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ABSTRACT 

This report describes a program of work on beam/plasma interaction. 

Both electrostatic and electromagnetic wave amplifying mechanisms are 

under investigation.  For the former, studies in the absence of a static 

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. A dipole resonant coupling system for 

such Interactions is under study. Two distinctly different lines are 

being followed for interactions In th   -esence of a static magnetic 

field:  Electrostatic cyclotron harm lie wave interaction is being ex- 

amined, both theoretically and experimentally, and 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 

Plasma Research, Stanford University, under the direction of Prof. F. W. 

Crawford as Principal Investigator. The work is part of PROJECT DEFENDER 

and was made possible by the support of the Advanced Research Projects 

Agency under Order No, 695. It is conducted under the technical guid- 

ance of the U. S. Army Electronics Command. This is the fifth Quarterly 

Report, and covers the period 1 March to 31 May, 1967. 
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I.  INTROrUCTION 

The wave 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 interaction region should be free of metallic structures, 

a particularly significant characteristic if millimeter wave operation 

is envisaged. 

The work being carried out under this contract is directed towards 

utilizing the beam/plasma amplification mechanism in microwave device 

applications.  So 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 interaction region has been found difficult to achieve, 

and that the amplifiers are frequently very noisy compared with most 

conventional microwave tubes.  The necessity of providing the means of 

pltsma ft •■  atlon within the device, and the presence of a relatively 

high background gas prossuro, add constructional problems beyond those 

normally encountered with vacuum tubes.  Although satisfactory engineer- 

ing 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 ■ .uely differing aspects of beam/plasma interaction, 

three have been chosen for close examination under this contract.  The 

first of these Is the interaction of an electron beam with a plasma 

when the modulating fields, and the wave growth, are in the first azi- 

muthally-varying mode. Since with transverse modulation several inter- 

esting interaction and coupling mechanisms become possible, it is 

Intended that a major portion of the work under this contract should 

consist of a thorough investigation of such phenomena. 

Most previous work has been concerned with the theoretical descrip- 

tion and demonstration of beam/plasma Interaction mechanisms that can 
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be derived fi-om cold plasma theory, i.e., from theory in which it is 

assumed that the plasma electrons have no thermal or directed motions 

and that the ir.Jected beam is monoenergetic. When a oc 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 

- in the electron 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 

obtaining 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 mag- 

netic 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 ampli- 

fication 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-wnve" is inteipreted to mean that 

the phase velocity of the wav»? is of the order of the velocity of light. 

Previous quarterly reports (QR) have described the backgrr ad for 

each of the topics in detail. Progress made during the repor \ng period 

will be described in the succeeding sections. 
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II.   BEAM/PLASMA AMPLIFICATION WITH TRANSVERSE MODULATION 

In previous QRj. various general types of electrostatic beam/ 

plasma interactions have been discussed in detail.  The particular con- 

ditions of interest to us under this project are those of a finite beam 

interacting with a finite plasma surrounded by one or more dielectrics 

and a metallic waveguide. We may distinguish two cases:  one in which 

the beam diameter is small compared with the plasma diameter, and one 

in which the beam fills the plasma.  In the latter case, the interaction 

occurs between the beam and surface waves that may propagate along the 

column.  Our aim is to study both types of interaction, both theoretic- 

ally and experimentally, for modulation applied transverse to the beam. 

This mode of interaction has inherently interesting features in relation 

to improved coupling between the interaction region, and structures out- 

side. 

In QR k,     the question of the optimum choice of plasma to waveguide 

radius ratio, and the maximum beam voltage for controlled mode selec ion 

(m = 0 or l) were discussed, together with preliminary experimental re- 

sults on input/output coupling, propagation of the amplified signal, and 

the appearance of ion oscillations. These studies have been pursued 

during the current reporting perrod. 

(A) Theoretical Studies of Beam/plasma Interaction. 

For the two beam/plasma radius ratio limits to be studied, it 

is expected that when the ratio is small, the spatial growth rate will 

be high, but that the electric field near the glass wall of the tube and 

in the waveguide will be weak, making strong coupling difficult to real- 

ize. The other limit, with the beam/plasma radius approaching unity, 

provides much stronger electric field at the dielectric interface, and 

therefore better coupling. Coupling Q's up to 50 have been observed in 

this configuration and reported in previous QR. Due to the larger inter- 

action region, i.e. lower beam/plasma frequency for the same current, the 

gain is somewhat lower. Amplification in this mode may also be more 

strongly affected by radial plasma inhomogeneity. 



In the quasistatic approximation,   the relevant dispersion relation 

for the geometry of Fig.   1   is 

D(a),ß)  = lm(rt     >    ' V^     '    " Km(ßa)     . 0      ^ 0 

SMrt >  U1*^ > €^(ßa)   ' 0    ' 0 

0           >       lrS^       '    Km(ßb)       ' "'m^^   ' " Km(ßb) 

0           ,     -€gi;(ßb)   ,   -e^ßb)   , i;(pb)   , ^(ßb) 

0,0             ,           0           , Im(ßc)   , Kjßc) 

=    0 

(1) 

where, 

Sb'1 

2 2 
-E ^  
ü)2       (0)  - ßv. )2 

(2) 

and    €      is the relative permittivity of  the glass.    Equation 1 can be 
i 

written as. 

2 2 

1 - -I -     * x2 = F(ß), 
(ü^       (ü)  -  ßv. )' 

(5) 

where, 

ü2 
(»*) 

and 

•1*- 
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FIG. 1.   Beam/plasma interaction with surface waves. Axisym- 

metric mode [(b/a) = 1.18 , (c/a) = I.56 , 6 = k.6o]   . 
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Ai - Ijß«) 

I (ßb) 

«fK;(ß«) 

K (ßb) I,(ßb)     ,      - KB(ßb) 

0,0,      Ijßc) ,      Kjßc) 

A2 - ^(ß-) •Ijß«) ,    -«Jß«) 

I,(ßb) ,      «.(ßb) ,      -Ijßb)      ,      -«„(ßb) 

-«fi;(ßb)   , -«f
K;(ßb)   ,   ^(ßb)   ,   «;(ßb) 

0,0,        Ijßc)      ,       Kjßc) 

(5) 

In order to make a detMled Invest iget loo of Iq. ()), • progra« «■■ 

first written to find the real roots of the dispersion relstion. These 

are shown in Fig. 1. It will be seen that for the ■ - 0 »ode, the 

fast surface wave in the beao/plssM interaction csse approaches the 

plasma dispersion for the long wsvelengths, whereas for short wavelengths 

it has for asymptote the fsst beam surf see wsve. For O"^^) < * there 

are two pure real roots, the second having for aaymptotes the slow beam 

surface wave and the plasma surface wave. 

Our current efforts are directed to detenaiiing the complex roots 

of the dispersion relation for both the m ■ 0 end ■ ■ 1 »odes. 

(B) Experimental. Studies of Beam/plosma interaction. 

In QR 't, computations of tube geometry such that the beam 

characteristic intersects the m = 1 plasma mode only were presented, 
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and It •■■ pointed out that tbla could b« aaaurad in t«o WJBI    either 

by incraaalng tb« boaa voltage, or by reducing tha ratio (c/a) (aa« 

rig. 1). During tb« quarter, a nee beaa/vavegulde ayatea baa been «in- 

structed »1th (c/a) • 1.36 , and designed for Interaction wltb tbe 

■ - 1 aode only for Vb 2 365 V. Tbls Is sbovn In Pig. 2. Pscllltles 

have been provided for excitation of tbe ■ ■ 0 sod ■ ■ 1 aodes sep- 

srstely, snd tbe Input coupler csn be rotsted to distinguish tbe aode 

of excltstlon actually occurring under given conditions. One end of 

tbe tube hss been asde non-reflecting by provlalon of abaorblng aater- 

isl snd s costing of "Aquadsg". Tbe first asssureaents «1th the new 

systea concerned tbe dc stability of tbe dlscbsrge snd choice of tbe 

best operating point. It «ss found that even elth a two-grid systea^for 

control and acceleration of the beaa, tbe dlscbsrge could be apace- 

charge Halted for only s short tlae, sod tbst long tera stsblllty of 

tbe coluan could be achieved through teapersture-llalted operation only. 

Tbe beat DC operating point «ss found to be V - 150 V , and 

(Xb + I ) ■ l»A , for «bleb tbe beaa line intersects both the a - 0 

snd a - 1 aodes, hoeever. To ensure stsblllty of the plasma density, 

s highly-stable DC heater aupply la used. 

Since tbe best operating point still alloeed propagation and groeth 

in tbe a ■ 0 aode, a nuaber of aeasureaents «ere asde of its charac- 

teristics. It is essentlsl to kno« these, snd to svoid such effects as 

besa break-up due to noise in the a - 0 aode «bile studying groeth of 

aodulsted signsls in tbe a ■ 1 aode. Soae representative data on amp- 

litude and phaae along the tube n-e ahoen in Pig. 3. It can be seen 

that tbe groeth rate is quite loe; less than 1 dB/cm. «hen the compu- 

tations of the coupled roots of the dispersion relstion are completed, 

«e «ill be able to check the agreeaent betee«n aiaplified theory and 

these experiaental results. 

The besa bresk-up phenoaenon referred to manifests itself as shown 

in Pig. k, by a sudden chsnge of tbe saplitude of the spatially growing 

signsl, md somewhst Increased phase shift. 

When tbe bresk-up ia cauaed by tbe modulating signal, the bicak-up 

region aoves toearda tbe cathode as tbe plasas frequency is approached 
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2.0 
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FIG. 5«  Beam/plasma interaction with surface waves. Growth and 

phase-shift characteristics for the m = 0 mode. 
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FIG. k.      Beam/plasma Interaction with surface waves. Beam 

break-up effects. 
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fro» b«ta».    All ■<<■■ «r« Mgfclf •IIMUMIWI bvyond  ill« bMS break-up 

rvfien.    TWor«(i»t  prMicilMM» cr* lollo»»d furtlMr in ih«i  iocr««iilng 

lb« MNM» rwrrvnl,  9r 4#cr*«»liig  %*m IM«« *otl«g«,  «ov«« lb» br«ak-up 

reciwi iwwir«» lb« »«ciiAlio» c«u«l*r. 

If »ill b« ■mrw< rrwi fig*.  ? ••* * ib*i  lb» groving •igMlt 

r«bibii • 'bMilag'* »ffMi vbicb I* oirrvMlr under ii»««»iig*iio(i.    lit 

•ritl« I» tbenfbi  i« b« •• follOMt    Ai Mcb tr^vumef b»lam lb« cut-off. 

l«fl«li*lt mmrnt pro«*««llo« MMI««U «o«ild b« fevMl la priacipl« uslof 

lb« di»p«r«i«i r«l*iicM.    If •• coM»ld«r i*o of  ib*»«( «• b«v« ••«•• 

^««Mtoiiai M    AjO«^ jlpni • ^t • »^ , «lib ee^lM   Pl    »ma 

A,«^ j(wi - at • » ) .    It i» kifbly gr«l»bl« tb«t boih «o bo «s- 

«lt«d by ««r lapni Muplor, «ad tboi «bot  u ubaaread ap«ri«oatally l» 

• «UMd «oiro. 

^ «9 JM - ^ • •g) • Aj «P j(«»» - ft,« • »j) • * «* J» 

«btcb «naifoata tiaolf •• apotial baotiBf. la «or futur« «orb «• la- 

t«ad to inv««ttg*t« tbla «ffoct and it« ««atiblo avppraasioa cloaoly. 
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III.   ELECTROSTATIC WAVE AMPLIFICATION IN MAGNETOPLASMAS 

When the beam and/or plasma have directed or thermal motions in the 

transverse and axial directions, it is necessary to derive the appropri- 

ate dispersion relations using a Boltzmann equation formalism. The re- 

sults of doing so were discussed rather generally in QR  1 where it was 

pointed out that, for a high enough value of the parameter (to /u) )  i.e. 
be'    ' 

the ratio of beam plasma frequency to electron cyclotron frequency even 

■n Ion-neutralized electron beam could be unstable, and that in the pres- 

ence of a backrround plasma the Instability threshold for the beam density 

could be reduced. The purpose of this project is to investigate such 

interactions, and to determine their potentialities for microwave appli- 

cations. 

Numerous theoretical predictions of the instabilities have been 

■ade at Stanford and elsewhere. Basically, the theory predicts growth 

in pasabands centered on the electron cy lotron harmonic frequencies 

(,*DC) • ^ 'urther computations will be carried out under this project 

until our experimental parameters have been measured. Those computa- 

tiooa carried out to date are being summarized in a Ph.D. thesis being 

vritten by J. A. Tataronis. 

80 far, few controlled experiments have been carried out to check 

the theory, though observations of strong noise emissions from magneto- 

plaaaas containing charged particles with appreciable transverse veloci- 

ties provide aignificant support for the existence of the predicted 

■echaniaaa. The studies planned under this contract are intended to 

provide resulta under refined experimental conditions, and to put the 

theory on a firm quantitative basis.  In particular, we wish to verify 

the dispersion relation for the realistic case of a delta-function beam 

interacting with a warm plasma. 

(A)  Experimental Stutliea 

The aim of the experimental work under this project is to ex- 

cite growing waves by means of an electron beam injected into the plasma, 

and to study the variation of the growth rate as 1 function of the lon- 

gitudinal and transverse energies of the beam. The first, and simplest. 

-12- 



wa; of imparting transverse energy to the beam is to inject it through 

an increasing magnetic field into the interaction region. This does not 

create the delta-function transverse velocity distribution which would 

be most desirable for checking against theory. A more satisfactory 

approach is the use of a "corkscrew" injection system.2 A third method 

which it was hoped to apply because of its greater flexibility is to 

impart transverse energy to the electrons by cyclotron heating in a 

small rf cavity through which the beam passes before entering the plasma 

region. This has been found extremely difficult to realize fci our ex- 

perimental conditions, however. For convenience in our initial studies 

the first method has finally been adopted. 

The experi cental set-up is as shown in Fig. 5. Eight large coils 

have been spaced so as to give an axial magnetic field uniform to better 

than 0.5^ over a region of five to six centimeters centered at the probe 

To produce a rapidly varying magnetic field close to the cathode, two 

juxiliary coils have been provided.  These reduce the field in the vicin- 

ity of the cathode, but do not disturb the uniformity of the field in 

the region near the probe by more than two or three percent. The fields 

due to the two coil systems are controlled by separate power supplies so 

that inhomogeneity can be varied relative to the background homogeneous 

field. 

The theoretical predictions for this type of instability indicate 

that it will generally be absolute, i.e. signals will grow from noise, 

and external modulation will not be required to obtain an output. This 

has been confirmed qualitatively by the previous experimental work which 

it is hoped to refine quantitatively in these studies. For example in 
-z. ' 

a PIG discharge Landauer"^ observed radiation out to about the 14.5th har- 

monic, fitting the relation («MB ) = n to better than 2*. Bekefi and 
h 

Hooper observed strong cyclotron harmonic radiation fror; a beam gener- 

ated discharge in mercury-vapor. As here, they produced the necessary 

transverse energy by magnetic field inhomogeneity.  Ikegami and Crawford5 

have also made measurements of radiation near cyclotron harmonics for a 

beam-generated mercury-vapor plasma in a magnetic field produced by 

Helmholtz coils. The mechanism for producing transverse beam energy 

-13- 
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was again an inhomogeneous magnetic field 

During the reporting period, we have been studying radiation from 

an argon positive column discharge Immersed in the Inhomogeneous mag- 

netic field produced by the set-up of Fig. 5. Use of the broad-band 

spectrum analyzer (HP 853) greatly simplifies the radiation measurements 

since it eliminates the necessity of sweeping the magnetic field. 

Typical data are shown in Fig. 6(a) for the signal received at the probe. 

The cyclotron frequency is 550 MHz at the probe and ^ 3 MHz at the cath- 

ode surface.  Certain peaks in the spectrum varied in frequency with 

changes in the discharge current. For example, analysis of the varia- 

tion of Peak A shows that it varies with the square root of the dis- 

charge current and corresponds to the electron plasma frequency (see 

Fig. 6(b) ).  It is probably excited by beam/plasma interaction in an 

axisymmetric mode. Peaks B and C follow more complicated variations 

which are currently being elucidated. 
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IV.  ELECTROMAGNETIC WAVE AMPLIFICATION IN MAGNETOPLASMAS 

In the absence of a static magnetic field, interaction of an elec- 

tron beam with a plasma leads only 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 importance under the present contract 

is the interaction with the right-hand polarized electromagnetic wave 

known in ionosphere terminology as the "whistler" mode. It has been 

demonstrated theoretically that under conditions where a beam with trans- 

verse energy interacts with the plasma, wave growth in this mode should 

be possible, and that experimental situations in which this dominates 

over the electrostatic growth mechanisms occurring at the same time 

appear to be realizable. 

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 facilitated, 

since the amplification occurs in an electromagnetic 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 in 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 Studies. 

In QR 1+,  a set of numerical solutions for the simultaneous 

equations D(ü),k()) = 0 , and hü{(ü,k )/hk )  = 0 were presented with 

the beam velocity, v  , and the transverse speed of the beam particles, 

v0i aS Parameters« T*16 limiting values as v   approaches zero have 

been investigated analytically during this quarter, with the conclusion 
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that  the branch-polnt  locus should .pproach  continuously the values cor- 
responding to    v))0 - 0 ,   thut Is 

(U   v 

c      1 0l/2 ' (6) 

" V0l deCr  Thl8 continuity is shown in Fig. 7. The case in 

thl- limit was studied by Sudan/ He also concluded that an absolute 

instability occur.. For . practical laboratory beam/plasma interaction 

the be.» density will be .„all. The locus of branch points in the *J 
Plex^ pl.ne, .s ip^f    decre88e8> l8 ^ ^ ^ ^    ^ corres_ 

ponding saddle-pomt plot i. given in Fig. 9. For „.ost of the range 

studied, a. the be.» density decreases, the t mporax growth rate in- 

crease., while the .p.ti.i (convective) growth decreases. 

It was shown in . previou. QR8 th.t either collisions or non-zero 

Pia.», electron te»per.ture can stabilize the absolute instabilities 

The convectlve growth rate variation with 0)  , a)    v    and v 

" P.r.»eter. w.. .tudied in QR k.    The li»iung ca'se for' v   approach- 

ing zero has been analyzed during this quarter.  For small v"   the 

.p-ti.lly-growing b.ckw.rd w.ve, pri»arily a.sociated with the^'bea» is 
fiven .pproxi».tely by ' 

ü) v 
0I II       c * 1 772  ' (7) 

ei C 

It i. interesting to note that when v  =0 to,    (7}  h* v  - u , Bq. ^7^ becomes identi- 

c*i to Bq. (6). This  expression ha. been checked with exact numerical 

computer solutions, and excellent agreement is obtained for 0^ 0 8 * 

in Fig. 10. A. the be.» velocity approache. z.ro, the two eam modes ' 

tend to infinity. The optimum beam velocity .hould be determined by 

coUi.ion. or temper.ture. Thi. qu.ntity will be e.t.bll.hed during 
next qu.rter. 

It h.. been por.nted out frequently th.t our pre.ent theoretical 

effort, .re directed tow.rd. .tudy of ide.lized »odels of beam/plasma 

interaction, .nd the »otiv.tion for .tudying wh.t becomes of the plane 

•histler w.ve .. pi.« te»per.ture and inho»ogeneity make themselves 
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FIG.  9      Whistler stability studies:    Locis of saddle-point  in 
Q O P Pv 

the complex-k plane with varying    {v^J     [(«y*,)  = 25  , 
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felt was briefly outlined in QR k.1    Although the experimental work 

strives to simulate the conditions under which the simple plane wave 

theory is valid, the thermal spread and nonuniformity of the electron 

distribution will undoubtedly affect the results.  In simplest terms 

It i. to be expected that the desired whistler is itself modified there- 

by and that additional wave types are simultaneously excited and coupled 

to the whistler «ode.  It has accordingly been considered important to 

develop tho theoretical foundations for the analysis of wave propagation 

•nd .tabillty in a hot, magnetized, inhomogeneous plasma. 

It «as explained in QR h  that this task involves the combination 

of the Boltzmann equation for the distribution with Maxwell's equations 

for the electromagnetic fields. A viable method was expounded for ex- 

tracting the electromagnetic sources from the perturbations of an equi- 

Ubrlu. distribution, by reformulating the system description in terms 

of laV.r.e velocity space.
9 The task that remained was to combine the 

ro.uUing expression for the sources in terms of the fields with the 

field equations themselves. 

During this quarter, that task has been carried out in a formal 

way. Whereas it had been envisaged that the combination would result 

in a partial differential equation of appropriately high order, however, 

recognition baa no« been given to the fact that a valid description of 

th« system parturbationa in the inhomogeneous case must involve an in- 

tagral equation, rather than ^he differential type.  This is a direct 

rwult of particle tranaport in the plasma and is vital to the stability 

proola. baca^e it la the interaction of the perturbing wave with classes 

of partlclaa that are transported in resonance with the disturbance that 

■uat b« expacted to give riae to wave growth. The resonance phenomenon 

•hem»  up aa singularities in the integral e^tion, but it has been 

found poaaibla to alienate that difficulty, again by relying on an in- 

»•r«a valocity apace deacription. The formalism developed for this anal- 

ysia has bam reported in detail in a technical report by P. Diament 

•toich la at preaent in the final stages of preparation. The basic re- 

a Ita will be outlined hare. 
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The hot, inhomogeneous system is described by its equilibrium "in- 

verse phase space spectrum", F^e) , which is Just the six-dimensional 

Fourier transform of the distribution function;  0 is the position vec- 

tor in inverse phase space. The force fields to which the particles are 

subjected, including the applied magnetic field and the internal ambi- 

pola- fields, are assumed to be describable by a constant matrix of pro- 

portionality to the phase, Y . Then the Laplace transform of the time 

development of a weak disturbance of the spectrum can be shown to be 

given by 

Fi^s) = ^ J Fo(et " eo)(et " V'A6(Vs)d6eo/(2rt)6 ' (8) 

where L  denotes Laplace transformation, A^s) incorporates the 

perturbing acceleration field and et = 6 exp Yt describes the unper- 

turbed orbit in inverse phase space. This is the solution of the Boltz- 

mann equation in terms of the perturbation Ag . The latter is then 

obtainable by evaluating F^B)  and its gradient at the origin in in- 

verse velocity space, A = 0 . The combination is expressible by the 

pair of equations 

„(.,.). J!^ (cV f ^Wt.A,.)  '       (9) 
s + k c \      —/ 

k        -, d5k 
~0 

F.Ck^s) = il^ J [FO/U-C^S) + V T  Xife's)J 
0 
3 (2rt)- 

(10) 

where ^ = A X ^FQ/^A I the arguments of FQ and (^ are (^ - 1^,^) , 

where 9, = U^A,) =\,\)  ***  Yt , and ^    and a are essentially the 

plasma frequency^ the perturbing electric field. This pair constitutes 

an integral equation for feho electric field, with the plasma frequency 

as the eigenvalue. 

These results have been specialized to the case of a uniform mag- 

netized plasma column with a Maxwellian distribution in velocity and a 
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Gaussian spatial profile. The final integral equation can have either a 

Gaussian, or exponential, or Bessel function kernel and requires routine 

numerical analysis to extract the dispersion relation and stability cri- 

teria. This  is planned, for the whistler mode, for the next quarter. 

Preliminary results already indicate that one effect of inhomogeneity is 

to shift resonances away from the cyclotron frequency by an increment 

which depends on the time scale of traverss of a thermal particle across 

a significant region of inhomogeneity. 

(B)  Experimental Studies. 

During the quarter, whistler experiments have coi Mnued on the 

S-band set-up using a pulsed reflex discharge.  Study of standing waves 

indicates that the waves observed a few hundreds of microseconds after the 

peak o* the current pulse should be classified as whistlers.  These waves 

make smooth transitions to free space electromagnetic waves it low plasma 

densities.  When plasma density is low, however, the free space wave- 

length for an L-band signal (~ 20 cm) is too great compared with the 

plasma colurn cross-section (7.5 ciu diameter) to expect simple plane 

wave theory to apply. Efforts have consequently been made to detect 

whistlers at higher electron densities. At such densities, whistlers 

have been observed damped due to collisions. Quantitative measurements 

of their propagation have been obtained as follows: 

The waves are excited by short electric dipoles perpendicular to 

the magnatic field lines. A sampling time in the afterglow when the 

plasna density is reasonably uniform is chosen, and interferograms are 

obtained by applying a fixed frequency and heating the output signal 

against a component derived from this. Typical probe measurements of 

the evolution of the plasms profile, made using a movable probe, are 

shown in Fig. 11.  It is clear that the density is substantially uniform 

for  times greater than 200 ^s. Figure 12 shows some interferograms 

obtained at 1.2ms.  Since the measured wavelengths at ~ 2.0 GHz are of 

the order of 1 cm, plane wave theory should be closely approximated. 

Data similar to that of Fig. 12 serve to give the whistler disper- 

sion characteristics. These are shown in Fig. 15, and may be compared 

with plane wave theory. To do so, requires knowledge of the electron 
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density.  This was obtained by calibrating the Langmulr probe ireasure- 

ments by means of a K-band Interferometer. Good agreement Is Indicated 

in the figure for the range covered by the meaauremonta. To extend them 

to lower (ü)/b) ) } higher magnetic fields are needed.  Further measure- 

ments will be made next quarter in the new magnetic field system,which 

gives cyclotron frequencies up to K-band. The status of this set-up is 

as followe. The magnet system that has delayed this project has been 

tested and is now available.  It is shown in Fig. 1 ..  It can provide a 

steady field of up to 7.7 kGauss which is uniform to ± 0.2^4>  over a dis- 

tance of hO  cm. The maximum AC ripple of the magnetic field is less 

than 1^, and the ripple at full power is less than 0.1^. The magnet dis- 

sipates nearly 1[)0 kW at maximum power. 

A vacuum system (not shown in figure) has been assembled, and exper- 

iments now under way in the set-up are directed towards obtaining a high- 

density rf discharge at a few MHz.  The rf transmitter that will be 

used to produce the plasma is in the final testing stages.  The various 

probes and interferometers which will be used as diagnostic devices have 

already been constructed.  The discharge will be produced by the rf 

transmitter, operated in a pulsed mode, and allowed to decay. A maxi- 

mum plasma density of approximately 10 /enr is expected. 
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FIG. Ik   K-band magnetic field system for use in whistler 

amplification studies. 
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V.   FUTURE PROGRAM 

Most of the details of our program for the coming quarter have been 

dealt with in the relevant theoretical and experimental sub-sections of 

Sections II-IV.  Summarizing, the program is as follows: 

(i)  Beam/plasma amplification with transverse modulation — 

Theoretical work will continue on beam/surface wave 

interactions, first for the m = 0 mode, to check the 

experimental results already obtained, then for the 

m = 1 mode.  It is anticipated that our measurements 

on the sealed-off tubes constructed so far will be 

completed, and that further studies will be made in a 

more flexible continuously-pumped syst3m. 

(ii) Electrostatic wave amplification in magnetoplasmas — 

Further raeasurements on the noise spectrum due to 

magnetoplasma wave excitation by electrons with trans- 

verse energy will be made, first with a view to iden- 

tifying the various frequencies so far observed, then 

with the aim of verifying the theory quantitatively 

for a delta-function beam interacting with a cold plasma. 

(iii) Electromagnetic wave amplification in magnetoplasmas — 

Our tudies of the relevant dispersion relations will be 

extended numerically.  It is hoped that the propagation 

measurements will be completed in the S-band magnetic 

field system. They will then be extended in the K-band 

system preparatory to Introducing an electron beam with trans- 

vurse energy to excite wave growth. 
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