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ABSTRACT

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

A sysiem for measuring the transverse energy of an clectron heam
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 noise
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 ‘hit the emission
may be described by a hybrid frequency relationship. Analysis of the data
from beam plasma interaction experiments has indicated tae 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. 3.
Army Electronics Command under Contract No. DA 28-043-*MC-01821(E).

- iii -

N T

i ]



v

V]

TABLE OF CONTENTS

PURPOSE
INTRODUCTION AND STATEMENT OF PROBLEM

TECHNICAL BACKGROUND

A. Linear Theory of Waves in a Uniform Plasma or Beam
B. The Effect of Gradients

WORK PERFORMED DURING REPORT PERIOD

A. Diamagnetic Measurements

B. Noise Emission from a Transverse Energy Beam
C. Modulated-Beam Experiment

CONCLUSIONS

FUTURE PLANS

LITERATURE CITED

17
17
19
26
29
29

31



Fiqure

10

11

12

13

LIST OF ILLUSTRATIONS

Dispersion diagram of so-called electron beam where elec-
trons move only along the magnetic field with a single
speed (in this case zero velocity).

Dispersion diagram for transverse beam modes on a mono-
energetic beam of spiraling electrons.

Dispersion relation for mono-energetic, fixed perpen-
dicular energy beam waves of frequency less than the
first cyclotron harmonic.

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.

Reactive interaction between a transverse velocity beam
and a warm plasma.

Electric potential associated with the radial wave
resonances on a plasma column,

Experimentally observed radial electron plasma wave
resonances in the core of a cylindrical plasma column
for different magnetic field strengths.

Experimental apparatus showing method of excitation as
well as method of internal prubing of radial resonances
on a plasma column in magnetic field.

Experimental arrangement for measuring diamagnetism of
electron beam.

Variation of diamagnetic flux with beam current for
different magnetic fields with a fixed beam energy.

Percentage of final beam energy in the transverse plane
as a function of axial magnetic field.

Variation of diamagnetic flux with beam current for
different beam currents at a fixed magnetic field.

Percentage of final beam energy in the transverse plane
as a function of the total energy in the electron
beam. .

- vii -

Page

10

13

15

16

20

21

22

23

24

R e

e




Figure
14

15

16

17

LIST OF ILLUSTRATIONS (cont.)

Percentage of final beam energy in the transverse plane
as & function of the axial position of the gun.

Dependence of noise frequency radiated by transverse
energy beam on axial magretic field.

Frequency of noisc emitted near the cyclotron frequency
as a function of helium pressure.

Axial beam voltage V at which maxima, numbered n ,
are observed with a fixed probe in the plasma.

- viii -

27

28

30



1 PLIEOSE

This investigutjon has as its purpose the theoreticai and experi-
mental investigation of new (i.e., not spuce chirge) modes of beum plasma
interaction. fin particular, it includes the frvestigation of the feusihility
of these new modes ns #n tmproved meuns of genevation und amplificution of
microwaves

i, INTRODLUCTION AND _STATEMENT OF PROBLEM

it is appurent from recent developments in the iineary theory of
plasma waves (of which electron beam waves are 8 subgroup) that the wave inter-
actions used thus far in devices for microwave generation and ampiification
represent only u small fraction of those which are possibic and which should be
convidered. {erformurce und design limitations nf existing devices are due to
the characteristics of the psrticular waves used.and they may weli be extended
or removed if different waves ure empioyed,

The Sperry land Hesearch Center (SRRC) has coatracted to conduct &
comprehensive theoretical and exgerinental study of particular plasma waves
(including electron beam waves) which sre candidates for appiication to high-
power microwave generators or ampli{iers and which have not as yet heen ade-
quately investignted

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 yeasrs, an important set of beam and piasma waves - the
so-called electrostatic, cyclotron-harmonic waves - have been identified. These
waves merit further study becouse 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 formuiated and solved for
many interesting cases, including growing wave interactions.

In particular the research program includes measurement of propa-
gation characteristics for ccmparison with existing linear dispersion theory:
coordinated theoretical and experimental study of the effect of finite gecome-
try, velocity spread, and density and temperature gradients on linear propaga-
tion characteristics and wave impedance; a primorily experimentai study of non-
iinear amplitude limiting and spurious frequency generation; and o study of the
noise properties of the amplification medium. Special emphasis will be given to
a search for practical methods of 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 high-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 rainges of parameters, and many beam and plasma
velocity distributions of potential interest which have not yet been considered.

=l =



111, TECHNICAL BACKGHOU'ND
A.  LINEAR THEORY OF WAVES IN A UNTFORM PLASMA OR BEAM
The nov-relativistic dispersion relation for high-frequeny

electrostatic waves in an infinite uniform electron medive neutralized by
massive fons is:

2 - an Bk, v, /)
& . ol Ve
! o . n 2 2 - "
2 3 Z ] ovadvy Jf dvy T2 kyvs - m |v, dv, * ky Mg) {o(v“v.) e -]
k, + kj oo O e
()
where
< 2
. e
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k; = component of propagation vector slomg

tae static magaetic field, ao .

»
>
"

component of propagation vector scross
the static mageetic field.

f (v,uv5) = the normalized electron velocity distribution
o &
where «, is the velocily across the field
and v; s the velocity slong the field.

e
il
Q = =

and (k. v, /) is the Bessel function of the first kind and order o with
argument k v, /0 .

The importsnce of the distribution function in deternining the
behavior of the waves which may be supported im the medivm is striking. To
begin with, If we consider sn electron beam with velocity parallel to the
msagnetic field. then

fo”"v" s 5,,"';: 8(v,) &(v; - wpy)



and the dispersion eelation i¢
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This equation. origisally ditenived by Gonld and hlwlﬂ?"-'
describes the fasl axd slou space charge waves a¢ well at (he (acl 3ad slow
fundamental cyclotron wavgs, Tho case of & (inile bean dianeior Bas dlse
been discussed In detail.® The geseral cesclusion drann from Lhe sinple case
of 8 uniform dems ity finite diameler boam i 12At Lhe geomeley mesely restricts
the set of & walues (N, .0;) which cas be wied to satinfy (2) Bl thal the
infinite mediun dispersion equation meatl stil) be satiefjed, The dispersios
diagran for thiy “cold® electiron beam it gives I Fig. 1. U wil) be soted
that the slou “"megdt ive eserg)” waver wied for mcilidtor or amplificr
have a paralliel phase velocily less thas the bean wlacily,

Whee clectiron notion abosl the Jises of nageatic f1eld it Ladee
into account, as 1afinite sel of waver i9 fowed, 34 le sddition to nndified
space charge waves, lwe saver exist for each haemasic of (he sleciees cycio-
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veincily disteibution is gives by

AT -2;}; by, = %,) Hyy = y)

and wkote ditprrrioe relalios |3

- b ]
¥ralendea

. 2.2 -~ o 2 ; : ., P
2 ; “*";E;'“i‘ o : L ‘X;ﬂ“l‘bl‘ o) - ";:}“l'ul v
P .

(o - kg - u’ﬂg THe - kivy = W)

&)



k”/kl
n
Q
T

FIG. 1

Dispersion diagram of so-called cold electron beam where electrons
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move only along the magnetic field with a single speed (in this case

zero velocity),

frequency uwy /0O = 0.5 for the example chosen.

The beam plasma frequency divided by the cyclotron
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FIG, 2 Dispersion diagram for t*>nsverse 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 w,/Q = 0.5 but vo; = (Vky (fixed k).




1{f we consider an electron beam whose distribution function is
Maxwellian across the field and having a sirgle velocity slong the field,
then the results of using this in Eq. (1) yields

kﬁvf
K2 = k2 + kf = W2 Z 1 (e 5 T
P = (w = kyvoy = nd) (w - kyvou nJ)

(4

where
A= (klv‘L/ﬁ)2 .

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,

2 g2 _ s
Jn_l(p) Jnﬂ(p) = Jn(p) % Jn(p)
where
p = kLVGL/n .

This function becomes negative whenever Jn(0) 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/dd J (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 Max-
wellfan distribution with variable velocity spread) snd of axial velocity
spread, a spread which leads to the so-called "collisisnless cyclotron
damping.”



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
illustraced in Fig. 3, where we present the negative and positive energy
waves on a single electron beam. As the heam electron density increases,
the positive encrgy wave originating at zero frequency for k; = 0 (ihe
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.© 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). Ia
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, hence, 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.?

B. THE EFFECT OF GRADIENTS

The importance oi 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-Dattne5 resonances which occur with no magnetic field.
Buchsbaum and Hasegawa’ and Schmitt, Meltz and Freyheitl0 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.

Emission11 and absorptionq'10 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 iwice 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 t frequency
corresponds to the local hybrid frequency (whybrid =./wE + ng). as long as

the wave frequency is less than the second harmonic of the cyclotron frequency.
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FIG. 3 Dispersion relation for mono-energatic, 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 wy/Q® all having k,vo, = 0.1Q, 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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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:

2 W

d 1 po 1
[g(x)E(x)] + -

dx2 AZ w2 - O2 g(x)

g(x)E(x) = 0 (3)

where

f 2
xz ) 3eT/m woo
@ - 09 (4Q? - 0d)

T is the electron temperature (assumed to be uniform), g(x)
is the normalized electron density profile, and w A is the peak eleccron
plasma frequency. P

If the medium is uniform, g =1 and d2/dx2 - -k2. so that
the dispersion relation is

2 2,2 2 2 2|3eT) 2
(40" - )% + o = ¥ ) = kx(i:,_)‘”po (6)

from which we can verify that

2

k is real where w2 < 02 + wpo

ad 20>w .

k is real where w2 > wgo * 02 and N<w .
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Case 2 has been experimentally and theoretically treated by
Schmitt, Meltz and Freyheit.10

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

profile
g(x) = ]
» 2
1 v(f1
and is
_ 32] =X
w0 = [1+ oo, @ <o,
where
geT 2 2 b/
¢=|—-n"po
av(e? - 0d (4 - D
1/2

2 2. .
v=d (A - w -“'—2 @2 +w? -ud) -
2 2 T 2 2 po
3Wp° o (W - 0°)

and the D Junctions are parabolic cylinder functions. These functions
oscillate in space in the manner of a radial standing wave, showing thut
physically the wave propagating out from the core is continuously reflected
from the density gradient. Buchsbaum and Hasegawa's work has been extended
by us to intlude cylindrical geometry, and the same essential feature of
the standing wave pattern is found. 1In Fig. 6 we illustrate the nature of
the solutions associated with waves propagating across s density gradient
both ¥ith and without a static axial magnetic field.

The solution given above for the non-uniform plasma is valid
only in the region where w s~ 20 and fs 8 result of an expansion to first
order in the quantity (L, d/dx). which is the ratio of Larmor orbit
(L? = eT/ma®) te gradient scale length. In order to consider waves in the
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FIG. 6 Electric potential associated with the radial wave resonances
on a plasma column. Three cases are indicated: Tonks-Dattner
(TD) resonances with no magnetic field, the Buchsbaum-Hasegawa

core resonances (B-H) in a magnetic field and external resonances
in a magnetic field.
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vicinity of the third harmonic, terms to second order in Ly d/dx are re-
quired and so on. It is obvious that computational complications increase
with higner iiarmonic 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 resvit 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 vy, Vp fo . where f, = n(r)g,(r.v )gy(r.v)).
That is, we assume that the density and velocity variations are separable. For
example, we could consider a local Maxwellian velocity distribution in the
direction,

2
v
1 1
gulrivy) = ==p===== exp |-~ .
Jamy 10(r) 2v§0(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

L2
vfo(r) = vfo [l + Y(Z) ]

where Y is a small number and ¢ is the beam radius.

We are expioring, 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. 0.)

Many experiments related to this aspect have been conducted.
From these experiments, it appears that the core resonances in a plasma are
strongly excited by an external circuit. The depth of the absorp.ion 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;

-14 -



FIG. 7 Experimentally observed radial electron plasss weve resosesces
in the core of a cylindrical plasme columa for diffevest magnetic
field strengths, observed in refiection in o nees aftergiow plases,
0.02 torr, f = 400 Mc/sec, time scale 0.2 meec/div. Note depta of
resorant structure.
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FIG. 8 Experimental apparatus showing method cf excitation as well as

method of internal probing of radial resonances on a plasma
column in magnetic field. The rf excitation at 1175 Mc/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 Bernsteinl2 from longitudinal waves
propagating across the magnetic field.

IV. WORK PERFORMED DURING REPORT PERIOD

A, Diamagnetic ileasurements

In the last quarterly report, two methods for obtaining a measure of
the perpendicular or azimuthal motion of an electron beam were 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 azimuthal direction and facing in opposite directions. .\ dif-
ferential measurement of the probe signals is directly proportional to the
azimuthal particle flux (Figs. !5 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 tine probe 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

" B €5

h1:—LE_
uO

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

moment ,

n(r) (8)

Here, V, 1is the transverse veivcity and By=ucH, . The reduction in the
axial flux density 8B is obtained from Eqs. (7) and (8) and is

&B = - uon(r) (9)
where 6B=B-B, .

- 17 -
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The change in magnetic flux is

89 - X B dh = - [ n(r)rdr (10)
0

where A 1is the cross-sectional area of the Leam, The total beam current I
is obtained by integrating the axial current density across the beam, i.e.,

R
1=[J dA=-2meVy [ n(r)rdr (11)
A

0

where V| 1is the axial velocity of the beam electrons.

Combining (10) and (11) yields

o
uOVO V0

80 = 20 [— Vl 7 I (12)
B
L Yo

—

Here, Qg is the electron-cyclotron frequency and V(,:=(Vﬁ'+VE);é is the
speed of the electrons along their helical trajectory.

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 300 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 10-6 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.

2 6=



The perpendicular velocity was then calculated from the proportionality con-
stant of Eq. (12), The electrostatically shieided pickup coil consisted of
approximately 2000 turns of No. 44 wire and bhad 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 measuremeats, 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 amplifier 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 V, 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 vlotted vs the axial
magnetic field. Theoretical curves for both 309 an¢ 359 injection angles are
included because the mechanical angle that the electrcn gun makes with the
symmetry axis may differ slightly from tae injection angle. This discrepancy
is due to the fact that the converging magnetic field at the entrance to the
solenoid has both radial and aris: .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 Enerqy Beam

We have measured the noise radiated by an electron beam with trans-
verse energy in a magnetic field. The output of a small 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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The output 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 10-9 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 arz shown in Fig., 16. As the pressure increased
above 10-4 torr, the frequency of the noise peaks increased sharply. This
behavior suggests that the emission may follow the hybrid frequency

—(f%'*f Y2 , where f, 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
and 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 w are

2wc -w= k"V" (13)

where we is the cyclotron frequency, kj 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 axial
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

. Lky ) L(2wc - w) _[EL P - w) 1
o 2ny, V2e 21 c JY
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where e and m are the charge and mass of the electron. This equation pre-
dirts that graphs of n against 1//V should be straight lines whose slopes
are proportional to (2w; -w) . 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 (2w, -w) .
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 the beam, these experi-
ments were carried out with the beam gun mounted coaxially with and immsrsed in
the magnetic field and with no corkscrew magrnetic 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. Thec 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 io detect the
transverse energy mode near the second harmonic on s electron beam in a
vacuum,
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