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ABSTRACT

This report describes a program of work on beam/plasma interaction.
Both electrostatic and electromagnetic wave anplifying mechanisms are
under investigation. For the former, studies in the absence of & stitic
magnetic field are directed towards verifying the theory for the cases
of finite beam/infinite plasma, and beam/surface wave amplification,
when transverse modulation is applied. Two distinctly different lines
are being followed for interactions in the presence of a static magnetic
field: Electrostatic cyclotron harmonic wave interactinn is being ex-
amined, both theoretically and experimentally, zud the potentialities of

electromagnetic wave growth in the "'whistler' mode are being investigated.
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FOREWORD

This contract represents a three-year program of research on "Fast
Wave Beam/plasma Interactions" which is proceeding in the Institute for
Plesma Research, Stanford University, under the direction of Prof. F. W,
Crawford as Principel Investigator. The work is pa-t of PROJECT DEFENDER
snd was made possible by the support of the Advanced Research Projects
Agency under Order No. 695. It is conducted under the technical guid-
snce of the U, 8. Army Electronics Command. This is the sixth Quarterly
Report, and covers the period 1 June to 31 August, 1967.
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I. ITRODUCTION

The weve amplification effect associated with the interaction of an
electron beam and a plasma has attracted considerable attention over the
last few years, particularly from microwave tube specialists to whom such
interactions offer possibilities of constructing very high gain devices
which should be electronically tunable over wide frequency ranges. Since
the plasma plays the role of a conventional slow-wave structure, the inter-
action region should be free of metallic structures, a particularly sig-
nificant characteristic if millimeter wiwve operation is envisaged.

The work being carried out umier this contract is directed towards
utilizing the beam/plasma amplification mechanism in microwave device
epplications, Sc¢ far, despite the efforts of many groups, it has not
been found possible to realize this potential fully. The most serious
obstacles to progress are that efficient coupling of an rf signal into
and out of the 1nteraction region has been found difficult to achieve,
and that the amplifiers are frequently very noisy compared with most con-
ventional microwave tubes. Thc necessity of providing the means of plasma
generation within the device, and the presence of a relatively high back-
ground gas pressure, add constructional problems beyond those normally en-
countered with vacuum tubes, Although satisfactory engineering solutions
to these latter difficulties could certainly be found, the coupling and
noise problems still require considerable further study to determine
whether competitive devices can be developed.

Of the many widely differing asjects of beam/plasma interaction,
three have been chosen for close examination under this contract. The
first of these 1s the intcraction of an electron beam with a plasma when
the modulating fields, and the wave growth, are in either the first axi-
sympetric mode, or 1n the first azisuthally-varying mode Since with
transverse modulation scveral interesting interaction and coupling mech-
anisms become possible, it 18 intended that s thorough investigation of
such phenosens should be msde under this contract.

Nost previous work has been concerned with the theoreticsl desacrip-

tion snd demonstration of beam/plasma interaction mechanisms that van
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be derived from cold plasma theory, i.e., from theory in which it is
assumed that the plasma electrons have no thermal or dirécted motions,
and that the injected beam is monoenergetic. When a dc magnetic field

is present, microscopic theory, in which single-particle behavior is
followed, predicts a much wider range of amplification mechanisms. Some
of these are simply modifications of those occurring in the absence of
the magnetic field, while others involve interaction of beams with trans-
verse energy with slow "cyclotron harmonic waves.' This constitutes our
second area of interest, i.e., that of wave growth in magnetoplasmas when
the ele ctron beam has a substantial component of transverse energy.

Our third area of interest is in electromagnetic wave amplification.
Theoretical studies show that, in addition to electrostatic wave growth
phenomena such as those just described, there is the possibility of ob-
taining appreciable growth in the "whistler" mode when an electron beam
with transverse energy interacts with a magnetoplasma. This mode is a
right-hand, circularly-polarized electromagnetic wave, i.e,, its electric
field vector rotates in the right-hand sense, which is also (conventionally)
the sense of rotation of the electrons about the magnetic field lines.

If a beam with transverse energy is moving along the field lines, there is
consequently a possibility of energy being transferred from the electrons
to the wave, and hence, for wave amplification to occur. The purpose of
our work is to demonstrate this type of interaction, and to examine its
potentiality for coupling to slow- and fast-wave circuits, Here "'fast-
wave' is interpreted to mean that the phase velocity of the wave is of

tt - order of the velocity of light,

Previous quarterly reports (QR) have described the background for
ench of the topics in detail, Progress made during the reporting period

will be described in the succeeding sections,
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II., BEAM/PLASMA AMPLIFICATION

Amplification due to interaction of an electron beam with an unmag-
netized plasma has been studied hitherto at Stanford and elsewhere.
Experimentally, electronic gains as high as 20 dB/cm, at frequencies up
to 1 GHz, have been observed ir both m=0 and m= 1 modes, and rea-
sonable agreement has becn obtained with theoretical predictions. Although
electronic gain has been observed, however, the achievement of net gain
between an input and an output appears to be an elusive goal due to the
difficulty of achieving efficient coupling between the beam/plasma system
and external circuits. One of the principal aims of this study is to in-
vestigate coupling methods in the hope of realizing net gain.

Consider a system consisting of a beam of radius a interacting with
a plasma of radius b (b 2 a) . In practice, the plasma will be confined
in a dielectric tube which may itself be surrounded at some larger radius
by a conducting waveguide., For the present purposes,the specification of
the system outside the plasma radius, b , is unimportarnt, The usual quasi-
static analysis of this system exhibits a peculiar ambiguity L2 in that
it apparently admits of two distinct mode types which have been called the
solenoidal and nonsolenoidal modes. This question Las been examined in
detail in the past quarter and, as is reported in Section A below, it is
concluded that the nonsolenoidai node is fictitious. It arises purely as
a result of the approximations made in the usual analysis.,

This result justifies the hitherto tacit assumption that it is the
solenoidal mode of quasistatic theory that gives the correct description
of the interaction for nonrelativistic beams. In this mode, there is no
time-varying space-charge within the volume, but there is effectively a
surface charge due to rippling of the beam surface. This surface charge
acts as a source for the electric fields and for frequencies less than
the plasma frequency, when growth occurs, the fields are concentrated near
the beam surface,

When b is appreciably greater than a (say (b/a) > 1.5), then the
field at the radius b is'very small ,and the coupling to external regions
is very weak. Under these conditions the interaction is similar to that

for an unbounded (infinite) plasma and is effecti&elyvdue to coupling

_5_
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between the beam modes and plasma oscillations, For this cese, to
schieve efficient coupling it would be necessary to introduce coupling
circuits either into or close to the beam, i.e. within the plarma, and
this rajses a variety of difficult practical problems, One possible
mians of overcoming this difficulty in the case of the m =1 mnode was
snggeated in QR 3, through the use of a locally enhanced plasma density
in the counling regions,such that these regions are resonant in the di-
pole mode (at mp/21/2) for a frequency close to the local plasmz fre-
quency in the mein interaction region, Experimentally, however, it
proved difficult to achieve the necessary control over the plasme density
profile along the axis.

When, however, the beam fills, or nearly fills, the plasme region,
((b/a) as 1) , the fields penetrate appreciably into the region external
to the plasma. Under '“ese conditions, provided the plasma is bounded
by a dielectric (with or without an additional external conductor), then
the interaction is effectively between the space-charge waves of the
beam and the surface waves of propagation on the plasma column. In this
case, it should be possible to couple efficiently to circuits external
to ths plasma. This is highly desirable from the practical point of
view, For this reason we are studying, both theoretically and experi=-
mentally, as reported in Sections R and C below, a system in which the
beam and plasma fill a dielectric tube.

(A) Theoretical Studies of Beam/Plasma Interac‘ion,.

Solenoidal and Nonsolenoidal Modes: In the usuai quasistatic theory
of interaction between a cold electron beam of fini.e radius and a cold,
uniform, unmagnetized plasma of the same or greater radius, it appearsl’2
that there are two distinct uncoupled solutions which have been called
the rolenoidal and nonsolenoidal modes. They have the following char-
acteristics:

(1) sSolenoidal Mode - This mode is characterized by

having zero time-varying volume space charge so that the

electric field has zero divergence, i.e, it is solenoidal.

Hovever, there is a surface charge on the beam surface,

This acts as a source for the electric fields, which are
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non-zero both within and outside the beam, The dispersion
relation comes from solving the eigenvalue problem when .
the fields inside and outside the beam zre mat hed, and its
form depends on the particular configuration is regards the
external boundary of the plasma. For the simple case of an
unbounded plasma, the dispersion relation may be written,

w® wi
l——B-———-——E F1=O B
w (w-gvb)

(1)

where the space-charge reduction factor F, = pa Ié(ﬁa)xm(ﬁa) 3
m is the azimuthal mode number, and Im and Knlare modi-
fied Bessel functions, the prime denoting differentiation

with respect to the argument, There is a complete set of

normal mode solutions to Eq, (1) with different B's , cor-

responding to the various radial modes of the system,
(i1) Nonsolenoidal Mode - This is characterized by g
the fact that there is no electric field external to the
beam, and there is a time dependent volume space-charge
within the beam, as well as a surface charge, The rf poten-
tial, @ , within the beam is arbitrary provided @(a) = 0

at the beam surface. The dispersion relation for tlis mode

is '
e wi |
1 -L-oeo— - 0 (2)
2 2 ’
@S (@ - pv,) g

which is the same as that for one-~dimensional motion in an

infinite beam/plasma system,

The appearance of two distinct modes is disquieting and, in partic-
ular, the appearance of the nonsolenoidal r~de v th a dispersion rela-
tion independent of the geometry, and with nn fields outside the beam,
is suspect. The predictions of the two mode: concerning what would be
observed in a practical system are quite disparate,and one is led to in-
quire which mode would be excited and observed in practice. Furthermore,

since one requires fields outside the beam in order to facilitate coupling
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into and from the system, it is particularly important to resolve this
issue, 1In the past, it has been tacitly assumed that the appropriate
mode in a finite beam/plasma system is the solenoidal one, and the ex-
istence of the nonsolenoidal mode has i‘een neglected,

In the past quarter, we have examined this problem in detail and
find that the occurrence of the two mode types is a degeneracy intro-
duced into the analysis through the use of the quasistatic approximation,
By making an exact analysis from the full Maxwell equations, including
relativistic effects, one finds just a single mode type which, under
appropriate approximation, reduces to the solenoidal mode of the quasi-
static analysis, It appears that the nonsolenoidal mode of the quasi-
static theory is an artefact introduced through making the quasistatic
assumption ab initio.

This result 1s reassuring in that it justifies the neglect of the
nonsolenoidal mode, Furthermore, the full analysis gives precise mathe-
maticea: conditions, in the form of inequalities, under which the quasi-
static dispersion relation, Eq. (1), for the solenoidal mode is valid,
This equation is very much simpler to solve for k(w) , or w(k) , than
the full dispersion relation, and one may use it, rather than the latter,
provided one checks a posteriori that the exact conditions for its val-
idity are indeed fulfilled. A full report on this work is in preparation

and will be issued shortly.3

Surface Wave Interaction: We are concerned here with developing the
theory for interaction between an electron beam and a plasma both filling
a dielectric tube (e = € ) of radii a , b , surrounded by an air-spaced
waveguide of radius c¢ . g‘he quasistatic dispersion relation for this
system was given in QR 5 (Egqs, 1 to 5). The numerical analysis of the
equations is complicated by the large number of parameters a b,c K =
(eg/so) etc., and the types of solution may change quite markedly with
change of the parameters. Much insight may be gained, however, through
the use of the mode coupling formalism whereby one considers the inter-
action as due to coupling between the modes which can exist independently
on the beam and plasma. For this reason, we first consider the structure

of the surface wave modes for the plasma alone,

=R



(1) Surtece Woves for She Piesms Algmsi Fev he Iiswe-vegien speten

under considersiios here (he gueiotatic disgersion reisilem far 1he
plowms slons may e writiisn &

o
l--‘ . "{"t,?,i,‘]‘ g (§)

'.
L

;1':- -E.-*—,l' - (3e)

¥y
vherte ® ' o ® } =« &
s ® '/’( )

, ol fﬁ{i,o,t,c,l'l vee Selinesd i O °

The structure of (he Siepereion £isgren far 1he /10 mmbes, o , &5
ponds oo K , and en the retiee (/) | (wfe) . 1a geesties, ths fiewd
tvo quantitios are flemd s11NLe » eaflsin Fesges B Jrectieal saiur 8o ye -
1ios, byl vw sre frws 6 vary (he relative sloe of 1he vavoguite. Ble-
persion dlagrams fer the first (v misdes wrs sbwwr (o Fig, § Par e
prociiosl veless £ = 4.4 , (We) o 100 oo faw tom vsives of (e/s) = 1.0
ond 1. . The fregeme) Lo sprnalised ‘o tt‘ ol 1he wEvenanbel 1@
(176) . The symmettic wmmbe ® « ©  gowpegetos dws to osve [roguesey,
shd L & fovesrd wavs ot low frmpessaior, byl My besome Seakeard? #1
Bigher fropustuies Sepemiisg m ks goensisr:.  The higher srdsr smbee
only prepigete 1o & certela Trapusacy Sen  sod Wy b ol ther Carenes

or heikwerd wevea,

Some gesersl smslyile ceeslta, pertaletsg 1o the Sliwetade of (Be
dlepersion Siagren 1hel e ralsrsst s bnun ploems Jitereciien ey e
ohiained ¢ ol lews

For p == ;-t?‘ for $)1 mmbesr, TOas o1} saber
ere sepNgIStile e & ~¥w , Ter 21} sslaws o s garswetere,
Por p =0 _ = = [ we Yooy

¥

%_[.LL—I.I.EI*M—M' - } (2e) (%)
.[—‘-l-'-l-l-;“-ﬂl]m (o) (w)

whea & o %




12

10

o8t

Q2

K=46
(b/a)=1.18
(c/a)= 1.90
a=127cm

v
—D)| £,:500MHz | f,=I00OMHz

V, =IIBOVOLTS |V, =4700VOLTS
Vi, =400VOLTS|Vy =600 VOLTS
V}, =100 VOLTS [V},=400 VOLTS
Vp = 25 VOLTS|Vy= 100 VOLTS

=

Ba

1 (a) Surface Wave Propagation Characteristics. (c/a) = 1.90

-8-



3
LN

)
!DOﬂX)OIIﬂ

Vyt OOOVALTS |
Vy* 400 VOLTS |
W+ 100 VOLTS

o
P

i — A

! 2 3 4 5
Bo

1 (b) Surface ¥Yave Propagation Characteristice, (c 2) - | 1%

-9-




™is glves e nit'al slope of the = =« 0 dispersion curve
saed Ie (opariant s Sslersining whether isteraction with »
Bn ) Sp0ur Ia s @ = 0 wmusle, o9 discussed dDelow,
Prem Bg. (i) wo Neve for the paase velocity mear the origin

\2
o+ § - [Lllagetnal] L,

Fince Wis resall ie Serived In the guasistetic spproximstion,
i1 e enly eerreet UM f’ € < ¢, the velocity of light, In
prectiice, the fectar A s [(£ la{e/d) - uh/o))/a)'/‘? i
ol erder wnity, s vo st have (";) < ¢ ¢ . This mesns
el faw » glves plosmas frequsecy, the tude clircumference
At b sk lses Wea the corresponding free-space vave-
lesgid for %o guasistatic resalt of By, (L) to be correct.
Is practivel sltastions (his condition Ie slways likely to
be ealialion,

faw Z -0, m4 0 , ve Bave

.- _z;mz;:mmr"-mﬂﬁmmg_l

K edY™ 1 L we)™) o [1-(a)®)[1-007e)2™)

()

Prom Sge. (%) omd (%) 4t i clear thot depending on s, K,
(/%) omt (e/%) , 1em 188 p - 0 cut-offs, ® _ , of the
Eigher otder soler 227 11s 360ve of belos tha farge-p omymp-
12ise (@ -;;) . €iving rise, respectively, to basckwerd or
fereard saves. Fer sy gives £ | (a/®) and (e/d) , it 18
cheat 101 o8 M ww | ﬁg -0" o that the passbend 1s
e ry sarrem ler Ligh erder moden,

is the es0e of » 'hio walled dielectric tube, s b

5 bty



1 +K /2

I~ . (6)
c0 e (b/¢)2™]

[1 - (b/c)gm]

£

i

From this it is clear that if (c/b) > [(K + 1)/(K - l)]l/2 F
the cut-offs wcm for all modes are greater than ® / :
and all the higher modes are backward. As (c/b) is reduced,
then first the m =1 mode, and successively, in order,
higher modes become forward waves, Thus in Fig, l(a), for
(c/a) = 1.90, the m =1 and all higher order modes are
backward, whereas in Fig. 1(b), for (c/a) = 1.36 , the

m =1 mode is a forward wave, but higher modes are still
backward, It should be mentioned here that the nonzero

cut-offs, wcm for B =20

s for the m # O modes, appear

b
only in the quasistatic approximation. If ® tends to a
nonzero value as B —= 0 , 1t is implied that the phase vel-
ocity (@/k) - , and one must expect the quasistatic
approximation to break down as the dispersion curve approaches
the light cone (W/k) = ¢ , This is illustrated in Fig. 2,
where it is seen that in an exact aralysis for the m # 0
modes, as B = Q , the dispersion curve becomes asymptotic
to the light cone and passes through the origin while addi-
tional fast electromagnetic waves appear within the light

cone,

(ii) Surface Waves for the Beam Alone: For the three-region sys-

tem under consideration, the dispersion relation for the beam alone may

be written

B

b
(@ - pv,

1 -

)2 = Fm(ﬁ,a,b,c,l{) . (7)

It is clear that the modes of the heam alone may be obtained from the

modes of the plasma alone by replacing wp by wb , and performing a
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2 Modification of the dispersion curve for a mode m # 0 when
the finite velocity of light 1is taken into account,
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corresponding to thece lines are shown for two assumed values of the

plasma frequency, namely 500 and 1000 MHz, in the inset tables.

For the higher-order modes, m > 1 , it is clear that the beam
modes always intersect the plasma modes and interaction will always
occur, Two distinct types of interaction are possible according to
whether the plasma mode is a forward wave or a backward wave at the
point of intersection., In the first case, as for example the m =1
mode in Fig, l(b), the mode coupling theory leads one to expect a con-
vective instability, that is to say, a wave growing in space in the beam
direction, so that one might use it in an amplifier. In the second case,
as for example the m =1 mode in Fig, l(a), mode coupling theory leads
one to expect a nonconvective, or absolute instability, so that the sys-
tem will behave like a backward-wave oscillator, These statements, how-
ever, need to be qualified as follows, In the case of a forward-wave
interaction, if there is sufficient reflection at the ends of the system
and there is a wave which can propagate in the reverse direction, then
the system will oscillate if there is some frequency for which the total
phase charge around the system is an integral of 2nf and the loop gain
is greater than unity, In the case of a backward-wave interaction, the
system will only oscillate if it is greater than a critical length.
Otherwise it will behave like a backward-wave amplifier with the ampli-
tude of :-he wave increasing in the Airection opposite to the beam.

It should be pointed out that the foregoing ideas concerning the
instability types to be expected from an examination of the uncoupled
modes are based on the simple theory of the coupling of two modes, This
is at best an approximation, and can lead to incorrect conclusions con-
cerning the i:stability type to be expected. Consequently there is need
to carry out a *horough analysis for the particular systom under considera-
tion, employing :he rigorous criteria b for the determination of instabil-
ity and wave types. This we propose to do in the forthcoming reporting
period.

(iv) olutions for the Beam/Plasma System: The waves that can

propagate on the combined beam/plasma system are given by solutions of

the dispersion relation,
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LSO (8)

This equation may be regaraed as a quartic for w(ﬁ) or as a transcen-
dental equation for pB(®) ., Because F is real whun B 1is real, one
may find the solutions for simple propagating waves, i.e, with ® and
B both real, by solving for the real roots of the quartic ® (p real) .
Such solutions for the m = O mode, for the geometry of Fig. l(b)
and for (wbﬂnp)e = 0.01, (vbﬂnéa) =0,092 are shown in Fig. L4 as full
lines., These paramster values are chosen to correspcnd, as well as can
be judged, to the experimental values reported below. 7lhere are three
such simple propagating waves indicated: First, a mode propagating in
the positive (beam) direction, which is asymptotic to the plasma modza
for ® <lnp' and asymptotic to the fast beam mode for ® >(Dp’ ; second,
a mode propagating in the positive direction which is asymptotic to the

4 , and asymptotic to the slow beam mode for

plasma mode near ® = wp
’ : ;

w0 >0 , and third a reverse mode, i,e, one propagating in the negative

direction (opposite to the beam). This is effectively a pure plasma

mode since it is almost unaffected by the presence of the beam,

‘ an in-

Besides these real-®, real-p roots, there are, for ® <(Dp
finite set of complex-f roots for real ® , The first of this set is
also indicated on Fig, L4 as Mode (h). One may interpret this root as
corre. ;onding to an amplifying wave, but this interpretation is only
tentative since the system may possibly be absolutely unstable, and a
full stability analysis is necessary to settle this pcint., In the next
quarter is is planned to examine this question in detail and also to

study numerical solutions for the m =1 mode,

(B) Experimental Work on Ieam/Plasma Interaction,

The Beam/Plasma Tube: The discharge tube designed for the experi-

mental study of beam/plasma interaction employing surface modes, illus-
trated in Fig, 3 of QR h, employs a beam-generatsd plasma in mercury-
vapor. An electron beam of a few hundred volts energy, and a few milli-
amps current, is formed in a planar triode gun, and puasses into the

mercury-vapor (pressure ~ 2 mTorr at room temperature)., Under these
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conditions a steady-state theory 2 shows that the peam may trevel the
length of the tube with little collisional Scattering, yet create by
ionization a * .asma whose number density, np , M8y De one or two orders
of magnitude higher than the number density of the beam, nb . Previoua
experience at Stanford with such beam-generated plasmas, in which the
beam only partially fills the tube, have confirmed this, and furthermore
have shown that such systems may be quiescent provided the growth of
spontaneous noise fluctuations due to beam/plasma interaction does not
reach large-signal level in the tube length. This offers an sdvantage
over the alternative arrangement, in which a beam is fired into a msep-
arately maintained discharge, since the latter is frequently noiay.

Ideally, the electron gun operates much like s vacuum triode in e
space-charge limited condition, in which the current is controlled by
the first grid, 1In practice, however, the cathode is more or less tem-
perature-limited. It !s then necessary to stabilize the heester power to
a high degree and to operate the tube for some considersbl? time before
stable conditions are reached, since the eaission is set as » balance be-
tween activation and poisoning due tc positive ion bombardment.

The steady-state theory of s beam-genersted plasms showa that, al-
though the beam density and hence the volume jonizetion rete are uaifors,
the plesma density is nonuniform, decreesing with radius ss shown is
Fig. 5. The plaama denaity first falls slowly with radius, end then
Quite rapidly in the shesth region, the latter being of the order of
seversl electronic Debye lengths from the tube wall., Figure & slen
shows the profile of the smelf-consistent potential, @ , which hes o
similsr form to that of the Jensity profile snd attainms at ths wall
value some (° kT'/ﬂ) volts belov the velue on axis, whers T  is the
plasma electron temperature (o | o¥) . The monuniformity in pleses
denaity is importznt in that i1t wil] reduce the growth rets nsrhadly
below the values calculated on the basis of & wniforn plesns Thie
point fe discussed further belev

Nearurmnente of ¥ave-propegation: To study veve prepsgetion e the

bean/plosma tubs, 11 Iic sounted cosnially Inaide & circuler seveguide

fitted «ith input and oupul couplers The couplors sre splil rings
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touching the glass tube, and may be used to excite and detect either the
symmetric (m = 0) or dipole (m = 1) modes, through the use of suit-
able phase-shifts in the connecting lines. The detecting coupler may be
moved along the tube to allow measurements of phase and amplitude to be
made as a function of position,

In early experiments, the diameter of tihe surrounding waveguide was
relatively large ( (c/a) = 1.90) , the corresponding plasma mode disper-
sion diagram being Fig, l(a). Subsequently, the guide was reduced in

diameter to make (c/a) = 1.36 , the corresponding plasma mode disper-

sion diagram being Fig, l(b). This was done in an attempt to avoid inter-

action in the m = 0 mode, so that interaction in the m =1 mode might
be more easily observed. However, it appears that even with the smaller
guide diameter, because of a limitation of the beam voltage to less than
about 300 volts due to the onset of arcing in the gun, it is not possible
to avoid the possibility of interaction in the m = 0 mode for plasma
frequencies in the interesting range of 500 ~ 1000 MHz. In order to
avoid m = 0 interaction with low beam voltages and high plasma frequen-
cies, it would be necessary to reduce the discharge tube diameter a .
An incidental effect of recducing the ratio (c/a) is also to convert
the m =1 plasma mode from a backward wave into a forward wave, as is
clear from Figs, 1(a) and 1(b).

Since, for the experimental conditions attainable with the ¢ sting
tube, intcraction in the m = 0 mode cannot be avoided, it was decided
to take measurements for both the m =0 and m=1 modes, starting
with the symmetric mode. Some preliminary measurements of the m = Q
mode were reported in QR 5, Further measurements have been made in the
past quarter, Figure £ shows the phase and amplitude of the m = 0 wave
as a function of position along the tube, as the detecting coupler is
moved avay from the exciting coupler, for a range of frequencies between
340 and L4L70 MHz., While the amplitude increases with distance, indicating
growth, there is a pronounced interference effect due to a beating of
waves with different propagation constants. This effect has been studied
and a setisfactory explanation has been developed as follows, Referring

tha¢re are two

to Fig. 4, it is clear that for frequencies <(Dp’ R
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and it is here, because of the presence of a sheath, that the inhomoge-
neity is greatest. A further effect is that strong radial electric fields
in the sheath are likely to deflect the relatively slow beam electrons
away from the surface where the interaction should be strongest,

In the measurements of propagation and growth in the m = 0 mode,
it is observed that while a growing wave is measured for some distance
along the tube, the signal reaches a maximum and then decays past a cer-
tain point, This was illustrated in Fig, 4 of QR 5 and was interpreted
as being a result of beam b.,eak-up due to some signal on the beam having
reached large signal level, However, in view of the small growth rates
observeu in the m = 0 mode, it seems unlikely that the effect is due
to beam break-up in the m = 0 mode. It is possible, however, that it
is a result of beam breakup due to growth in some other mode e.g. m =1 ,
Certainly, the limitation of the signal indicates that the steady-state
conditions are not uniform along the length of the tube, though whether
the nonuniformity is due to beam breakup, or to some other effect, is not
entirely clear yet. It is intended to investigate this effect more fully
in the coming quarter, and alsc to make propagation studies in the m = 1

mode,
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I1I, ELECTROSTATIC WAVE AMPLIFICATION IN MAGNETOPLASMAS

When the beam and/or plaswa have directed or thermal motions in the
transverse and axial directions, it is necessary to derive the appropriate
dispersion relations using a Boltzmann equation formalism. The results
of doing so were discussed rather generally in QR 1 where it was pointed
out that, fur a high enough value of the parameter (wbﬂbc) , L.e., the
ratio of beam plasma frequency to electron cyclotron frequency, even an
ion-neutralized electron beam could be unstable, and that in the presence
of a background plasma the instability threshold for the beam density
could be reduced. The purpose of this project is to investigate such inter-
actions, and to determine their potentialities for microwave applications,

Numerous theoretical predictions of the instabilities have been made
at Stanford and elsewhere. Basically, the theory predicts growth in pass-
bands centered on the electron cyclotron harmonic frequencies (nbc) . No
further computations will be carried out under this project until our ex-
perimental parameters have been measured. Those computations carried out
to date are being summarized in a Ph.D. thesis being written by J, A,
Tataronis, and which will be completed during the coming reporting period.

So far, few controlled experiments have been carried out to check the
theory, though obrfervations of strong noise emissions from magnetoplasmas
conteining charged particles with appreciable transverse velocities pro-
vide signiticant support for the existence of the predicted mechanisms.
The studies planned under this contract are intended to provide results
under refined experimental conditions, and to put the theory on a firm
quantitative basis. 1In particular, we wish to verify the dispersion rela-
tion for the realistic case of a delta-function beam interacting with a
warm plasma,

(A) Experimental Studies

The aim of the experimental work under this project is to excite

growing waves by means of an electron beam injected into the plasma, and
to study the variation of the growth rate as a function of the longitudi-
nal and transverse energies of the beam, The first, and simplest, way of
imparting transverse energy to the beam is to inject it through an increas-

ing magnetic field into the interaction region., This does not create the
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delts-function trasnsverse velocity distridution which venld be smel deo-
sirable for checking against theory, A more svilsfactery eppresch Is ks
use of a corkscrew injection uyuu.‘ A third setdod shich 11 was Doped
to apply becsuse of 1ts grester flexibility Ls t@e ispart trsdsverse oSssgy
to the electrons by cyclotron hesating in s small rf cavitly t(hreowwh shich
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extremely difficult to reslize for our experiseats! conditlieni K eever,
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finally been adopted.
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radius of the electrons is large compared to the distance of i1he grid forem
the cathode, In this way, .De electroms irsvel 1o sseenlls]lly stralght
lines through the grid region, snd thes stert rotaling sbow! ihe nageetic
field lines in :he veak field regilon, The trandverss imergy, i‘ , Ve
equsl to evun‘e , where YV 1is the potentis]l drep s! toe grid, end Ve

sngle, € , that the injection system sakes viih the mugnstic ficld is w® .

Thus T The electirens sre then

injected into » high segnetic “leld region which sclie 2¢ & slfrer o (&-

, in this cese, l'" *VT/k , Where oV = ¥

cresse the transverse energy of the bean, This system ks (ke sdvealags
thet 1t will sllow us to vary the trensverse o longliafionl ewergs of
the beea by chenging the ratio of the field produced &y 1M largs ewlin
to iant produced by the smell coils

The theoretical predictions for this type of isstability Jeficsts
that 1t wil] generally be absciste, .o, 2igaasls #il] grim [ron e
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This has been corfirmed qualitatively by the previous experimental work
which it is hoped to refine quantitatively in these studies, For example,
in a PIG discharge Landauer7 observed radiation out o about the 45th har-
monic, fitting the relation (w/wc) = n to better than 2¢. Bekefi and
Hooper8 observed strong cyclotron harmonic radiation from a beam generated
discharge in mercury-vapor. As here, they produced the necessary trans-
verse energy by magnetic field inhomogeneity. Ikegami and Crawford9 have
also made measurements of radiation near cyclotron harmonics for a beam-
generated mercury-vapor placfma in a magnetic field produce< by Helmhol tz
coils, The mechanism for producing transverse beam energy was again an
inhomogeneous magnetic field,

During the previous reporting period, we studied radiation ‘iom an
argon positive column discharge immersed in the inhomogeneous magnetic
field produced by the set-up shown in Fig. 5 of QR 5, Great difficulty
was experienced in interpreting the many peaks in the noise spectrum.

The work was continued into the present reporting period until the modi-
fications leading to the set-up of Fig, 7 were adopted, Making these has
taken up much of the remainder of the quarter, and only preliminary re-
sults are available with the new configuration, These will be extended

during the coming quarter, and will be reported on in the next QR.
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Iv, ELECTROMAGNETIC WAVE AMPLIFICATION IN MAGNETOPLASMAS

In the absence of a static magnetic field, interaction of an elec-
tron beem with a plasma leads cnly to electrostatic beam/plasma inter-
actions of the types described in Section II. When a static magnetic
field is present, there are additional possibilities of electromagnetic
wave interaction, That of special importan:ze under the present contract
is the interzction with the right-hand polarized electromagnetic wave
krown in ionosphere terminology as the "whistler" mode. It has been dem-
onstrated theoretically that under conditions where a beam with transverse
energy interacts with the plasma, wave growth in this mode should be pos-
sible, and that experimental situations in which this dominates over the
electrostatic growth mechanisms occurring st the same time appear to be
realizable.lo

Comparatively little experimental work has been reported so far on
propagation of the whistler mode in laboratory plasmas, and none of this
seems to have been directed towards observation of wave growth due to
interaction with a gyrating electron stream. Such a demonstration forms
the primary object of this project. If growth in the whistler mode could
be demonstrated, and utilized, it would offer very attractive practical
features. In particular, coupling should be tacilitated, since the ampli-
fication occurs in #n electromagneiic mode, i.e., without conversion to
an electrostatic mode,

The aims of the present project are as follows: First, to elucidate
the theory of the whistler-type instabilities .n the simplest geometry,
and then to extend this to more realistic physical conditions, and second
to demonstrate directly by experiment that growth can occur in this mode,

(A} Theoretical Stud. s,

No new analyses or computations have been carried out during the
reporting period. However, in connection with his Ph,D, thesis prepara-
tion, J. A, Tataronis has gathered together details of all our work in
this area to date. These will be written up in report form during the
coming reporting period.

(B) Experimental Studies,

Studies of whistier propagation have continued in the small magnet
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setup during the quarter. The wavelength of the whiatler waves in the
plasma wes measured using the following techaique: The signsl coupl ed
between the two antennas weas compared with » reference signal which was
larger than the transmitted signsl , so that the two would add and sub-
tract when in and out of phase. This compared signsl was sampled with
an electronic circuit that converted the signal occurring during » time
interval less than 2 psec long into s voltage thst was displayed on the
Y-a2xis of a graphical recorder. The sempling circult was synzhronised
with the pulsed discharge, and adjusted to select specific densities
for experimentation. The separation of the two antennse was varied and
plotted on the X-axis of the recorder, This technique prodiced inter-
ferograms of the type presented in Fig. 8. The wavelength in the plasma
was obtained by measuring the distance between successive maxima (or
minima) of the interferograms.

Results obtained from many interferograms are plotted in Fig. 9.
The points represent experimental rissults, while the lines are obtained

from the infinite, cold, collisionless, whistler dispersion relation,

In normalized form, this is,

1/2
Pt
ke ® ‘wg’mb)
o T o |[1t3 ) . (9)
b b 5—(1-5—
b b -

Notice that the agreement is quite good for "arge values of k . corres-
ponding to short wavelengths in the plasma, At lower frequencies, co:-
resjonding to longer wavelengths, the agreement is not as good., This
result is to be expected because of the finite size of the experimental
apparatus., It was ftcund experimentally, that for wavelengths in the
plasmas greater then 3,75 cm (= half the plasma diameter),the finite
geometry effect: became important, and the infinite plasma dispersion
relation was no leuger valid.

The variation of the wavelength in the plasma visible in Fig. 8 was
2 result of density gradients in the z-direction resulting from the axial
prcbe, Figure 10 is a plot of the relative density along the axis as a
function of the distance from the axial probe at different times in the

afterglow,
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Due to a variety of reasons,it was found to be possible to obtsinm
experimental dispersion relations which sgreed with theory only over s
limited range of parameters. At low plasma densities, or at low magnetic
fields, the wavelength in the plasma was too long to b. measured accur-
ately with the probe system that was used. The effects of nonuniformi-
ties in the magnetic field became very important whien the system was ad-
justed near cyclotron resonance., These effects limited the axperimental
range of the parameter @Dﬂnb) to 0.4 < @Dﬁbb) < 0.9 . Although the
maximum density obtainable with the reflex plasma source was greater
than L4 x 1015/cm5 , 1t was necessary for the minimum of plasma denstty
at the axis to disappear before experiments could be performed. This
limited the maximum plasma density that could be used for experimentation
to less than 5 x 1012/cm5 . It is unlikely that the maximum plasme
density can be increased using this source because, at a plasma densi ty
of 4 x 1015/cm5 , the gas is nearly fully ionized in the pressure range
where the source operates (0.5 < p < 2 mTorr),

This series of experiments completes the preliminary whistler stud-
ies using the small magnet system, The experimental apparatus used in
the small system is currently being transferred to the large magnet, and
is nearly ready to begin., A diagram of the experimental apparatus is
given in Fig, 11, The experimental arrangement is similar to that used
in the small magnet system. The principal differences are: (1) the
axial probe is not inserted through the cathode of the pulsed reflex
source, and (ii) the radial antenna is moveable, so that measurements
of the radial variations of the waves can also be made. As mentioned
in the last report,the magnetic field is uniform to 0.25 percent and has
a maximum value of 7.7 kilogauss.

The initial experiments performed on the large magnet system in
which the plasma is created by an intense rf source have not been suc~-
cessful due to an unexpected complication. The dc power supply for the
magnet h.¢, as its controlling elements, three high--power thyristors
which are phase-controlled. The intense rf pulses cause the thyristors
to trigger at unpredictable times,resulting in a loss of control of the |

large magnet., It does not seem feasible to shield the magnet power

_55_







e e — — - —— =

tupply sdequately froe ti) Intemes rf redistios, Consequently, 1t was
docided 18t the pulsed rflex source would he exployed in the new sys-
tem, while ether pleosma sources sre being isrvestigsted

Dariag the coming Qearter, stufy of vhistier vave propsgstios will
COEtiowe 1a Ihe 0w spparetus, Concurreatiy, sn injection scheme wheredy
0 eleciren bean viTA (rERfverse eRergy can be injected iato o plasse
vill be imvestignted e tie small nagnet systom. The netdhcd woes & por-
sllel tajection nechanios, sod Bas Desn iovestigated by Duns snd M.my.u
A poseible disadrantage of the method Is thet the injectied boan is foramd
in ¢ region of veak fleld, st Injected inte s rugtos of stroeg field,
hesing » trasafer of parallel energy Into Lransverse saergy, sand s reduc-
tion of the cress section of the beam. Thia polnt ie under consideration
is the gun design,
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Y. FUTURE PROORAN

Most of the detalls of owur progran for 1he caming gearter heve beew
dealt with ia the relevent theoretical end e3perimmatisl sub-segciions of
Lections 11-1V, Sunmsrizing, the progrem is s follows:

(1) Bean/plosms smplification wits tremmerss sotuletion oo
Thesreticsl wort vill costiome on besn/swrfsce weve
istarsctions, first for the & « O Sede, thes for the
el mede. It 1s enticipated that our Reda LreRRST S
o8 the senled-off tedbes coaoiructed oo ‘27 will Se o
pleted shortly, end that ferther studieos vill be mle
in & wore flenible COR !l upus | y-pramgued sratem,

(13) Mectrestatic save empiifiontion in megoetepleosnss --
Furiher ssascrvaents on the seiss spectiren dee ts
Sagneteplerns veve escitation By electirent vith trems-
YErRe snergy vill be wade 1 the medified negnetic
11018 configuretion Gvscribed ia INia report, firet
with & view te idmmtifying the various {7 wguenc joe
20 far observed, thes with the ain of verilying the
heory quentitstively for s delta-function bean inter-
scting with o cold plasm,

(111) Rlectromsgnetic vawe snplificetion i nagnetoplesmas --
Our studies of the relevent dleperaion relatione wil)
be extended rumericelly, A particular point te recelve
sttention 1s the computstion of grewth rater of compet-
ing vave anplifying processes in the whistle: frequency
range, Propagatioz meesurements will bo extended in the
K-band systes prepsratory to introducing an electron beas

vith transverse ehergy to excite wavy grosth,
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