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I. INTRODUCTICN

The interaction of microvaves with f{onized guses hss recontly
become an ares of intense investigation, and microweve circuit come
ponente utilizing concepts learned from these investigations are
already in production. Weibel (1)* has suggested using microwaves to
confine & plasme colusa. Brown (£,%) hes made on extensive study of
high fregquency ges-dischorge breakdown and bas compiled o large amount
of data.

Radiation pressure had been counsidered primerily =s e mesns of
confining plasmes until Hecs and Thom (4) of the Hationul .eroncutics
apd Space ~dministration, langlsy Resesrch Center suggested using micro-
wave radlation pressure for scceelerating plusmes. Additionsl impetus
hes besn given to the latter sugpestion by the receunt develcopment of
high pover microwave sources (of the order of 108 vatte peak power).

The radlation pressure method of scceleration has s distinct
asdvantege over the electrical propulsion systems in that the probleams
of coupling the electromegnetic eneryy to the plasma ure preastly reduced.
The energy from guided microvaves is already unldirectionsl, thereforc
eliainating the need for schemes to convert the microwaeve energy to
kinetic enerygy of the plusm:. This advontsge exlsts; of coursa, ocaly
for highly absorptive or reilective plasmas. Plasmas that sre transe
porent to electromugnetic wuves would not experience any force.

The problem in general, 1s to investigete various schemes of

“pusbing plasmas with electromegnetic vaves, and to develop diagnostic

*Ruabers in () refer to references stated in the bidliography.



techniques to measure these effects; in particular, it was decided to
sttempt to produce ond accelerste & plasma by means of microweves from
8 redar transmitter. Using such & trapsmitter, = plazwm wes produced
in o partially evacuated section of conxial transmission line by redic
freguency breskdown and the plaswma was then zccelernted into a glaoes
tube by radiation preesure and diffusion. in axial magnetic field was
used for channeling to prevent the plasma from diffusing to the walls
of the glass tube before baving traveled the length of the tube. The
plesma vas detected and its velocity measured downstresm with photo-
cells and induction proves. Velocities as high as 2.4 x 10° E%g b4 G
percent were oblained. The experiments were conducted using both
heliva and air and the results are compared.
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IXI. CCELERATIOR OF 4 PL:.SM. BY RADLATICH PRESCURE

Definition of = plesms.~ < plasms, for the purpoves of this paper,

may be consldered as & fully or partially ionized gas which iz nesrly
space Jherge peutral; that Lz, the number of ¢lectrons In s unit voluae
equals Lhe mmboer of gingly chirged positive ifons in that volume,
assuming negative louns sre not present. £ plasma, then; can be said to
consist of three distincl component "geses,’ namely, the electron ges,
the ion gee, end a gos consisting of the neutral molecules.

in @ plasaa, there ls always s recombinstion of positive ions und
electrons to form neutral molecules. At the same time, there is also
ionization of neutral molecules due to collisions with other particles.
Yuder certelin conditions, such as those present in the earth's lonosphere
snd stellar stmospheres, the rate of production of lons and electrons
equals the rate of recomblinsation of electronz with fons, =nd 2 steadye
state citusation exists in the relstive numbere of electrons, ions, and
seutral molecules. If the rale of production iz greater than the
recombination rate, thesn the yes will eventuslly become fully ionized.
However, if the rate of production is less than the rate of recombinse
tion, uthen tbere will be =« ael loss of charged particles snd the plasas
is said to be in decoy.

Force exerted on u refleciing surfsce by electromegnetic radiation.-

Zince = plasmn is a conduclor of electricity, it can reflect incident
electromngnetic radistion, «id since such radistion is the carrier of
acwentus, the reflection will result o s force on the plusma. An

expregssion for this force con ensily be found 2& follows.
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The momentum corried by a photon of energy bv is %: and thus
unidirectional electromagnetic redistion wvhich transports emergy E
will cerry momentum -é;s, where C 1is the velocity of the radiation.
But aifat = P where P 4@ the pover snd t the time. The rate of

transport of somentum, from asbove is thus:
148 P
cét ¢

Now if a fraction f§ of the redistion incident on the plasma is
reflected, the rete of change of momentum of the plasms vill be

(1+f}§

and this is, by Newton's second law, the force exerted by the radiation.
For totel reflection
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III. PRODUCTICH AHD ME/SUREMENT CF THE PLASMA

Bediv frequency breakdown.- In s high frequency gas discharge
breakdown, the primsry lonization from the electron motion iz the only
production phenomenon that controls the breskdown. If one calculates
the meximum kinetlc energy in the ocscillatory motion of 2a eleciron st
the alpimun field intensities for which breskdown ig observed experi-
meatally, one finde e value of sbout 1077 electron volt. This is
sbviously insufficlent to supply the lonization potential of several
volts reguired for bresakdown.

It iz well known that & free electron in s vacuunm under the sctlon
of an slternating electric field ovscilletes with its velocity 0% out
of phase with the field, and thus takes no pover, on the cvernge, from
the spplied fileld. The slectron can gain energy from the field only
by suffering collisions with the gus stoms, and it does so by baving
itz ordered oscillatory motion changed to random motion on collision.
The electron galns random energy, on the aversge, on esch collision
until 1t is able Lo meke sn inelsstic collieion with a gss aiom.

When an external d-c mognetic fleld is applled in the situation
described sbove, the electrous hsve another mesns by which they can
g:in eneryy from the electric field. In the case of high frequency
breckdown in o magnetic fleld, considering collisions, the medium
secomes snisotropic and the effective dlelectric constant cecomes a
tensor given, as shown in uppendix 5 by
‘1 i ©
€ = |-1€y.. €37 ©
O O €13




where

e e1.wd (0 ~ o, 2 ¢ v2) - i@)(m‘ﬁ +wg + vE)
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- .
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and

®  wmicrowave frequency, radians/sec

wp  Pplasma frequency

we electron cyclotron fregueacy

v electron~peutral molecule collision frequency, (C/sec)

€, free space dieleclric constent
Eince the imsgloary part of the dielectric conztant represents the losses
%0 the medium, the maximum energy transfer from the microwsve fleld to
the electrons occurs vhen the lmsginsry purt of the dieleciric constant
ic & meximum. This ocours at

@® = e

This causes a resopance effect and 1c caslled "electron cyclotron rescusnce.”

For thece experiments, the resonance eoffect occurred st about WK geuss
as will be seen in figures 17 =nd 18.
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Velocity messurcments.~ The mmjority of the velocity seasurements

were aude using s photocell as o delector.

The pulsze produced by the luminous front passing the photocell
wins dleplayed on an omscilloscope triggered st s fixed Lime with recpect
to the microwave pulse initisting the plaswn. Cbservations «ere
repested a3 the photocell wae moved forther downetrecm from the
accelerator; the pulse was displaced in time on esch succeeding
oscillogroam. The displocement corresponds to the time required for
the front to move the distoance the photocell has been moved. The
velocity of the luminous front can easily be caleulsted from the
displacements.

Other velocity measurements were mmde by woans of z2n induction
probe. When the plasma travels down the gless tube, it passes through
a cylindricenl brass probe surroundling the tubej; the charged particles
inguce s voltage in the probe smd the signsl is displayed on an

cilloscope. The zigansis from the electroas snd the fons do not
cencel each other because they 60 ot wrrive sl the prove ut the some
time, The velocity of the pleosms is determined frow these induction
probe sigmls in s maaner spalogous to that used for the photocell
method.
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IV. =PPARATUS

Deseription of equipment used for producing the plagsmwa.- The plasms

is produced by radio frequency breakdoen in an svacusted coaxisl chember,
henceforth cslled the sceelerstor and shown schematically in Figure 1.

4 complete list of all equipment with manufscturer's nnawes and wodel
musbers appesrs in appendix B. The source of the radic fregquency energy
is an SCR-58k redar trensmivter utilizing o 2051 wegnetron. The peak
power output of the sagnetron is 290 kv st = frequency of <.89 ksce. In
order to incresse the svallable energy per pulse the normal transmitier
pulse length has been incresced from 0.8 microsecon: Lo 1.0 mierosecond.

The epergy is fed o the accelerstor through an S-basnd wevegulde
circull chown in Flgure 1. The lsolator provides a Z0-80 attenuntion
for signuls reflected from the breskdown or from the mismich st the
end of the coaxisl cable in the sccelerator, preventing the magnetron
from being influeuced by these zignals. n E-lI plane tuner is used
for wmatchling the wavegulide circouwil for moximm pover tronemissiocn froam
the mognetron to the uccelerator. The remsinder of the aicrowave
componanis shown fin Figure 1 «ere not used in this investigation.

Two sets of Helmholiz coils, wound on slumimun spools and shown in
Figure &, were used Lo produce = magnetic fileld in the breskdown region.
The four colils sre mounted on the same sxis. In order Lo preserve the
Helmholizs coil gecmelry the ocuter two coils had %o be larger than the
inner tx0. The ocuter colls were 2% inches in dlametor apd the inner
eoils were 21 inches in dismeter. Uniform megnetic fields of up Lo

1500 gaues with lesz than 5 percent varistion con be produced over a
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region sbout 20 cm long snd 10 ca in dismeter. In order o retain
constant field strengths for pericds of up to 0 secomds, it was
necessary to introduce cooling devices., Une and ons~eighth CD copper
tubing wves rolled into & rectengular cross section of sbout 1/h inch
by 1-3/4 inches. After each 10 turns of wire on the coils, one of
these copper cooling strips, bLlapked off ot ench ond with am inlet
or outlet tube, wes wrapped arcund the turns. On the lergsr coils,
two cooling strips were needed ond on the smaller ocnes only one wos
necessary.

The resistance of the four coils combined was 5 ohms apd curreate
up 0 15C amps were pessed through them. The pover supply wus a d-¢
generator hoving & maximum output capabllity of 750 amps st 506 volts.

Agcelerator.~ The entire accelerator is mmchined from brass and

is shown in a sectionsl drawing in Figure 4. The perticulsr gss being
used iz fed ia through the gos inlet tube. The pressure at the breske
down point is monitored with on lonization goge, and in the glees tube
with & Hastings thernocouple gage.

The coaxisl cable from the S-bend waveguide circuil lesds directly
into the asccelerstor. .o can be scen in Figure 4, the contimaity of
the cosxiszl line has been preserved right throuh the acceelerstor. The
Teflon "window  provides the vacuum seal in the coaxlel cable. Two of
the Teflon "windows' that were used in these experiments are shown slong
with the brass center cooductor in Figure 5.

Plasms detection equipment:- The diagnostic vork in these experie

ments wes concernaed mainly with detecting the plasmr o it poassed some
position along the glase tube. Tvwo methods of detection were used. The

Tirst employed = photocell, the second an induction probe.
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The photocell method is shown schematicslly in Figure 1. The coil
wrepped tightly around the gloss tube produces =20 asxisl msgnetic field
in the tube and prevents the plasms from diffusing to the walls. The
"gaps’ in the coil wre evenly spaced 10 cm apart and wre sach 1 cm wide.
These gaps' sre the stations at «hich the photocell "sees” the plasma.
It was necessary to psint the eutire inside of the zlsss Lube with flst
bisck psint, except for smull openings st the "gaps’ ia the coil
around the tube in order to elimineste internsl reflecticns of light
from the luminous front which would be detected by the photocells
long before the front wrrivel at the photocell, thus giving erroncous
results.

Ia order that all the oscillograms have s common origin for u
reference point, it vae necessary to trigger the oscilloscope at the
sume time with respect 0 the dlscharge for each oscillogram. This
was dome by synchronizing the vscilloscope with the micrownve pulse
producing the breskdown. The pulse cnerator used o trigger the
driver unit in the SCR-904 hes a second cutput sllowing simaltaneous
triggering of two events. The pulse from the second output was passed
through ¢ varisble time deley generntor, snd then o the external
trigger input on the oscilloscepe. Ivery time s pulse was sent to
the driver unit to drive the msgnetron, snother pulse was sent Lo
the cxiernsl triggering circult on the oscilloscope. The time delay
generstor was sdjusted uotil the signal from the photocell appesred on
the oczcllloscope screen in 2 couvenient position and wes then left at

thot setting for the relrlning mecsurements.
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Typlcal velocity messurement signels from the photocells ere shoun
in the oscillograms of Figures 7 and 8.

For the induction probe mensurements, the glass tube used for the
photocell measurementis was replaced with s glass tube without & coil
around it. An induction probe, which wvas simply o rving 1.0 em wide
and 7.6 cm in dlameter febricated from 1/16-inch brass sheet stock,
vas designed 4o slide over the ocutside of the glass tube, When either
positive or negetive charges psss through such z ring they induce o
voltage in the ring. Velocliy measuremente are mede using these cignels
in exactly the same menner =z thut described in comnection with photo-
cell wmeacurements. Oscelllograms of these signals are shoun in

Figures 9 and 10.
Signel decay weasurements.~ In order to determine whether the

lundinous front represented & noving plasme Or s stream of electrons
exciting gas atoms as they proceeded down the tube, lLight output
measurenents were ande ss o function of distance from the accelerstor
and compered with similar signels from the induction probe. The
sensitivity snd the sweep retle of the oscilloscope were dsereased o
thet the entire signal from the photocell was displsyed. Oscillograms
were mode of this signal at each station along the glass tube, apd the
maxlmum amplitudes are shown as functions of distance from the
agcelerator in Plgures 1l and 12. The oscillogroms of the photocell
signals appear in Pigures 13 and 1k.

OUscillograms were slso mede of the signsls from the iaduction probe
ot avery 10 cm aslong the tube. The moximum cmplitudes of those perts of
the signals produced by the electrons were also shown in Flgures 1l and 12,
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The signals produced by the ions decsy to gers & short distance from the
sccelerator. The ococillogreams of the Induction probe signels ere shown
in Figares 15 and 16.

Total current cutput messurements.- Ancther probe, used Lo measure

the difference in electron and ion emisslicn currents from the accels

erstor wes also made fram 1/l6einch bress sheet stock. This probe ves

a8 cylinder 7.0 oz in dismeter end 100 cm long. This probe was fltted

inside the gless tube and collected sll charges emitted from the

sccelerator. #As can be seen in Flgure 13, the probe is connected

directly tc en smmeter the other side of which was connected to the
sccelerator which wes st ground potential. Since the microweves were

pulsed, the currents ifras the sccelerstor vere pulsed, an Euf capecitance wes
connected in persllel with the sameter in order to messure sverasge currents.

Currents wvere moasured ss a function of the external megnetic field
produced by the Beluholtz colls end the data »ay be found in Figures 1y
and 18. 7t the seme time, the totel light output was monitored Ly & photoe
cell "looking” into the sccelerator from the end of the tubej the
szmplitudes of the signals from this photocell sre elso shown in
Figures 17 and 18.

Vecuum system.- The vecuunm gystem wvas designed to quickly evacuste
the accelerator snd glass tube to a pressure of G.Olp Hg. The operating
renge of the diffusion pump 18 3 X 107% o 2 x 107 4 Hg vith & maximum
pumping speed of 210 liters per secord st 8u Hz. 28 sbhown in the
schemetic drawing of the vecuum system in Figure 6, the diffusion pump
could te completely shut off from the rest of the system to prevent

contemination and cooling of the diffusion pump oll every time thet alr



ﬂl}‘

ves sdmitted to the system. The system was opened several times to
the atmoaphere dwring a day's operation to insert different probes.
Operation wves mostly in the 1 t0 10u Hg range snd occasionally, higher

precsures veres used.
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V. INTERPRET-TION OF DaTAh

‘melysis of veloeity messurements.« The results of some of the

velocity wmeasurements described in chapter IV are tabulsated ia Table I.
The sverage velocliy in air, using bvoth photocell and induction probe
messurements was 2.2 x 108 ;ﬁg $11 percent. The average velocity in
helium was 2.4 x 109 'é%é' $1% percent.

When it was possible 1O maintein the breskdown, veloclity measuremenic
vere made without the exterasl megnetic field, =nd the velocities vere
found 10 be in the ceme renge a8 those obtained with the axternsl field.
The velocities measured were independent of the w aotic field in the
breckdown reglon. According Lo the theory of the effect of a dec
magnetic field on high frequency breakdown (5), the electrons emitted
from the zccelerutor when an external megnetic fleld is zspplied should
be gore energetic than those emitied without un externsl megnetic field.
The fact that the velocities of the luminous front and the electrons
vere independent of the magnetic field gave rise to further experie
mente to determine the noture of the luminous front and the origin of
the electrons; simaltaneous measurements wvere made of light output
and induction probe signules ws o function of distence from the sccelerstor.
~ls0, simaltaopnecus weasuremcnts were made of total light ocutput und
curreat cutput froam the accelerstor.

Comparison of signal decey meacurements.- The eignal decay
messurements described in chapter IV were mmde to help determine vhether

the luninous front was caused by & moving plasme or o stream of electrons
exciting gos molecules as they moved down the tubd. The meximum smplitudes

of the 1light and of the induction probe electron current signsls aere



Run no. PHOTOCELLS INDUCTIVE PROBE
AIR HELIUM ATR HELIUM
1 2.2 x 206 B-| 2.8 x 106 & 2.3 x 100 B | 2.6 x 106 A
2 Z.b 1.7 1.9 2.3
3 1.2 3.2 2.2 2.1
4 5.0 1.9 2.1 2.4
5 2.0 2.2 1.8 245
6 2.6 2.2 2.4 1.9
7 1.9 2.4 2.7 2.1
8 2.3 2.3 2.1 2.3
9 2.2 2.8 2.3 2.2
10 2.3 3.1 2.2 2.4
Mean: 2.2 x 10% 2ub % 308 2.2 x 100 2.3 x 106
deviation | 0.3 Oxk 0.2 0.2
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plotted asgainet distence from the sccelerator in Pigures 11 and 12.

The decay of the two signals in ailr es shown in Plgure 1l would indicate
thut the electron streasm snd the luminosity are definitely related.
Howvever; the measureaments in helium, plotded In Flowe 18 do notl reedily
show zuch o relationship. . poscible explanntion of the shape of the
inductive probe signsl decay curve in Figure 12 is thot the mobllity of
helium fons in s hellum simosphere ls much greater thon the mobility

of moleculer oir lons in an oir stoosphere. Therefore, the helium ions
travel farther and faster ihun the ilons from the nir breckdown snd
decresse the effective pegutive uignal induced in the probe. The
incresse in the negstive slgnzl between the 20-cm and T0-cm points is
then due to the loss of positive ione to the walls of the glass tube.

It is poscible that it ihe experiments performed with helium, & placma
moves as far as 60 cm from the nccelerator.

2ffect of mognetic fleld on breakdown.- In the upper helf of

Pigurec 17 snd 18, the difference between the totel electron and ion
currents emitted from the sccelerstor iz plotted aguinst the mugnetic
field. ‘These curves show that the electron current exceeds the positive
ion current except for that part of the curve for hellum sbove 915 gausc.
For the latter, the ioa current exceeds the electron current. The lowver
parts of Flgures 17 and 18 are totsl light cutput messurements msde
simltaneously with the current resdinges above.

In sair the light cutput rem:ins constant until electron cyclotron
resonance ocewrs. In helium, the llght cutput follove the electron

outputs snd sbove 915 gaussz 1t follows the ion current cutput.
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te stated above, measurements made at different mugnetic fleld
strengths 4id mot indicote thut more energetic particles come from the
sceglerator at higher megnetic fislds.

Considering the long electron mean free path ot these pressures
{(26.9 cm in He a2t 5u snd 8.9 cm in air at 5u Hg) compured to the
breskdown region dimensions in the direction of the slectric field, it
is very unlikely that the breakdown is diffusion comtrolled. The ratios
of elactron mean free poths to the radisl dimensions of the brzcokdown
reglon at o pressure of Su ¥ for helium and alr sre LE and 16,
respectively. The probability of an electron having on fonizing
vollision with = gos molecule is therefore small. The breckdown is
more likely controlled by zecondary electrons from the wunlils of the
agecelerator due to electron bombordment. Thie could account for the
spperent independence of the purticle velocities on the mognetic fleld.
That iz, the electrons recelive more energy from the microweve fleld as
s result of the externsl megnetic field, but this energy is used mostly
in relessing more particles frow the sccelerstor walle. Some of the
energy ie slso expended in bheating the accelerator wells.

Blectromegnetic force on the plessme.~ We chall estlumate the electro-
asgnetic force on the plssma, using the same expression which holds in
free space. This is e good approximestion since in o couxisl cable the
principnl mode of transmission ic the TEM mode « thet is, the energy is
aslaost all in the trensverse fields. Under our conditions, the micro-
wvaves may be sssumed totelly reflected since the skin depth "4" in the
plosme is small compared to the length of the breakdoun region. The

skin depth 12 given by the expression (6)



vhere @y 1s the plasma fregquency and 1s

7 2
- bx n, e 1/

where

e electron density

€ charge on the electron

Bia electiron mase
sssuming » l-percent ionization (which is probably high for this type
of breaskdown), the plasms frequency is

P T A0 :1les
wp = 5,68 % 10 %%—c-

end the skin depth for 2.85 x 109 %‘%ﬁé microvaves is
4 = 0.9532 cm

In these experiments, the coexisl dbreakdown chamber ves approximately
15 em long, or nearly 30 times the skin depth.

48 was shown sbove, the relatlonship between the force exerted by
the microwsaves and the power is

I 3

c

for a reXfecting surface. The microwave pssk pover used in these
experiments was 250 kw. The force om a perfectly reflecting plasma
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would thus be:

o n  ap3 .
P e 26290 X073 67 x 1072 newtons
5%105

Ascuming the breskdown to occur over s 0.02-m length in the accelerator,
& volume of 5.3 X 10° m3 would become partislly lomized. At o pressure
of Sy Hg the particle density is spproximately 10°C particles m’. For
air this would represent s muss of ebout 2.% x 10™% kg, The force from
the microwaves acts for ip sec. /Assuming the entire mass of the gss 1o
asccelersted, the velocity would be

. -'-’3 ué .
vaIt LI 20 X207 | 66 x 206 2.
® 2.5 % 1010 sec

This velocity is approximately three times larger than the messured
velocities.

Use of the total mess of the gus in the breakdown reglion, which is
equivalent to assuming good contuct tetween the ions and neutrals, gives
& lower limit for the velocity stteineble from this microuave power;
if, a8 le lixkely, only the cherged particles were sccelersted, s much
bigher velocity would rescult.

The total msss accelerated wos not messured snd thercfore the

efficliency of energy conversion cennot be calculated.
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VI. CONCIUSION

4 low density plasms wac produced by microvave breskdown in
an evacuated coaxisl chamwber. It was shown thet in the case of
helium & moving plssma was detected as far as 60 cm from the
nccelerstor at e velocity of 2.4 x 100 ngé 15 percent. It was
also shown that the externsl megnetic fleld &id not affect the velocity
of the plasms, but did influence the ocutput current from the
aceelerator.

Cther microwave plusms accelerstor designs cre now under con-
siderstion by the suthor. To produce larger accelersting forces on
the plasmea, continuous wave microvave systems may be used. ~Also the
plssms aight be injected into the system rather than be produced and

acoelerated by the same cnergy source.



GENERATION AND ACCELERATION OF PLASMA
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Figure l.- Schematic of microwave clrcuit and method of making velocity
measurements using photocells.
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Position
Sweep rate

0.1\x sec/cm

O.l1p. sec/cm

Figure 7 Velocity runs with photocells. Air at a pressure of Hg.
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Figure 8.- Velocity runs with photocells. Helium at a pressure of 5um. Hg,



Position Sweep rate
O0.lp sec/cm

60 *
0.Ip sec/cm

Figure 9»— Velocity runs with induction probe, air.
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Figure 10.- Velocity runs with induction probe, helium.
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AMPLITUDE (NORMALIZED) VS DISTANCE

I ¢—— —~
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o
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J o L 1 | |
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Distance, cm

Figure 1ll.- Comparison of light signal decgsy to induction probe signsal
decay ss a function of distance from the accelerator, air.
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AMPLITUDE (NORMALIZED) VS DISTANCE

bor

° el
“g .5
=
£
<
—— Signal of photomultiplier
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| 1 1 , | 1
O —_1@0 40 60 80 100

Distance, ¢m

Figure 12.- Comparison of light signal decsy to inductive probe sigrial
decay as a function of distance from the accelerator, helium.



Position Amplification Sweep rate

Figure 13.- Light decay as a function of distance from accelerator. Air
at a pressure of 3% Hg.



Position Amplification Sweep rate
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Figure 1ll+.- Light decay as a function of distance from the accelerator.
Helium at a pressure of 5p Hg.



sition Ampliflcation Sweep rate
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\
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Figure 15*- Inductive probe signal decay as a function of distance from
the accelerator. Air at a pressure of H

Amplification Sweep rate

200 volts/cm 0-5+ sec/cm

200

200

200

\Y4
200 0.”~P sec/cm

Figure 16.- Inductive probe signal decay as a function of distance from
the accelerator. Helium at a pressure of 5p Hg.
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Figure 17.- Air. (Upper) electron-ion difference current in microamps as
a function of magnetic field, (lower) relative light outputs corresponding
to currents above.
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‘Figure 18.- Helium. (Upper) electron-ion difference current in microamps
as a function of the magnetic field, (lower) outputs corresponding
to currents above.
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APPEHDIX A

DERIVATICH OF THE EFFECTIVE DISLECTRIC CONSTANT FUR A
PLASMA IBTERACTING WITH AN ELECTROMAGHETIC WAVE “HD
A UNIFORM MA\GRETIC FIELD

List of symbols used in these equstions

m mess of electron

n mmber of electrons

v electron~neutral melecule collision freguency
o microvave radien frequency

@ electron cyclotron frequency

@p  Plasas frequency

€y free space dielectric constant

3 effective dielectric constant

In comparing the Haxwell equation for flelds depending on time as
=diot

‘ 3p
VX =4 J
3t

and the corresponding equation in free space
V3IH = ~in € B

we can obtain an expression for the effective dielectric comstant of &
plasms. Only the electron oscillations in the bigh frequency fields are
considered because the oscillations are too repid for the heavy iong to
follov,
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Considering the lorentz force equution with the collision frequency
being introduced as a dampling term and teking the mognetic field to be
in the 2 direction omnly (5)

&J 2 1w . .
nﬁ*wam (B ¢V xBy) (1)
sesuming the field veriables to have the time dependence e~iot

aw+vJu%E+5:£(Vsz) (2)

(v - W) = egm® B + HJ x By)

i 3 &
(v- 1wl =ecm2E+2d, 5 J, (3)
0 0 By

(v = )iy, = ‘cﬁga Ey + ﬁ’ﬁz

2 g
Jx = v-m)ﬂxfm(v‘m)ay (&)
(v = 1wl = squp® By - S J,8,
&
Jyaﬁgﬁ—;&mﬂy~ﬁ—?£m3: (5)

(v ~ o)y, = Gﬂmp“? B,

J’awﬁeﬁ-‘% (6)



Substituting equation (5) into equstion (&)

| o . 2w
J’"mﬁ“(v«-im)“‘""’h(vm.".ao)E“"(v‘j?tm)Ey zv-imsgg

J”fﬁm Fo L. emenenamma— - o———————————
R TR R Ll e A R W

Iy

(v»im)mpa [ g
Jxﬂﬁa("“m)?‘*%‘?gx*v“w%
: g B
Ty P (v - )8y + auly (7

(v - m)a*mcd

Putting this value of J, back into Maxvell's equetions

X »saég
IXE=oed (8)

A &,8)

VXE = o
o

+J = wlog,E ¢ J

(v x H)y = doe By + Jy
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= ~lo€o By + ﬁd?‘ [Zv - Lo)Ey + %E‘.ﬁ]

(v - 4)? +mcze

(7 xH)y = ¢, L»«z-—& (v - ) wg ol By (3)
(v*im)a»rwﬁ )‘?-’vnlwc,e,e

Repeating the same procedure for the y componcnt

UL S . L )
Iy %(woimlgy (v»ﬁm)‘& g‘:‘(w«»im)gy (w~kn)E‘)(v~m$)E“

1:9) im)“’ v - Lo (v - w)z

{V - W)g g £ Q % g:

V(v - w) rally - e ® (v - w)?
2 -
I x L fgy (v - o)
(v - m):e + mﬁé’:‘* (v - m,,z + %2
J i - (v ~ w)ig] (10)
w e + v - ;
y (V N ﬁm)‘?’ . %E %& Ex

(7 x B)y = ~dmegBy + Jy,

ﬁdape
intoly * (v = W)@+ mcel:% + (v - sw)ey ]

A 2 (v =
w,m,y.{( o (o E,} (11)

im)?-!-me (v»im)e-rmc
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Since the megneitc fleld is parallel to the g sxis, il has no effect

in the =z direction

-
“p
I gy R

o

(7 x H)z == maﬁz 0?;% E,

2

-

I A - ap® co
- (v x H), m*(v-»m)ﬁm%‘%&"*

(V - m)@ 4 wcc:f.i

- )< + (v - w)* +

&
1
o (7R “““r:%a]%

%2

2 . & -
) P - Tp - S wp® (v -~ i)
o (7 iy [g mcgﬁx ' E"‘” *

o2

(v x H)g = ~1m|1 + -
(v = W) + op?

- (v - )t [ top? e (3)
€.By ~|im

2
~1ap? %%) %(V - =)t
(v <H), =~ (vum,“%*%éf%gx”m'l*(v#-im)é*wz

(VxH)y = -iw[l + %ﬂs@z

(12)
(13)
-
Ey
By ? (1)
U
%oty
By ) (25)




n&ﬁw

if ve let
2
%(v»im)i (ma*we‘?”’?"*(ﬁ)‘wz*%a“’g)
€11 = |1+ . “1‘0)92 :
(v = 10)2 + 02 (o + @e)® + V({0 - @) + V2]

R { e - o v + |

v-$m)2+% "% % B&%%)Eﬁﬂjgm*mﬁﬁ%@

2 RESEE
i e T = | R b=y

Then
€11 €30 O
VXE®= «lin|«i€yo €33 O [€,E (16)

0 O ig}

and the effective dielectric constant ie

€= =163, €5 O |6 {(17)




JPPEHDIX B

LIST OF BEQUIPMENT

&WW& equd m’t

Radar transaitier
Magnetron
Isolatoyr

E~H plane tuner
Yavegulde sections

Pulse eguipment

Pulse generator
Oacillcscope
Gscilloscope plug-~in
Time delay gencrator

Yacuunm equipment

Diffusion pump
Mechanical pump
Ionization gage control
Ionization gege tube
Thermocouple gage conirol
Thermocouple gage tulbe

Miscellaneous

Qscillograph camera
Photocell

Photocell power supply
D.C. power supply

SCR-584
Type 2731

Microvave ’ssociates Model 172

waveline, Type 260
Various mamufacturers

Hewlett Packard Model 2122
Pektronix Type S5i5Hes
Tektronix Type L
Rutherford Hodel ~-2

C.B.C. Type MCF-300
Welch Duo Sesl

CeVale M}?ﬁ W
C.V.C. Phillips ?heaﬁﬁ
Hastings Type GV
Hastinge Type DV M

Dumont Type 302

RCA Type 1P21

¥.J.E. Corp. Typs CS-51H3h
G.B. ﬁm MPC 7500 & OV
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