trons are at an energy state of I, with a weight factor of

2 to account for the spin of * 5.

_& X
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&, = I = lonigation potential = 15.7 ev,
The Saha equation is
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Electron density (electrons/cma)

NO = Avogadro No.
Sl = = e'V,
- il RT P == Nm Hg
T — °K
P 7
Y= PRx/o = L R = 8.31x10 ergs

srek T mode °K
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III. SHOCK TUBE RELATIONS

The process of ionization is initiated by the pas-
sage of the shoék front through the gas. Figure (21) shows
a schematic drawing of the shock tube before and during a
run. A diaphragm separates the high pressure chamber
(4, filled with helium) and the low pressure chamber (1,
filled with argon). When the diaphragm fractures a series
of waves progresses downstream through the gas. The local
velocity of sound for these waves is no longer constant,
For a particular class of solution of the one-dimensional

gas equation
P = /a//) u = u?o)
The wave speed is given by

cC =a, + I+ u

P4
< a Z[/’+ s+ LS
= ) [ old 2 .
= [ ) -1/
a; - speed of sound in undisturbed fluid
u - particle or gas velocity

Thus from the above equation the wave speed i1s higher than
a; in regions of condensation (/o>yq ) and lower than aj in
regions of rarefaction. This means the wave distorts as it
propagates, the net effect is to steepen the compression
regions and to flatten the expansion regions, The compress-

~ion wave steepens and reaches an eguilibrium state, balanced
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by the viscous stresses and pressure forces, a few dia-
meters of tube from the diaphragm. It is then a shock
wave. On the other hand, a family of expansion waves
propagates into regions (4) and will always remain isen-—
tropic for they tend to flatten and so further reduce the

velocity and temperature gradients,

Following the shock wave is thé contact surface or
cold front which acts like a piston surface and also sep-
arates the two gases ahead and behind the diaphragm. The
pressure and velocity is continuous across the surface but»
the density is not, assuming negligible diffusion between

the gases.

The assumptions made in the derivation of the shock

relations are:

(1) heat losses and wall friction (viscous effects)
are neglected,

(2) each species of the gas is treated as perfect,

For the case of no ionization, the conditions be-
‘hind the incident and reflected shock are given in ref. {(7)
The following will contain the derivation of equilibrium
conditions (temperature, density, pressure) behind the

incident and reflected shock waves.



12

8
Conditions behind Incident Shock with Ionization

(l) /ola, =ﬁ”‘

(2) P 7 A4t = A g4

(3) 4 o» “* s 4‘ - 4t
Z z
(4) A= e » ;2 = z_{//fav/.er *« oS "073
o
©® = lonization potential ( K)
/$== excitation energy of
argon ion (°K)
£
- i 0¥ 192, 000 -z
(5) & = 7% m,j e kel *® /
r
() p = ,olrrx)m7T

In the calculation of the enthalpy of the ionized gas we
have neglected excitation energies (fS) of the particles.
Thus the resulting formulaewould be valid only for tempera-
tures less than 16,000°K.

Equations 1. and 2

c‘a ol (‘_ﬂ) 7
) 1+

L2 R -4

R\
u

Substitute into .3

(7) A -4

Fln-pIlZ */7:)

Substitute in 4,
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e t+ < fa
(8) 7 ° ~
4~ Lo - 2(e-) O
o tra, 7
Relative to shock
9 _‘2- M{I—_L =é
(9) = , ?) 7/',

(11) 4 = 7+ &=t m*/r~%4)

Combining equations (10 and (8.

-4
L2 = /“*'ﬁﬁzi/r, - T £§ - zq177/7
~

) - L(Fc Fan)-(F-Femgesimg)o

= .£ . — L > 2
A - S VAR R R ¥ 72
6 = r#2,000 °x (s5.7eV), 7, = 300«
For shock wave moving into a non-ionized region (dl = 0)

(a) Density Ratio

4~ = /7 + '¢f§

Vi

4¢£_z¢‘

Nl

(b) Pressure Ratio

= L .
%_ I’ /3 ff/_f’ » 5/(,‘5)_,)&*’ "%%MJ’/



(c)

(d)
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Temperature Ratio

2-g2/4)

Degree of Ionization

-

c/z’ = / VR 0% /P2 000 / %
< - e —& =~
% - 20é0 7 /
i (2=¢c z;)

Solution of Iterative Procedure

(1)

(2)

(4)

For particular Mach number Mg, pressure Py
temperature T, assume an o .
Compute ;/:_e , _777; , é , @
If the value of o,’ does not agree withe, to four
significant figures, recompute %'using a new
o({; original e + |- =]

3

When the values of = agree, use this value of o’

for the initial guess of the next Mach number

The iterative procedure was first computed using the slide

rule to check out the accuracy of egquations and rate of

convergence. Values used in the computations were obtained

by using IBM 709 at the computing center of the University

of California at Los Angeles. The maximum number of ifter-

ative steps programmed for was 100, but usually less than

30 steps were necessary (figures 1 - 5).
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Tonization behind Reflected Shock

(1) 2 7 )fé,fﬁ

5) L o= tv M0 (p-y)
(2) & 2=, %

(3) 74,_;_- L lrra )Ry +» 88 . Z

N ey

< 000 x
(5) o' / L Lo e ,]
7; % /I & "2

(6) Z = f’/ﬁ/ ,,l..,,

g

Equate (3. and (4.

Z = L ;e lnm)r gt SR /-.-z%"
o F i/ ST ey

Egquate (6. and (7

0) % = £F[1- B » t4-1) 1> =0 4= ]
7 z r

i

(1) % = =L



(8) % = ZZ [/~ Pp v th-0)mt ot st
£ & —LL ’ s
/ IR 4 ;-7]
(7) __71_' = ffﬁ /
7 ’F (rrot)

(5)

‘1{\
'\|
b

R e /fzr i -
7% Y7 A
AR N

Tterative process:
(a) Guess a value of 6%:; i
(b) Compute - Z
(c) If value of «' does not agree with -, to four
significant figures, recompute for a second
guess for £& .

(4

(d) When the val ues of « agree use the value of ;;

for the initial guess of the next Mach number.

This process was done also on the I.B.M. 709, See

figures (6-10)

The graphs show the differences between the pres-
sure,itemperature and density conditions with and without
ionization. With ionization the pressure and density
- are increased, whereas the temperature is decreased as a
result of an increase in the number density of particles
present. These effects are not appreciable until the

temperature conditlons are greater than 5000°K.
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Transformation of Time Scale

The time scale we measure in is the laboratory system.,.
The fime which we are interested in is the time relative to
the shock wave, The conversion can be made easily by observ-

ing the x - t diagram.

,

w///f—— particle path

CA:fluid particle 1s statiénary in xy and as the shock passes
the fluid particle is set into motion with velocity ug. We
(1éboratory system) are observing the process at position xg.
and the time we measured is t = ’The time relative to the
shock is t and the fluid element has travelled a distance

before we observe it.

f= -ty = 2y

“,
Us

From continuity eguation

2 _ - YU
£ -5
z= &t
The fluid particle is stationary behind the reflected shock

and hence t = tl in that case.
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IV. ELECTROMAGNETIC THEORY

(a) Derivation of the attenuation factor/g

In order to determine the attenuation factor of the
¢lectric and magnetic vectors of the impressed field, it 1is
necessary to obtain the velocity distribution of the elec-
trons. This velocity distribution can be obtained by an
overall solution of Boltzmann’s equation.sl However for
the case of roughly constant mean free path an approximate
equation where the collision integral is replaced by a col-
lision force is guite adeguate. In addition the following
assunptions are made:

(a) the ionized medium is isotropic and chang-

ing with time,.

(b) the electromagnetic waves propagating into

the medium are plane~polorized, harmonie

time dependent.

Force on the average electron
Electric force
Magnetic force

Damp}ng or -
collision force Z = -ma &
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¢ 1s the collision freguency and its evaluation is

given in part (b) of this section.

73-4- l?f’zﬁ—ng?: m I
Maxwell’s Eguations oz

¢ Jo = convection current
ox A = J: = ‘Z’,ﬁg S = e JF due to electrons.
. JE
73_-0 Z.:fog
V8 -o 8 j)«ﬁr

Thus solution of these egquations for wave motions will be

7"&:‘: GJ?
/ y&-a—

-
A e g

-
—ilewt- bw)
F=£e’ *

NG

o

-ifwt - 4’;.‘ )
(-4

Since E and H are harmonic time dependent
I d —
Ve & = ¢/"wH
73#:-;‘«'6?

> -
Maxwell’s equations possess certain symmetry in &, A :

thus sz-" = JfH 7 El' —direction of propagation
&
P j& « - phase velocity

The relative size of the magnetic and electric forces on

a moving charge is

= ;;;EA’ = f72é§.-= f{ <</

For our problem we may neglect the effect of the magnetic

Ny

force, Consistent with the above approximation we can as-

sume 4% 1is a scalar and is egual to //Q x
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The eguation of force now becomes

JE - mnP = ml
TE

Differentiate with respect to time (two times)

SF = 3 LE - myd P
Ze* Z I L~

™~

. N s —
Assume harmonic time dependence for £ and &

-
CPF = -in}AF + RS
””

Z“’ = - k)"/i/;

(e - 3 w*)

The convection current due to electrons is

—
VA 1]2:
- iy
({3‘.‘010‘55 @t = re*
—_— e - - -
- e ,7:,; plasma freg

aw‘pdgav uency.

The total current is equal to the convection plus the

displacement current.

g s L - iwe E . "// “o ] .
= M - cwE = —4«0%4? Py
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- > —

g = -;uq,/r/- “ Z,
@ &M W

- 2 g

(VA -zwe,[/ - % [&£
‘U‘*{"é“)

The dielectric constant of the gas is a complex scalar.

2
€ = €° [/ - wg ]
h‘*c'gw

The electric field is given by

32 e ct‘(u&‘- é*e)

& = 27 - & wljpue = 2
XL e s s )
*
é = E‘_“/,_ -‘J=‘ C = 7/
woe 'y w /’;o".
The propagation constant ¥ is a complex guantity.

a

b’: o(+?¢ £¥ - d‘-/g"d .?t"(/f

* » )t _ & s P A
£ 7‘57/# - F(E) Lxe .o
(-3 /U‘-f-l{‘(d')
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@ 2‘4“"’/‘/'/"@.*,.) ///- +3"} w‘*"’)/-/

2 L 3
« = 24/5:’) &p & L
U‘* ”c“d‘ ﬁ

T HE O o) {0 ) e ]

The electric field is given by

s A; e-f:.'ca'(wf-qi)

/5 is the attenuation coefficient.

Applied to the experiment where we considered only plane
transverse electromagnetic wave (tem) being emitted from
the microwave apparatus, we need only consider attenuation
of the electric field in the & = direction

Using the alternative method of ref. (27) we can write the

current in terms of a complex conductivity.

current. is not in phase

with field.
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. . ot
O + 0 = -cwé /___.e___
b R w

) >
G re; = few —Z. j7 + € Ha
&t + I wr s

% = X

g ¥

ohmic type behaviour of the medium

|
h
CL)
X
X3

> free electron type behaviour of the medium

]
[[]
N
t
K

where
/9‘2‘/?'//—//-5_.%}+ ///‘E%}‘*/g%/‘/l_/
Let
_Z'_ = (ge}; = [~
%o Y-7%
_f’_z: = -— &’j = _’_{4
s« /f-(l"" d

./gl: 2‘/59‘/r'(7“/)* /’{/-aj;ﬁ b‘/)f/Z

The approximate value for small values of b2 <</,

collision freguency is small
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‘ ;Lce')‘/. (r=a)+ (r-a) {1 = (/-é:)a/“"]

il .cg'/_4 -
= L&) [ 2

<

p= 12 G&
o. v+
(r-22)>
cEEE)E) (2)
(@)~ ()1« 8- 2)]*
Neglecting the first two terms in the denominator
g = £(3)(F)(F)
> 15
[+ 20E) -(g)j

Attenuation of the microwaves, collision freguency versus

Mach number for various p; are plotted in figures (18-17).

Reference (27) gives plots of total attenuation per
. A%
unit path length of gas el and measurable phase
- .
shift //";.:"f}e(“"'-" (o and g in units of -p_,:-‘-";-/(:0 , 4 - phase

velocity in lossless dielectric) versus é? , for several

values of the collision parameter £§ from O to 10, In
the idealized case of zero collisions the value Wy = W

sharply divides the behavior of the medium infto two dis-
tinct regimes, one dielectric, we< LY where the wave pro-
pagates without attenuation, and the other reactive,
vr>w®,‘where the wave becomes evanescent. The effect of
coliision tends to smooth out the transition between these
two regimes. For further discussion see the above mentioned

10
report.
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(b) Collision Frequency for Argon

;g:

NS

The collision freguency is given by

1, is the mean free path of electrons between momen-

tum transfer collisions (elastic)with argon atoms

Var is Ttaken to be the eguilibrium r.m.s. velocity

of the electron = /iﬁﬁ
« e

This is an approximation.

The mean free path (Appendix) may be related inversely

to the number density of the gas molecules N, and the col-

lision c¢ross-section of a gas molecule A. Thus the collis-

ion freguency is given by

A
—(= NA
Y = g N N= oA, = ph
- % '%7‘
=/ ak A,
%=/ %/Z
for T = T, temperature of the gas
2 . o - oy A
% . #2800 P %
“ T A - cm™
7 - °k

w= 1.53 x lOllradians/sec
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The collision cross-section for argon Was’obtained
from a literature survey of experimental values.llm23 There
+1is, however, a lack of values in the region of low electron
energy (.5ev or SSOOOKL The data collected from the many
.experiments (fig. 11,12) show fairly large disagreement,
vaiues differing by a factor of about six. These curves
show the anomalous Ramsauer effect (Appendix). Unfortun-
ately our experimental conditions are in the regions where

the cross-section is at a minimum.

These measurements were obtained principally by two
methods:

(i) Direct: This scheme was first assembled by
Ramsauer. His apparatus was built so that
he could measure the intensity of the electron-
beam as a function only of electron velocity.
The electrons, accelerated from a source to a
given velocity, were passed into a velocity
filtering system consisting of several slits
to collimate the bheam. Measuring the electron
current at one point and later at another

point, the cross-section was then obtained,

I = L&k . The accuracy of this type

of measurement depended greatly on the width

of the slit.
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(1i) Indirect: This method was first used by
Townsend, The drift velocity W, of electrons
moving through a gas under the action of a
uniform electric field was related to the
field intensity %, root mean square velocity

u and the mean free path 1

W: CZG/
o]

P -~ numerical factor which

depends on the veloc-
ity distribution.
The values of collision cross—-section which
were used in the calculations to compute the

attenuation of the microwaves are specified

on the plots.

{(c) Propagation of electromagnetic waves through a slab

of donized gas 24

In the experiment the ionized gas is confined be-
tween the walls of the shock tube and is isolated from the
microwave apparatus. The electromagnetic waves crossing
the interfaces between the ionized gas and the walls are
subject to reflection losses and phase changes. The

transmitted waves must traverse two interfaces plus the



28

ionized medium%; the reflected waves will be influenced by
reflections from the two interfaces and the intervening ion-
ized gas, thus establishing the phase and amplitude of both
signals. vThe incident waves are considered to be plane-
polarized, transverse, harmonic time dependent. The assump-
tion of the existence of similar reflected and transmitted

waves, and positive and negative propagating waves within

the ionized medium is made.

- — —t
f;'l/7l" f'/-,i f;'Z
e
—t ey — e
A 2, A
/
/
o ! @ _4 &
| v
L

Assuming =& < 4 = «, (permeability]) and k; = kg (same

media) the reflection and transmission coefficients become:

( ¥*° - complex propagation constant)

R £ L (F - Ak, A g )4

= z £, A z*

4

(z » % + @l}‘éﬁ 2~ - &F LY
k‘*f ’ e 2 - / é_} z /e

zT = ‘f.-?* = 46‘.4‘

4" (2 » & . A& | w* L & _ A*) -k

7 r3 - 2 /6 % > // _Zf* _Zl_d/

The

3

Note, this is a simplification of the actual problem.
electromagnetic waves, in-addition to passing through two
interfaces and the ionized medium, must traverse the dielec-
tric windows of the horns, However, the windows have been
made to be transparent to the microwaves. {see Section V.)
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V. EXPERIMENTAL APPARATUS AND PROCEDURE

Shock Tube Facility and Instrumentations

An 8.2 centimeter square shock tube of commercial
cold rolled steel with 1.59 centimeter thick walls and 360
centimeter in length was used in this experiment. The high
pressure chamber also of the same material was circular in
cross-section, 11.4 centimeter in diameter, and was 18.8
centimeter in length, Circular flanges with 0O ring grooves
were welded to the matihg ends of the two sections. The
diaphragms were held in position by dowel pins and 0 rings,
and the two ends connected together by a threaded sleeve.
Ports on the sides of the tube were provided for film heat
gauges to measure shock velocities and for the microwave

horns,

The gas manifold system (fig.19) in the low pressure
end of the ftube was designed to handle the test gas and
evaculation of the chamber. Circle seal plug valves were

used throughout the system.

The Vacuum pumping system consisted of a Consolidated
Vacuum Corporation MCF-60 oil diffusion pump, using Dow
Corning 7038 Silicone oil, backed by a Kinney KC-8 double

stage mechanical pump.

The leak 1rate for the tube was determined to be
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about l—S/a per minute. This was primarily due to leakage
at the ports where the heat gauge plugs and microwave horns
were inserted. The vacuum sealing was accomplished by a
sliding circular "0” ring which sat in a groove on the
plugs and horns. We found this type of seal for high
vacuum to be highly unsatisfactory but it could not be
changed. A flow system was designed for removal of the

residue gases and the reduction of dimpurities 1in the tube.

The pressure of the chamber at very low values was
measured by a Consolidated Vacuum Corporation Phillip Gauge
PH6-69; the test gas pressure for the experimental run was
measured by a Wallace and Tiernan dial gauge (least reading
0.1 mm Hg). The uncertainty in measuring P is about two

percent.

The diaphragms used were DuPont mylar of thickness
.00l to .01 inches. Several layers of mylar were used Lo
obtain the desired thickness and strength to acguire the
pressure ratio at which the diaphragms could burst by them-
selves. Shock velocities at similar conditions were repro-

duced to within one percent.

The thin platinum heat gauges, designed by Rabinowitz
were employed to measure shock velocities, The heat gauges
were stationed either 67.7 cm or 10 cm apart. The voltage

output of these gauges were fed into a Technology Instru-

33
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mentation Company Type 500 A, 1000 gain wide band amplifier
which in turn was connected to the Berkeley Model 7362
counter (least count of’9as). The first heat gauge served
to trigger both the counter and oscilloscope simultaneously,
B transitorized trigger amplifier was used to give a sharp
splke to the input signal from the heat gauge to the oscil-
loscope in order to obtain consistency and accuracy in trig-
gering. Setting the oscilloscope to trigger at 5 volts, the
sweep was not delayed more than Qus . With the average
transit time of the shock wave across the face of a heat
gauge ‘j/as , the uncertainty in the measured shock veloc-

ity is about two and one-half percent.

The following procedure was established for setfing

up the shock tube.

(i) Clean tube of diaphragm fragments.
(i4) Seal tube with correct diaphragm.
(111) Evacuate and flush with argon the low

pressure section.

(iv) Evacuate the tube to .%/t Hg.

{v) Set the flow system to give reguired
initial conditions (p;) (.03 gms/min.)

(vi) Tune the microwave (see next section).

(vii) Pressurize the compression chamber to

reguired Py - 100 psi.

(viii) Retune the microwave.



32

(ix) TIsolate the pressure gauges and shut
off the flow,

{(x) Set oscilloscope, camera, and counter.
(xi) Fire tube.

Microwave Instrumentation 28,239

At the present time microwaves are the highest radio
fregquencies employed for‘communication, detection, control
and navigation, The freguency range 1s approximately from
.3 to 800 KMC with corresponding wavelengths from 100 to
«lcm. An important application with regard to our exper-
iment is the ability to concentrate the radiation within
cones of a few degrees in width and to operate at high gain.
This can be done only if the effective caperture of the

antenna is many wavelengths wide.

The microwave network* is shown in fig (18). Each
component is designed to minimize reflection losses. The

following is a descripftion of the components.

Rectangular waveguides (24 KMC, K-band) were used.
The mode being propagated is the dominate H-mode. The
klystron, a 2K50, 28.5 to 84.5 KMC, 10mw, 300V reflex

type tube (Bendix Aviation Corp.) was used as the generator

*

E11l components except the klystron and isolator were ob-
tained from Demornay Bonardi Co.
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of electromagnetic waves. The adapation of the power supply
(Dessen and Barne #62-109) to the operation of the klystron
is shown on fig. (20). An unfortunate feature of the cir-
cuitiy was that the repeller voltage was coupled to the
tuner grid voltage of the klystron. The repeller voltage
was adjusted in tuning of the microwave apparatus to obtain
the mode where the klystron would generate peak power to
minimize the effect of line fluctuwations. Since the klystron
was thermaliy tuned a fan was used to maintain 1t at a con-
stamt temperature. The detector consist of a crystal, sil—‘
icon, coaxial type diode (IN26), and a tunable crystal mount
to match the reactive component of the crystal impedance.
The *time constant of the unit was less than a microsecond.
The power response of fthe crystals obeyed the sguare law

in regions bélow 15 microwatts; above this the crystals

were reguired to be calibrated which they were in this ex-
periment. The E-H plane tuner was used as a matching
transformer to correct mismateh between the klystron and

the waveguide system. Isoclation between the klystron and
energy reflected from line mismatches (21.2 db,24KMC) to
insure maximum power and constant freguency output was furn-
ished by a Uniline ferrite 25w locad isolator, model K-131.
The frequency was measured by a cavity meter to within

,01KMC,
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Two conical horns were constructed fto fit tightly
into the ports of the shock tube such that the base would
be flush with the walls of the tube. A transformation of
the HlO ~-mode travelling in the rectangular guide fto the
Hll -~ mode in the circular guide of the horn was made. The
base of the horn is 1.3 inches in diameter and 11.8 inches
in length. For purposes of input and output impedance
matching (simulating % wavelength platé for complete trans-
mission), rexolite dielectric cones were secured to the

exit glass windows of the hormns. The horns, as a result,

gave standing wave ratio of 1.24 and 1.25.

The component of the magnetic field vector in the
direction of propagation in travelling through the conical
horn will vary as f; with distance from the entrance of
the horn. In the far zone region of the horn (where #£+>>/,
k-propagation constant) the radial components of the field
are negligibly small in comparison to the transverse com-
ponents, and the field is predominately a transverse
spherical wave which will become plane a few wavelengths

outside of fthe horn.

The radiation pattern of the horn over the width of
the shock tube must be considered to be the near zone pat-
tefn. Although no focusing of the beam was attempted by
lenses, the horns, aperture. of 3.3 wavelengths, were desig-

ned to produce a directive pencil beam. Xnowledge of the
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beam width and whether there were large side lobes was Vvery
important in the interpretation of our data. Several crude
attempts were ﬁéde to measure "the . width of the beam.
(a) using a copper plate and moving it perpendic-
ular to the beam.
({b) filling a tube section standing on end until
the water level reached the beam.
(¢) placing the transmitting horn at a stationary
position and moving the receiving horn in a
circular arc at different radial distances to
trace out the radiation pattern.
In instances (a) and (b) the width of the beam was found to be
smaller than the -aperture of the horn and from (c¢) no large

side lobes were evident.

Another important point in the radiation pattern
is whefther the reflections from the upper and lower walls are
small. The height from the edge of the horn to the walls
was found to be 8.45 wavelengths, For any appreciable re-
flection fto reach the receiving horn or to interfere with
the incident beam, radiation must predominately come from
waves directed at an angle of 40 degrees or more relative
to the center lines between horns. Since the measured pat-
tern showed no prominent side lobes, we considered this prob-

lem as being minor.
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Two signals, transmission through and reflection
from the ionized gas measured by detectors (A) and (B)
respectively, must be uncoupled, 1.e. any reflection should
have negligiblg effect on the transmission and should not
untune the microwave network. We could check this by caus-
ing reflection from terminator (A) (adjusting the stub
tuner) to show up as a first order change in the reflected
signal (increase) at the detector (B) and a second order
change (decrease) in the transmitted signal at detector (A)
Reflection from detector (A) (mismatching the detector)
should cause changes of the same order in the two signals.
The uncoupling was effected by the magic tee in that if the
load impedance of the two collinear arms were equal, The
signal fed into the shunt arm would be divided equally be-
tween the two collinear arms. Because of the symmetry of
the structure, there would be no coupling between the ser-
ies and shunt arms, As there was no net electric vector
developed across the entrance to the series arm. Similar
symmetry conditions existed for signals being propagated
along one collinear arm to be divided between shunt and ser-

les arm of magic tee.

For maximum sensitivity and stability of the micro-
wave signal the amplifiers of the oscilloscope were usually
set at 50 mv/cm for the transmitted signal and at 20mv/cm

for the smaller reflected signal. To obtain maximum var-
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iation of the signal (.55V) on the oscilloscope face the
input signal was attenuated. The system had to be retuned
after the diappragmﬁwere stressed close to bursting pressure.
This was because the metallic shock tube acted like a reson-
ating cavity for the power radiated away and not received by
the horn; a standing wave pattern was established in the
tubes« It was observed that by stressing the diaphragm the
length of the cavity was essentially changed which in turn

altered the power transmitted across the tube.



38

The tuning condition required maximum transmission

‘and minimum reflection of the signal at the condition (pl)

before the tube was fired. Hence any increase or decrease

of the signal during the experiment can be attributed only

to the passage of the shock. The procedure for tuning was

as follows:-

(a)

(h)

(1)

(1)

Set beam voltage to +300 VDC, tuner grid volt-
age to about =93VDC, '

Adjust the repeller voltage for maximum power
output by observing the transmitted signal
(voltage) at detector (A).

Adjust crystal mount to match impedence of
crystal. Tune crystal diode to give maximum
reception (minimum reflection).

Adjust the E-H plane tuner to correct mismatch
between the klystron and the waveguide system.

Replace the terminator (B) by detector (B) and
adjust for peak reception.

Repeat (c).

Tune out reflections from the glass-gas inter-
face (see fig. 18) and signal from klystron
using the variable stub tuner.

Repeat {(c).

Set amplifiers of the oscilloscope at the

desired sensitivity for the transmitted signal
and reflected signal.

Attenuate transmitted signal for maximum varia-
tion on the scope face., Repeat (c¢) and (g)

Repeat (c¢) and (g) after the shock tube dia-
phragm is stressed (p; - 100 psi)
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VI. RESULTS AND DISCUSSION

In the experiment of the attenuation of electro-
magnetic waves by electrons there are essentially two un~
knowns, the collision cross-section and the electron den-
gsity. In section IV the measurements of collision cross-
sections by previous investigators in our energy range show
large disagreement. A recent calculation by Kivel22 shows
that his curve 1is best fitted by the measurements of Ram-
sauer and Kelloth. The calculations of electron density by
the shock tube relations and the Saha equation, derived from
statistical mechanics, are better understood and are on
firmer grounds than the theory for collision cross-section.
However, the experiment may not exactly conform to the as-
sumptions made in the theory and the errors thus introduced

could possibly set the two unknowns on the same footing.

The testswere run at p; = Smm and 10mm. The Mach num-
ber ranged from 6.19 to 7.74 with corresponding computed

13

electron density as large: as 1.6 x 107/ 3. Typical res-

cm

ponses of the microwave to the passage of the incident shock

are shown 1n figure (24). On these records the downward de-

flection of the upper trace corresponded to a lower intensity
of signal reaching the detector, i.e. the transmitted signal

was increasingly attenuated until eguilibrium was reached

behind the shock. (region (1) of the middle photographl}. The
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upward deflectlon of the lower trace corresponded to an in-
crease in intensity of the reflected signal from the gas,
Region (2) represented the point when egquilibrium was ¥eached
~behind the shock and where the signal was constant. Region
(3) indicated the arrival of the cold front resulting in a
decrease of the attenuation due to a decrease iIin electron

concentration.

The overall microwave attenuation across the test sec-
tion could be divided into two parts - absorption loss and
reflection lossg. The present experiments indicated that the -
" reflection loss was guite small compared with the absorption
loss, even when the collision freguency UV ¢ was relatively
small compared to the plasma freguency Wp, The measured
values of attenuation were compared with the theoretical cur-
ves based on thermal eguilibrium conditions behind the normal
shocks (figures 15,16). The observed microwave attenuation
at the lower shock speeds fell consistently below the pre-
dicted values by a considerable amount. This fact seemed to
indicate either that’the collision cross-section used in the
calculations was too small or that the electron density was
too low, probably the former. However, the reflected signals
should provide additional information on this point, but be-
cause of the inconsistency and unreliability of these measure-

ments no conclusions were reached.

The ionization relaxation time of argon (figs. 21,22,

23) was seen to decrease with increasing Mach numbers, thus
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corresponding to an increase in the temperature and a slight
increase in the density. For runs at the same Mach numbers

but at a sizeable increase in density there was a decided de-
crease in the relaxation time.k The microwave apparaltus was
insensitive to electron level below 9 x lOlO. With fthis sen-
sitivity there was no indication that there was ionization of

a greater degree than this ahead of the shock.l The micro-
waves Traces did not begin to deflect until 20 to 50 after
the shock had passed the horns. No theory had been developed
here for‘the rate of ilonization, but the results were compared
with the extrapolation of the theory by Petschekl, which does‘
not really apply to our experimental conditions because of a
significant difference in electron concentration. The data on
the influence of impurities on the rate of ionization was not
conclusive, Based on rough calculations using the Gilmore
tablesS6 the contribution of electrons from impurities (air)

in the bottled argon (commercial grade Linde’s) at a temperature
about 5000°K (M = 7, p, = 5mm, ng — 1.7 x 101Ll electrons/ ;3
from pﬁre argon) was estimated to be 9 x 108 electrons/cmB.

For a leak rate of 10« /min. of air, the electron contribution
was about 2.4 x lOlO electrons/cm3. There was no significant
change on the relaxation using the flow system (.03gm/min.)
after the tube was pumped to .3« compared to the case when the
shock tube was evacuated *to .;g with no flow system. No re-~
fined method for introducing qontrolled amount of impurity was

attempted.
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Experimental difficulties.

On several of the records the beginning of the traces
were displaced from their original settings. This indicated
that the microwave circuit was mistuned at the time the dia-
phragm ruptured. As a result the traces often were deflected
in the wrong direction and these records were disregarded.

The traces shown (fig. 24) should presumably be smooth cur-
ves, but a superimposed low frequency wave (aJ2x104cps) can

be seen on them. Calculations tended to indicate this to be
the Doppler effect. The microwaves which were scattered weré
reflected from the moving shock front. The freguency of the
reflected waves was eilther increased or decreased depending
upon whether the shock was ahead or behind the horns; the
phase velocity depended upon whethér the waves travelled
through neutral or icnized argon. As a result of this fhe
reflected signals interacted with the signals which were being
transmitfed across the shock tube, thus setting up an inter-
ference pattern. The interference pattern caused some diffic-
ulty in the determination of the level of equilibrium and
the time when equilibrium was reached. (A probable remedy
would be to make the ftest section and the tube ends of some

absorbent material)

Theortically, the reflected signal from the gas was
expected to increase and then come to some equilibrium value

(similar to transmitted signal) ‘after thé shock passed. The



43

experimental results showed that this was not always ftrue.
The reflection became largest during the non-equilibrium
period and was decreasing when equilibrium‘was reached in
the fransmitted signal. Possgible mistuning, unknown elec-
tron distribution in reglon of the wall and the Doppler ef-

fect added complications to the interpretation of the data.

After the passage of the cold front the traces should
return to their original values as the electron density be-
came negligible. The reflected signal did return, but the
transmitted signal levelled off at some intermediate value.
To investigate this tests were made to check the effect of
density changes (other than ionization) on the dielectric.
To show that the density effect could be separated from the
ionizing effect we ran tests at low Mach numbers where 1lon-
ization was negligible, but with the same density condition
as behind shocks at the larger Mach numbers. These tests
showed that the transmitted signal was attenuated only
after the cold front had passed. When the cold front was
not well defined, the signal did not change as abruptly as
expected. Static tests were also made where the microwave
equipment was tuned at p; and the tube pressure was then
increased at intervals. Similar reaction of the signal was
seén, where the signal did not change greatly until the den-
sity condition was close to that‘in‘the experiment. The

calculations of the influence of the dielectric change due
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to density, using the approximate Clausius and Mossotti

relation32,39, ¢ %f = constant, n = refractive index) in
the wavelength was found to be negligible ( %:: £ = 99778
A=t = ;7zghd%l Py = 760mm) based on conditions which

existed behind the cold front in helium. This small change
in the wavelength over the length or width of the tube did
not account for The apparent change in the amplitude of the
signal. However this portion of the trace was unimportant
in obtaining the regquired data unless this drop in the sig-

nal level occurred during the testing time.
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VII, CONCLUSION

The preliminary experiments on the microwave
probing of ionized argon described in this paper have dem-
onstrated the ultility of the technique and presented
results which agree gualitatively with theoretical predic-
tions. They have alsoc demonstrated the complexity of the
interactions involved and emphasized the need for more
refinement in the apparatus and technigue and belfter con-
trol of the experimental conditions if reliable guantit-

ative data is to be obtained.
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VIII. APPENDIX

Concept of a Collision Cross—Section.25'26

A collision resulfs when the relative distance be-
tween two particles is first decreased and then increased
provided there 1s some physiéal change in either of the par-
ticles during fhe process. Thus if an atom is excited or
ionized when an electron passes by it, or 1f the electron
is deflected or has its energy altered, a collision has

occcurred.

From kinetic theory where the molecules and atoms
are considered as solid spheres, a collision will occur
whenever their centers approach each other with a distance,
T19 = I * r9, sum of their radii., It can be shown from
kinetic theory of gases that the mean-free-path ll of par-
ticles of type (1) moving amongst particles of type (2) is

Ny = number density of partic-
les of type (2)

/

2 ~ 2 < — —
7’/\‘(’,’2/},« .21]2 ¢q,09 = root mean square veloc-
ities
If particles are of the same type

P S
S FaNI* 2 "0

Let us consider the mean free path of an electron moving

through the gas. In general its velocity will be much

greater than the velocity of the gas molecules, thus the
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mean free path becomes

/e=___4___ = __f_
TN 2 A
A — Z% dzlis the effective cross-section of the atom.

Experimentally we can pass a beam of electrons of homogen-
eous velocity through a hypothetical gas consisting of solid
spherical atoms of cross—seotioﬁal area, A, If there are N
such dtoms per cubic centimeter, the chance that an electron
will make a collision in moving a small distance ¥
through the gas will be WN4dx . Regarding any such im-,
pacts as moving an electron from the beam, the amount of the
beam current strength lost in traversing a distance Jx from

a point will be

Il = AN4T fx

-~ A4
7 :.4e/VX
1-:.[0-54')(
« = NA, is regarded as an absorption coefficient of

the gas for the electron beam or the total (sum) effective

cross—-section in a cubic centimeter of gas.

We know that an atom really has no definite area of
cross-section. The actual gas atoms are not rigid spheres
with defined boundaries; the force between an electron and

an atom will fall off continuously with distance and not
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drop suddenly’to zero at some definite separation. The beam
loses current strength whenever an electron is deviated from
its path or loses energy or both., Classically, as long as a
field exists between an electron and atom, some deviation
will occur,. If this is true, then the effective cross-sec-
tion of an atom will be infinite and the observed value is
limited by the resolving power of the apparatus. If we furn
to gquantum mechanics for an explanation we do not have this
dilemma, From the guantum uncertainty principle a definite
value of the total effective cross-sechticn is to be expected;
provided the force between an atom and electron falls off at
large separation faster than % 3 and a certain minimum re-
solving power is achieved. This means that deviations of a
certain amount are not observed, Thus a collision cross-
section of an atom is just a fictitious area and that if a
particle passes through this area a collision will result.

This imaginary area A is called the effective cross-sechtion

of the atom.

The guestion now arises; is the cross-section only a
function of the geometrical configuration of the atom. As
a consequence of the gradual decrease of the scattering
field with distance as contrasted with fhe rigid sphere
case, the total effective cross-section must be expected to
vary with electron velocity. The variation of collision

cross—section of rare gases with energy has been measured
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experimentally by many investigators., Figures (11,12) show
the variation of collision cross-section for elastic collis-
ion between argon and electrons. The straight line repres-
ents thé kinetic theory wvalue of the total effective cross-
section; The measured values, however, show marked differ-
ences from those based on classical ideas. The slower the
electrons the more effectively should they be scattered by
the atomic field and henée the larger the cross-section. On
the contrary a pronounced maximum is observed for electrons
with energy in the neighborhood of 8 ev.; the gas is prac-
tically transparent to electrons about .6 ev, while for
slower electrons the cross-section rises again. The fact
that some atoms are effectively smaller obstacles to faster
than slower electrons is known as the Ramsauer effect.

This effect is by no means typical of other atoms.

The Ramsauer effect is somewhat anaiogous to the
transmission resonances obtained in the one-dimensional
potential well. 1In fhe case where the energy of the elec-
trons is greater than the potential we would expect classic~
ally that all the waves would be transmitted., In guantum
mechanics, however, some part of the wave is reflected at
the sharp edges of the potential. If the waves reflect
frdm the surfaces and interfere constructively with the
oncoming waves the ftransmitted waves are reinforced. Thus

for certain wavelengths the transmission coefficient is
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unity. The analogy however, is not complete, because the
condition for the Ramsauer effect is not exactly the same

as that for a transmission resonance in a one-dimensional
well. The reason for the difference is that in the one-
dimensional case we define the transmitted waves as fotal
waves that come through the well. In the scattering prob-
lem we have an incident wave that approaches on the well.
Some of it enters the well and some of it is reflected at
the edge of the well, The net effect is to produce an out-
going wave, whose phase depends on what happens: to the

wave at the well. How much this outgoing wave corresponds
to a scattered wave depends on how large a phase shift it
has undergone relative to the out-going wave which is pres-
ent in the absence of a potential, Thus we see that the
inténsity of the scattered and transmitted waves depends on
somewhat different properties of the potential., The vanish-
ing of the cross-section in the Ramsauer effect is a result
of the fact that the contributions of different parts of the
potential all add up in such a way as to produce a wave that
cannot be distinguished from one which has not been inside a

potential.
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kesk

speed of sound
collision cross-section
magnetic induction
speed of light

specific heat at
constant pressure

electric field
partition function
Helmbholtz free energy
Gibbs function
enthalpy

current density

internal partition
function

propagation constant

Boltzmann's constant
(1. 38x10" 1 0ergs /OK)

equilibrium constant
mean free path
mass

Mach number

stoichiometric coefficient

pressure

charge

SYMBOLS
S . entropy
t time
T temperature
u particle velocity
v velocity
% mole fraction
z path length across tube
B attenuation factor
dielectric constant

4 stoichiometric coefficient
! chemical potential
A obsolete activity
o4 statistical weight

WP plasma frequency

W impressed frequency
a degree of ionization
p density
Y specific heat ratio
6 ionization potential

v collision frequency
i3 magnetic permeability

gas constant (8.3 lx107ergs)

moleoK
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