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ABSTRACT 

This research is directed toward the investigation of high-power 
Loam plasma interactions, with specific investigation of the transverse 
velocity behm modes called for. 

A system for measuring the transverse energy of an electron beam 
through its diamagnetism has been developed and used to measure the trans- 
verse energy of a beam injected across magnetic field lines. In investiga- 
tions of the noise emission from a transverse energy beam, discrete rioise 
peaks, which shifted toward higher frequencies when a neutral gas was allowed 
to enter the vacuum chamber, occurred at the electron-cyclotron frequency and 
its first three harmonics. Experiments in helium indicate hii the emission 
may be described by a hybrid frequency relationship. Amlysl.« of the data 
from beam plasma interaction experiments has indicated tne possible existence 
of a transverse energy beam mode on our experiments. 

This research is part of PROJECT DEFENDER, sponsored by the Advanced 
Research Project Agency, Department of Defense, and administered by the U. S. 
Army Electronics Command under Contract No. DA 2fl-043-ÄMC-01821(E). 
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1    PtHtHteK 

Thit investigation hat as its purpose the theoreticei and experi- 
mental investigation of new (i.e.. not space chirge) «odes of beam plasna 
interaction. In particuiar, it includes the inestigation of the feasibility 
of these neu modes as an improved means of geneiation and amplification of 
microwave» 

11.  IXTHOÜtCriW ANÜ SIA^MKNT 0¥  PHOHUM 

It is apparent from recent developments in the lineary theory of 
plasma naves (of which electron beam waves are a subgroup) that the wave inter- 
actions used thus far in devices for microwave generation and amplification 
represent only a small fraction of those which are possible and which should be 
considered. Performance and design limitations "f existing devices are due to 
the characteristics of the particular waves used.and they may well be extended 
or removed if different waves are employed. 

The Sperry Rand Research Center (SUC) has contracted to conduct a 
comprehensive theoretical and ex.«eri»#ntal study of particular plasma weve» 
(including electron beam waves) which are candidates for application to high- 
power microwave generators or amplifiers and which have not as yet b—n  ade- 
quately investigated 

The work being undertaken is an extension of research which has been 
in progress at SRRC. As a result of company sponsored investigations performed 
during the past three years, an important set of beam and plasma waves - the 
so-called electrostatic, cyclotron-harmonic waves - have been Identified. The»» 
waves merit further study because they remove the plasma density, magnetic field, 
and parallel phase velocity restrictions Inherent in the wave modes used In 
existing devices. Their dispersion relation has been formulated and solved for 
many interesting cases, including growing wave interactions. 

In particular the research program includes  measurement of propa- 
gation characteristics for comparison with existing linear dispersion theory: 
coordinated theoretical and experimental study of the effect of finite geome- 
try, velocity spread, and density and temperature gradients on linear propaga- 
tion characteristics and wave impedance; a primarily experimental study of non- 
linear amplitude limiting and spurious frequency generation; and a study of the 
noise properties of the amplification medium. Special emphasis will be given to 
a search for practical methods o' efficiently coupling these waves to conven- 
tional transmission lines. 

The program will also include extension of the range of solutions to 
linear plasma and beam wave dispersion relations in a search for additional wave 
modes of potential usefulness in hi^h-power microwave devices. For while the 
past theoretical program at SRRC has been extensive, there remain many possible 
relative orientations of beam velocity, wave velocity, rf electric field and dc 
magnetic field vectors., wide ranges of parameters, and many beam and plasma 
velocity distributions of potential interest which have not yet been considered. 
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111.     TECHNICM   liACM.HQtVU 

A.    LINEAR THEORY Ot HAVES IN A UNIKOM PLASMA OR MAM 

The  no. -rrlal iviilir   <llSp«rtlM   rrl.lion   for  h»gh-rrr(|urn   > 
electrostttir «avti in an Infinlit vnifoni tlteiroA «tdiMi ntHiraltMd by 
■•tslve Ions Is: 

»! ♦ u\ 

'-rtr 

t^   • «2« f iksja) L, * A 

Co 

k|    ■    CMfMOl   Of proptQItKHi  «»«lor  aloag 
tat stalle MgMtlc ritld.   B9 • 

kA   ■   ceapMMi tf prop«9StiM tecier »crott 
Ik*  •t«tlr  ««eMtlc   fl»l4. 

f (wA.*() ■ ike MflMllaed elect re* etloclty tflttrlketle» 
•*•!• t4 It ikt vtleclty acrMi tie fiele 
eed t| It Ik« teleclty tlMf ike field. 

M    ■ 

and     Vk^/.i)    It lk« Be»«el  f«ectlee of it* flrtt kle« m6 erter   a «lit 
argeaeet  k1t1/Q • 

Tke la^onaace of ike diitrlbeiloa feaciioe le «eierelalaf ike 
bektvltr «f ike note» »kick My b« sepporte« la lk« Mdlaa It tirlklaf.   T« 
begin «Ilk.  If «« coatltfer ta tlectroa bea« «Ilk eeloclly perellel t« tte 
■agnetlc field,  ikea 

f9CvA.V|) « £— •<tA) *(f« " *>** 
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•■d itt di*p»r%iM rvltilta U 

^ —*—r • *? —'—TT"  fc! • »• *** 

THU «^MtlM. •rlflMllr ilt€Mt«i fef tesltf M« TrltvlpiM«. 
dMcrlbM (bt fMI •«! tit» tptM «fetfff» «••«• M «til M tu fMI Mi tit* 
UMIMMISI cyrUirM «•*•••   T*" *••• •' • f lallt htm ilaw«»f »•• •!•• 
btta 4UrM»«tf la daiatt.2   Ha f»a«ral CMCIatlta 4mm itm li» tMflt MM 
af • ••»for» d«a»liyi flalia dlaaaivf MM It IMI lit fMMIff Mftlf ftairlci» 
IM »tt af    I    «tltM    (lA.k«l Mick eta M aftM It Mliiry (11 Ml  IMI IM 
laflalit Mdlaa tliptrtltt tfMtlM Mtl tllll M MiliflM.    IM tltMnlta 
4iatrM far mi» *calt* altcirM MM It fltM It »If. t.    It Mil M taiM 
iMi IM »la» MatftilM aaarff* M«M MM fat atcilttiar« ar MfU'lt^ 
MM t ptMlltl pMtt «tlMlif iMt uat IM MM «tlacltf. 

«Ma attciraa atllaa Mtal IM llttt tf MfMllc fltlt It ItMi 
laia accavai. tt itflalia »ai af MMt It rtaM.«*4   U MtlilM it «MlflM 
•taca ctarfa «ata*,  IM «t«*« aalii  fat at«t Mraaalc af IM tlMirtt cyclt* 
iraa frtMaacf     <**•! »ack tact pair tf MMt It fttM M MM MfMlM 
aaarfr» ' aM eta iMa M atM far ftawtaf «tat laiaMClltt. M It IM »la» 
tptM cMrft Mat It ctaitailtMl »t<rtM»t laMt.   TM iltpMtlM MCM 
tMM It fit. 2 It ftr t MM tf t itiiilc. ttlrtllM tlMlMM. «MM tMM It I If. I It ftr t MM tf MMMtrftilt. tflrtlltf tlMl 
Miacliy flttrlMllM I» fltM ff 
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FIG. 1 Dispersion diagram of so-called cold electron beam where electrons 
move only along the magnetic field with a single speed (in this case 
zero velocity). The beam plasma frequency divided by the cyclotron 
frequency u^/n =0.5 for the example chosen. 
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3.0 

FIG. 2 Dispersion diagram for tv ""«verse beam modes on a mono-energetic 
beam of spiraling electrons. Only positive frequencies are shown 
for convenience. The dispersion relation is symmetric about both 
axes. Here again u^/n ■ 0.5 but voi. = n/kx (fixed kj.). 
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If we consider an electron bean whose distribution function is 
Maxwell ion across the field and having a single velocity along the field. 
then the results of using this in Eq. (1) yield» 

i2=kl*k2,=j)       IBU)e- 
n -B 

2 2 
JCL 

(m - ku VQM " nO)   («> - k|VQ| nn) 

(4r 

where 

X = (kjVn)' 

Equation (3) exhibits certain in'eresting characteristics which 
in principle may be utilized in a power generation system. Consider the 
function in the last sum on the right-hand side of the equation. 

Jl  i(p) " JLi(p) = J-W ^T '-W n-1     n^l     n   do n 

where 

P = k^VGi/n 

This function becomes negative whenever Jn(a)    and its derivative are of 
opposite sign. It is possible, for a sufficiently dense beam, to have 
instability over critical perpendicular velocity ranges for which 
Jn(p) d/dp Jn(p) is negative. Too much velocity spread in the perpen- 
dicular direction can eliminate these unstable regions, however, since the 
Maxwellian velocity distribution beam does not exhibit this characteristic. 
Our theoretical investigation will include detailed calculations of the 
effect both of perpendicular velocity spread (we will employ a shifted Hax- 
wellian distribution with variable velocity spread) and of axial velocity 
spread, a spread which leads to the so-called "collisiimless cyclotron 
damping.* 
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Interaction between the transverse velocity, negative energy 
wave on the beam near the cyclotron harmonic and a circuit (or beam or 
plasma) positive energy wave leads to wave growth. This is dramatically 
illustrated in Kig. 3, where we present the negative and positive energy 
waves on a single electron beam. As the beam electron density increases, 
the positive energy wave originating at zero frequency for ky = 0 (the 
fast space charge wave) couples with the negative-energy transverse veloc- 
ity wave at the cyclotron frequency., and an instability results in growing 
wave solutions.0 The growth rate and frequency spectrum of these waves are 
presented in Fig. 4 for several harmonics of the electron cyclotron fre- 
quency. 

The interaction of a monoenergetic beam excited in the trans- 
verse velocity mode with a plasma whose electrons have a Maxwellian veloc- 
ity distribution has been considered under somewhat restricted conditions 
by us. We have found wave growth in the region where the axially-traveling 
beam electrons see the cyclotron harmonic frequencies after the approximate 
doppler shift. This interaction occurs if the plasma appears to be lossy 
(resistive instability) or slightly reactive (reactive instability). In 
Fig. 5 we show the results of a calculation of the reactive instability. 

The effect of boundaries in a finite beam of uniform electron 
density is subtly complicated by the non-zero orbits of the electrons. 
Those electrons traveling on field lines within a Larmor radius of the outer 
edge of the beam penetrate through the beam boundary and, hencct through 
what would be a region of radial field discontinuity. These electrons may 
interact more strongly with harmonics of the cyclotron motion than electrons 
nearer the axis.7 

B.  THE EFFECT OF GRADIENTS 

The importance of density and temperature gradients in beams 
or plasmas is well recognized. Because of theoretical difficulties, few 
attempts toward adequate solutions have been made. Recently, Nickel, Parker 
and Gould" and others investigated the effect of plasma gradients upon elec- 
trostatic waves propagating across a plasma column in order to explain the 
so-called Tonks-Dattner resonances which occur with no magnetic field. 
Buchsbawm and Hasegawa' and Schmitt. Meltz and FreyheitlO have considered 
wave propagation across a radial density gradient in a magnetized plasma. 
In all cases, it is assumed that the change in density across a Larmor orbit 
is either so small that the gradient slightly perturbs the wave-equation or 
so large that the zero magnetic field condition is valid. 

Emission  and absorption '  measurements of a plasma column 
immersed in a magnetic field have shown very interesting fine structure when 
the frequency of observation is in the vicinity of twice the electron cyclo- 
tron frequency (and higher harmonics as well). The theory of Buchsbaum and 
Hasegawa is that waves can propagate within the high-density core of the 
plasma out toward the walls of the discharge tube until the wave frequency 
corresponds to the local hybrid fiequency (uuhybrid = /<«S + Op). as long as 
the wave frequency is less tnan the second harmonic of the cyclotron frequency. 

- 7 - 



w/ß 

FIG. 3 Dispersion relation for mono-energetic, fixed perpendicular energy 
beam waves of frequency less than the first cyclotron harmonic. 
Each curye is for different beam density expressed in terms of the 
ratio u^/nP all having kjVoj. = O.in. As density increases, the 
wave originating near zero frequency couples with the negative 
energy wave below the cyclotron frequency, and wave growth ensues. 
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FIG. 4 Growth rate and frequency of growing waves associated with the 
interaction of the positive energy beam wave with the negative 
energy beam wave on the same beam as a function of the ratio of 
cyclotron to beam plasma frequency. Growth curves are shown by 
the dashed lines. 
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At the hybrid frequency the waves become evanescent on the outside and are 
reflected toward the interior, thus setting up a standing wave or radial 
resonant condition.  The importance of radial density gradients is stressed 
by their analysis. 

The combination of the linearized Boltzmann equation with 
Poisson's equation leads to the following differential equation for slab 
geometry: 

-^ [g(x)E(x)] +^ 
dx K 

OJ 
j&o. 

2   o2 g(x) g(x)E(x) = 0  (5) 

where 

„     3eT/m M 
\2 =  ** 

(UJ
2
 - n2)(4n2 - UJ

2
) 

T is the electron temperature (assumed to be uniform). g(x) 
is the normalized electron density profile, and uu   is the peak electron 
plasma frequency. ^ 

2  2   2 If the medium is uniform, g = 1 and d /dx -• -k , so that 
the dispersion relation is 

(AT?       
2wn2 *   2 2. _ ^lüsll  2 

po •L \ m /   po 
(6) 

from which we can verify that 

2   2   2 k  is real where J> < f) ♦ * and  20 > **> po *"» 

2   2    2 k  is real where « > *  •»• n and  2n < *  . po *"» 
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Case 2 has been experimentally and theoretically treated by 
Schmitt, Meltz and Freyheit.iO 

profile 
The solution of Eq. (5) can be explicitly given for a density 

g(x) = 

1    • Y xj 2 

and is 

E(x) = [> MIllM * "vlf)] 

where 

c = 

3eT    2      2 

4v(*2 - n2)(«2 - u,2) 

1/4 

-i po 

and the D /unctions are parabolic cylinder functions. These functions 
oscillate in space in the nanner of a radial standing wave, showing that 
physically the wave propagating out from the core is continuously reflected 
from the density gradient. Buchsbaun and Hasegawa's work has been extended 
by us to include cylindrical geometry, and the sisw essential feature of 
the standing wave pattern is found. In Fig. 6 m  Illustrate the nature of 
the solutions associated with waves propagating across a density gradient 
both -»ith and without a static axial sMgnetic field. 

The solution given above for the non-unifona plasaa is valid 
only in the region where « * 2n and is a result of an expansion to first 
order In the quantity (Lr d/dx). which is the ratio of Lanaor orbit 
(L; ■ eT/o*) te gradient scale length. la order to coasider waves in the 
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HG. 6 Electric potential aisoclated with the radial wave resonances 
on a plasu column. Three cases are indicated: Tonks-Oattner 
(TO) resonances with no Magnetic field, the Buchsbaua-Hasegawa 
core resonances (B-H) in a magnetic field and external resonances 
la a ugaetic field. 
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vicinity of the third harmonic, terms to second order in Lr d/dx are re- 
quired and so on.  It is obvious that computational complications increase 
with higher harmonic number if such a technique is used. We propose to con- 
sider the extension of this method as well as attempting different attacks 
on the problem. 

While a plasma will probably have only slightly non-uniform elec- 
tron temperature, an electron beam may well have a velocity distribution (it 
would be incorrect to consider it a temperature) which is highly inhomogeneous 
as a result of generation and injection methods. The terms arising from inhomo- 
geneous beam electron velocity distribution (and density gradients) in the 
Boltzmann equation are from the term v0 7r f0 , where f0 = n(r)g_L(r, v1)gi|(r, vy), 
That is, we assume that the density and velocity variations are separable. For 
example, we could consider a local Maxwellian velocity distribution in the l 

direction. 

g1(r,VjL) = m   k       — exp - 

vi 

/2nv ^(r)      \ 2Vi0(r) 

The consequences of such a distribution (or. for that matter, of any tempera- 
ture gradient) upon the cyclotron harmonic beam waves are not evident, but 
approaching the problem via a perturbation technique allows the insights 
obtained in the uniform analysis to be extended and applied to the very dif- 
ficult case of spatial temperature variation. That is. we can consider 

2      2 
vJLo(r) = vxo [i + v(-J)

2] 

where V is a small number and I    is  the beam radius. 

We are exploring, as one possible coupling mechanism, the non- 
uniform plasma resonances discussed in the previous section. These resonances 
set up the high-order radial field variations required to excite transverse 
velocity beam waves. The resonances themselves may be excited by electrodes 
which are located entirely outside the beam-plasma region. (See Fig. 8.) 

Many experiments related to this aspect have been conducted. 
Fiom these experiments, it appears that the core resonances in a plasma are 
strongly excited by an external circuit. The depth of the absorption is well 
illustrated in Fig. 7, which shows oscilloscope traces of resonanc dips in 
reflected power as viewed on a strip line excited at a frequency of 400 Mc/sec. 
Each trace is for the indicated ratio of wave frequency to cyclotron frequency; 
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MOVABLE   LANGMUIR   PROBE 

■/ 

MOVABLE   ANTENNA 

rf 
EXCITATION 

■f 

FIG. 8 Experimental apparatus showing method of excitation as well as 
method of internal probing of radial resonances on a plasma 
column in magnetic field. The rf excitation at 1175 Hc/sec is 
made on a capacitive type system employing striplines fed out 
of phase. A simple coaxial cable with the center conductor 
bared for one inch serves as the probe inside the dc discharge. 
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all traces in the vicinity of the second harmonic of the cyclotron frequency, 
as predicted by the dispersion relation of Bernstein^ from longitudinal waves 
propagating across the magnetic field. 

IV.  WORK PERFORMED DURING REPORT PERIOD 

A. Diamaqnetic Measurements 

In the last quarterly report, two methods for obtaining a measure of 
the perpendicular or azimuthal motion of an electron bea.? wore discussed. 
The first method employs an electrostatic probe with two electrodes which are 
oriented so that the exposed surfaces face in opposite directions. The probe 
is placed in the beam and oriented with the planes of the exposed surtaces 
normal to the a/imuthal direction and facing in opposite directions. A dif- 
ferential measurement of the probe signals is directly proportional to the 
azimuthal particle flux (Figs. IS and 16 of Quarterly Report No. 6). This 
method is useful for obtaining an indication of the local azimuthal motion 
of an electron beam, provided that 1 ne ptobe is small enough not to disturb 
the beam and that the two electrodes are mechanically symmetrical. An abso- 
lute measurement is further complicated by secondary emission effects at the 
exposed metallic surfaces; these must be included in an analysis. 

An alternative approach to the problem is to utilize the diamagnetic 
properties of the electron beam in a magnetic field. This method provides an 
integrated or average measurement of the azimuthal velocity over the beam cross 
section. The magnetic polarization due to electron motion is given by 

M = -1- B - H (7) 
~   LL  ^   ^0 p0 

where üo is the magnetic field intensity in the absence of the beam. The 
polarization is given by the product of particle density and diamagnetic 
moment, 

2 mVJ- 
M = ^  n(r) (8) 

o 

Here, Vj^ is the transverse velocity and B0 = IJI0H0 . The reduction in the 
axial flux density 6B is obtained from Eqs. (7) and (8) and is 

imV? 
6B = - -^  non(r) (9) 

o 

where 6B = B - B0 . 
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The change in magnetic flux is 

60 -  r 6B •  dA 
TtmvJ       R 

"5- % J n(r)rdr (10) 

where   A    is the cross-sectional area of the Learn.    The total beam current    I 
is obtained by integrating the axial current density across the beam,   i.e., 

I =   I* J  •  dA = 

A 

- 2 neV'n J n(r)rdr (11) 

where VK is the axial velocity of the beam electrons. 

Combining (10) and (11) yields 

60 = 
Ho o 
2n 

L 

v,^ 

F - m (12) 

Here,    Qc    is the electron-cyclotrotv frequency and 
speed of the electrons along their helical trajectory. 

v0=(v5+v;^ is the 

Experiments have been performed which used the above effect to meas- 
ure the transverse energy. The electron gun consisted of a 3/8 inch cylindri- 
cal thermionic cathode, a planar grid, and a planar anode with a hole in it. 
The grid was used to gate the beam on and off at a 1000 Hz rate while the 
anode was kept at a constant potential with respect to the cathode. In this 
way, the beam current could be varied but the energy remained fixed. The 
electron gun was aimed into a region of increasing magnetic field at the end 
of a uniform solenoid and at an angle of 30° with respect to the symmetry 
axis. At the opposite end of the solenoid was a collector biased to collect 
the beam and any secondary electrons. A measurement of the cathode, grid and 
anode currents indicated that the ionization of background neutral gas(at a 
pressure ~ 2 x lO-6 torr) was negligible and that, the collector current was 
due entirely to beam electrons. 

The fluctuating beam current resulted in a time varying magnetic 
flux whose effect was measured by passing the beam through a pickup coil. 

16 



The perpendicular velocity was then calculated from the proportionality con- 
stant of Eq. (12). The electrostatically shielded pickup coil consisted of 
approximately 2000 turns of No. 44 wire and had a radius of 1.75 inches and 
a length of 1.75 inches. The coil was placed coaxially with and well inside 
the solenoid where the magnetic field was uniform. The experimental arrange- 
ment is shown in Fig. 9. The signal obtained from the pickup coil was fed 
into a phase-sensitive amplifier together with a reference signal. The out- 
put of the amplifier was then used to drive the y-axis of a chart recorder. 
The average collector current was applied to the x-axis of the recorder. 
Since the beam was gated on and off, the average current was one half the 
peak value. Prior to the beam measurements, the system was calibrated by 
applying a square wave through a 1 MQ resistor to the main solenoid. In 
this way the output of the lock-in ampliiier was determined to be 1.75 mV 
per ugauss of fluctuating magnetic field. 

Equation (12) indicates that the diamagnetic flux for a given col- 
lector current is directly proportional to the beam velocity V0 and varies 
inversely with the applied magnetic field. The results of a typical measure- 
ment in which the magnetic field was varied are shown in Fig. 10. As the 
applied magnetic field was increased, the diamagnetic flux decreased. The 
comparison of the measurement with theory is shown in Fig. 11, where the per- 
centage of final beam energy in the transverse plane is plotted vs the axial 
magnetic field. Theoretical curves for both 30° and 35° injection angles are 
included because the mechanical angle that the electron gun makes with the 
symmetry axis may differ slightly from the injection anyle. This discrepancy 
is due to the fact that the converginq magnetic field at the entrance to the 
solenoid has both radial and axis: i^omporents, and part of the gun assembly 
is off the axis. 

The results of varying the total beam energy at a constant magnetic 
field are shown in Figs. 12 and 13. As the beam energy was increased, the 
diamagnetic flux also increased in approximately the expected manner. Addi- 
tional measurements were made at constant beam energy and magnetic field, but 
with a varying distance from the electron gun to the entrance of the sole- 
noid. As the gun was moved away from the entrance toward a region of weaker 
field, the percentage of transverse energy increased, in agreement with the 
adiabatic theory. The results of  this measurement are shown in Fig. 14, 
together with a theoretical curve for 30° injection which was derived from 
the known axial variation of magnetic field with distance. 

B. Noise Emission from a Transverse Energy Beam 

We have measured the noise radiated by an electron beam with trans- 
verse energy in a magnetic field. The output of a snuill dipole antenna placed 
close to the beam was fed into a high-gain superheterodyne receiver with a 
swept-frequency local oscillator. The detected output of the receiver was 
used to drive the y-axis of a chart recorder and the x-axis was synchronized 
with the local-oscillator scan. The spectrum could also be displayed on an 
oscilloscope. The transverse energy beam was obtained from a planar electron 
gun placed at an angle with respect to the solenoid axis, as described in the 
previous section. 
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FIG. 9   Experimental arrangement for measuring the diamagnetism of an electron beam. 
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The outpul of the receiver showed discrete noise peaks at the elec- 
tron-cyclotron frequency and its first three harmonics. The results of a 
sequence of observations in which the applied axial magnetic field was varied 
are shown in Fig. 15. The data points show the frequency and axial magnetic 
field at which noise emission was observed. The electron beam energy was 
300 eV and the current was 0.86 mA. The peak noise power radiated at the 
fundamental was determined to be 14.8 x lO"9 W/MHz by comparison with a cal- 
ibrated noise source. The width at half maximum was 4 MHz at a cyclotron 
frequency of 162 MHz. 

The noise peaks were observed to shift away from the cyclotron fre- 
quency towards higher frequency when a neutral gas was allowed to enter the 
vacuum chamber. The results of a sequence of observations as the background 
pressure of helium was varied are shown in Fig. 16. As the pressure increased 
above 10"^ torr, the frequency of the noise peaks increased sharply. This 
behavior suagests that the emission may follow the hybrid frequency 
f = (f$+f2)>2 , where fc is the cyclotron frequency and fp is the plasma 
frequency of the beam-produced plasma. 

C. Modulated-Beam Experiment 

In the previous report we described measurements of the phase of waves 
excited in the plasma by a density-modulated beam as a function of beam voltage 
^nd for various magnetic fields. These results were not consistent with a 
model in which the axial wavelength of the plasma waves is equal to the sepa- 
ration between charge maxima on the beam, chiefly because this model does not 
predict an observed change of axial wavelength with magnetic field. Recently, 
Gruber (private communication) has suggested that the plasma waves may be excited 
by a transverse energy beam mode near the second harmonic. The approximate dis- 
persion characteristics of the mode of frequency u) are 

2Uü - tu -  k||V|| (13) 

where u)c is the cyclotron frequency, k|| is the axial wave number, and V|| 
is the axial velocity of the beam. An alternate possibility is that the plasma 
waves beat with this beam mode (beating of the plasma waves with a relatively 
long wavelength wave is required to account for the observed radial amplitude 
variations described in earlier reports). 

In either case, the beam voltage V determines the number of qxial 
wavelengths between the probe and a fixed phase point on the beam. If this 
point is a distance L along the beam from the probe, the number of wavelengths 
is 

Lk,,      1.(20)    -«,)._. 

"Vi; 2^ (2u)c - ^ 2-n ~       2Trv|| v2e2TTv    c        '     /Y 
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where e and m are the charge and mass of the electron. This equation pre- 
dicts that graphs of n against 1//V should be straight lines whose slopes 
are proportional to (2u3c - ou) , Figure 17 shows n plotted against 1//V for 
several magnetic fields.  (Note that there is no correlation between the number 
n at the different magnetic fields, because of radial phase variations with 
field.) The voltage V is the accelerating anode voltage, with 40 volts added 
to allow for the energy given to the electrons by the rf fields in the cavity 
which produces the beam modulation (this value gives the best straight lines in 
Fig. 17). The slopes of the lines are accurately proportional to (2u)c - CD) . 
However, the length L derived from the slopes is 55 cm, which is considerably 
larger than the distance of either end of the system from the measuring probes. 
In spite of this discrepancy, the results suggest that the beam mode described 
by Eq. (13) plays a part in determining the radiation pattern. Although trans- 
verse energy is required for the existence of this mode on tht beam, these experi- 
ments were carried out with the beam gun mounted coaxially with and immersed in 
the magnetic field and with no corkscrew magnetic fields. However, a certain 
amount of transverse energy will exist on the beam due to non-uniformities in 
the system. 

V.  CONCLUSIONS 

A system for measuring the transverse energy on a beam through its 
diamagnetism has been developed. The method was used to measure the trans- 
verse energy of a beam injected across the magnetic field lines;. Analysis of 
data in the beam plasma interaction experiment has indicated the possible 
existence of a transverse energy beam mode in our experiments. 

VI. FUTURE PLANS 

The angled Injection beam,  which has a  large fraction of its energy 
in the transverse direction, will be used in a two-beam experiment and in 
beam-plasma interaction experiments.    Attempts will be made to detect the 
transverse energy mode near the second harmonic on sn electron beam in a 
vacuum. 
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