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Cyclotron Resonance in a Pure Electron Plasma Column
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We demonstrate experimentally the effects of plasma rotation and particle thermal velocities on cyclo-
tron resonance in a long cylindrical pure electron plasma column of low density (wi<<w?). A single
m =1 mode (¢""*~'*") is found whose frequency w is down-shifted from w, =eB/m, by an amount equal
to the low-frequency diocotron mode frequency ({w?)/2w.). For m=2,3,4, ... sets of modes are found
which are Doppler shifted upward from .. We explain these as radially trapped and azimuthally prop-

agating Bernstein modes.

PACS numbers: 52.25.Wz, 52.35.Fp

There has been considerable interest in non-neutral
plasmas in the past decade. Experimental work has tend-
ed to focus on low-frequency phenomena [1] such as
eigenmodes and instabilities [2], cooling [3], approach to
thermal equilibrium [4], and transport [5]. Little atten-
tion has been given to high-frequency phenomena, e.g.,
cyclotron resonance, of obvious importance for beam de-
vices such as gyrotrons and free-electron lasers. Al-
though cyclotron resonance is used for mass measure-
ments [6], the densities are generally low enough that
plasma effects are unimportant. In this paper we report
the observation of plasma effects on cyclotron resonance
in pure electron plasmas, including Doppler shift due to
plasma rotation and trapped Bernstein modes due to plas-
ma thermal velocities.

We have explored experimentally the response of a cy-
lindrical pure electron plasma column to weak rf electric
ficlds near the electron cyclotron frequency @, =eB/m,,
and the various plasma effects which arise. Because of
the unneutralized charge, there is a radial electric field
which causes an EXB plasma rotation. In laboratory
plasmas generally, the electron density ng and thus the
rotational angular velocity of the plasma, wo, depend
upon radius, in contrast with the rigid-rotor equilibrium
state where wo™=const, often studied theoretically [7-9].
wo(r) is determined [10] from the plasma density by
(1/r)(d/dr)Iriwe(r)] =w}(r)/w., where w,=[no(r)e?/
gom.1"? is the plasma frequency. The density parameter
wj/wl=0.01 so that plasma eflects, including the
Doppler shift due to plasma rotation, introduce corre-
spondingly small shifts from the cyclotron frequency.
Our investigation emphasizes this limited range.

The experiment shown schematically in Fig. 1 is a seg-
mented cylindrical electrode structure designed so that
various multipolar rf fields (e ~/*') can be applied. The
cylinder radius is 2.5 cm and the plasma length is about
40 cm. Since B=50 G, f.=~ 140 MHz. The device is
operated in the usual repetitive inject-trap-dump cycle
[10). During the trap phase, the plasma density decays
as in other such devices by mechanisms not fully under-
stood [5]. We exploit the density decay to provide a den-
sity scan on each cycle. The decay time is typically 80
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msec, and the trapping time 200 msec. Thus the density
decays by a factor of 10-12.

Figures 1(b)-1{e) show some possible phasings of the
applied rf potentials. Ideally, configurations (c) and (d)
of the octupole sections excite m=+1,+3,+5 ... and
m=12 %6, .. modes, respectively. Configuration (e)
generates an azimuthally traveling wave with a rotating
applied electric field. The axial segmentation of the
cylinder also gives rise to a k. spectrum, but the modes
we describe below are those with k. == 0. Configuration
(b) is used to excite the low-frequency m=1 diocotron
mode [2,10] with one dipole section and to receive it on
the other dipole section. The frequency of the m =1
diocotron mode [11] is ws ={0})/20,, where () indicates
an average over the cylinder cross section. wy gives a
measure of the average plasma density, as does the
charge collected upon dump.

Figure 2 shows the transmission from one octupole sec-
tion to the other during the plasma decay. The rf source
is on continuously at the 1-3 mV level. The frequency is
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FIG. 1. (a) Schematic of cylindrical electrode structure and
instrumentation. (b)-(e) Possible phasing of dipole and octu-
pole sections.
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FIG. 2. Transmission vs time during plasma decay. The
magnetic ficld is decremented on successive traces. For clarity
every fifth trace is displayed. The m=4 resonances are too
small to be seen in this display.

fixed (142.00 MHz) and on each trace the magnetic field
is decremented by a small amount. Thus this figure rep-
resents a two-dimensional scan in density (across) and
magnetic field (down). Identification of the m values
shown has been made using various excitation con-
figurations such as shown in Figs. 1(c)-1(e). We see
that there is a single m =+1 resonance whose frequency
lies slightly below the cyclotron frequency by an amount
which decreases with decreasing density. We also see
sets of discrete resonances which fall into bands, one
band for each positive m value. These lie somewhat
above the cyclotron frequency by amounts which decrease
with decreasing density and with decreasing m.

We first discuss the frequency of the m =+1 cyclotron
resonance and its dependence upon plasma density. This
dependence has been determined by measuring the
m=+1 frequency with an rf burst which is gated on for
200 psec just prior to dump and by also measuring the
collected charge at dump. By repeating this for various
trap phase duratiens, the m =+1 cyclotron resonance
frequency can be mapped out as a function of collected
charge. We find that this frequency is down-shifted from
@, in proportion to collected charge and thus to average
density. A second method for determining the average
density ‘is to measure wy, the frequency of the m =1

~ diocotron mode using the dipole sections shown in Fig. I.
Using the gated source procedure we found that @, was
proportional to collected charge as cxpected. In a varia-
tion of this technique, which eliminates the collected
charge from the measurement, we gated one source on
immediately after gating the other source off and thus
determined both the m =+1 cyclotron frequency and wy
at very nearly the same time, and thus under similar plas-
ma conditions. This was done at various times during the
plasma decay, i.c., at various densities. The pairs of fre-
quencies are cross-plotted in Fig. 3(a). A least-squares
fit to the experimental data is also shown. The intercept

3686

T T

——139.33-1.04,+0.04

139.3}

139.2¢

“r
L)
2

N

N 139.1 .

= ja00} , ]
1389} (@) ]

138.8 . . ! .

1.0

05¢

MHz

0.2}

0.1

0 100 msec 200 msec

FIG. 3. (a) m =1 cyclotron resonance frequency vs m =1
diocotron frequency. (b) Decay of the m=1 cyclotron shift
Aw, (mean density) vs time for the data of Fig. 2. Solid curve
is a two-exponential fit.

of the curve is the single-particle cyclotron frequency and
we find that the slope of the resulting data is —1.0 to
within experimental error. Thus the down-shift of the
m = +1 cyclotron resonance is equal to the m =1 diocot-
ron frequency and both are measures of the average den-
sity. One can trace this m =1 result directly to the elec-
tric field £, = —(m/2e){w})5, caused by the rearrange-
ment of charges on the conducting wall when the column
as a whole is displaced by a small amount 8,. This elec-
tric field gives rise to a low-frequency drift of the column
around the axis at frequency wy. It also affects the high-
frequency motion of the column about the axis. -Since the
force from this electric field is antiparallel to the vxB
force it also causes a slight decrease, equal to wy, in the
frequency of this motion from ..

Figure 3(b) shows the down-shift Aw; from the data of
Fig. 2. The down-shift is well fitted by two exponentials,
Ao (1) =A1e "'+ Az "™ and in the analysis of the
data presented below we use this relationship for Aw, ().

Data such as shown in Fig. 2 have been scanned to
determine the time at which each resonance occurs and,
using the A, (¢) relationship, this time can be converted
to average density, i.e., a value of Aw;. Thus we are able
to map out the dependence of each resonance upon aver-
age plasma density and magnetic field for a fixed frequen-
¢y. Since the shift of a given resonance from the cyclo-
tron frequency decreases with decreasing density, we in-
troduce a normalized frequency shift, (0 —w.)/Aw,=Q
which removes the density dependence. In Fig. 4 we plot
the values of Q@ for each resonance versus Aw. Points
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FIG. 4. Normalized frequency shifts, (0 — . )/Awi=Q, vs
Af1=Aw\/2x (mean density) from the data of Fig. 2.

representing the m =+1 resonance fall below the line at
Q= —1, and points representing the m=+2 +3,
+4, . .. sets of resonances lie above in well-defined bands.
There is still a minor dependence upon average density
(Aw)), or time in the decay, and we think that this may
result from evolution of the radial density profile as the
plasma decays.

We now sketch our theoretical arguments to explain
these results. For electrostatic waves propagating perpen-
dicular to B the plasma response can be characterized by
the perpendicular dielectric function K =1—w}/(w"
— /%), where @' =w—muwy is the Doppler shifted fre-
quency at radius - in the rotating plasma and o/’
= (0w, — 2wo)(w. — 2wo —rdwo/dr) is the square of the
single-particle gyration frequency at r {12,13]. Using the
fact that wo/w. is small and keeping only first-order
terms K can be rewritten as

f(r)
A—mg(r)+glr)+f(r)°

where f(r) =w}(r)/w}(0) and g(r) =wo(r)/we(0) are
the normalized density and angular velocity functions and
A=(w—w.)/wp(0) is the normalized frequency. Note
that this normalization is to the central rotation frequen-
cy wp(0) of the plamsa rather than to Aw, (=w,) which
was used in presenting the experimental data. Thus the
normalized experimental frequencies Q differ from the
normalized theoretical frequencies A given below by a nu-
merical factor. The term mg(r) in the denominator of
Eq. (1) is associated with the Doppler shift due to rota-
tion and the terms g(r)+f(r) are associated with a
down-shift of the single-particle gyration frequency due
to the centrifugal and Coriolis forces [12,13]. These
three terms in the denominator would be absent in the
corresponding result for a neutral plasma. The condition
for a spatially localized hybrid resonance is given by
K(r) =0 where Eq. (1) is to be used. Continuum absorp-

K(r)=1— a)

tion bands are thus expected in the ranges
m=Dgmin<A<(m—1)gmm m=123,.... (2)

Only applied fields with m > 0 are right circularly polar-
ized and can excite cyclotron resonance. Assuming that
S(r)=1—=1(r/a)?, closely approximating a diffusion pro-
file, g(r) =1-0.5(r/a)?, gmin=0.5, and gmix=1.0. For
this particular profile, the central rotation frequency
wo(0) is exactly a factor of 2 higher than the diocotron
frequency wy and the shift Aw,. Note that the m =1 res-
onance is special; the continuum collapses to A =0. How-
ever, it can be shown [12] that there is a single discrete
global mode with normalized frequency A= —(f(r)).
This down-shift arises from image charges in the wall as
previously described.

When the finite, but small, temperature T of the plas-
ma is taken into account, finite-Larmor-radius effects be-
come important. Adjacent radii are coupled together and
radially propagating Bernstein modes [14] result. We
follow a procedure similar to that of Buchsbaum and
Hasegawa [15] for Bernstein modes in a neutral plasma.
To first order in T, Eq. (1) is modified to

f(r)(l —O.szk 2) (3)
A—mg(r)+glr)+1(r)’

where p>=2T/mw? is the mean square Larmor radius
and k>=—V? is the square of the local wave number.
Setting K =0 gives a radial wave equation for radially
trapped Bernstein modes

(1/r)d(rR)/dr —m*R/r*+ x2(r)R =0, 4)

where x2(r) =2[(m —1)g(r) —11/pf(r), x is the local
wave number, and R is proportional to the perturbed den-
sity [16). This equation describes radially trapped eigen-
modes in the frequency bands given by Eq. (2). For
modes trapped near the axis, f(r) = 1. For the assumed
profiles and m > 1, Eq. (4) is similar to the 2D harmonic
oscillator equation and its eigenvalues are

Am=(m—=1)=vVm—1QI+m—1)p/a, (5)

where /=1,2,3,... is the radial mode number. p/a is
small in this experiment so Eq. (5) gives a series of close-
ly spaced resonant frequencies, the uppermost of which
lies just below the limiting values of A =1,2,3,... for m
=2.3,4,..., respectively. The Doppler effect of rotation
causes these modes to be up-shifted from the cyclotron
frequency.

In comparing the experimental shifts @ with the
theoretical shifts A, we must take into account the
difference in normalization of ©2 and A. The Q’s have
been normalized to the average density whereas the A’s
have been normalized to the peak density. For the as-
sumed profile, these differ by a factor of 2, so that
Qineor ™2A. For the m =+ 1 resonance A =(f)=—0.5 so
that in Fig. 4 the m=1 shift should be —1 and the
m=+2,+3,+4 shifts should lie below 2,4,6. In addi-

K(r)=1—
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tion, the first few modes of each series, which are trapped
near the axis, should have equal spacing. This is approxi-
mately what is observed. From a comparison of the ob-
served mode spacings for each m with Eq. (5), an esti-
mate of p/a is found to be 0.04+0.01. This implies
T =2 eV, consistent with that found in other experiments
[1,10].

Our proposed explanation assumes Bernstein modes
which are trapped in the core of the plasma and a
diffusionlike density profile which extends to the conduct-
ing wall where the density vanishes. The general agree-
ment of this model with the experiment is surprisingly
good. However, we wish to point out that only two of its
features are important: the ratio of central to mean den-
sity, no(0)/{np{r)), and the ratio of the rms electron Lar-
mor radius to the “curvature™ of the density profile on
the axis, p/a. The lowest (small /) modes evanesce out-
side a critical radius which is close to the axis so that de-
tails of the density profile, including boundary conditions
at or near the wall [14], are relatively unimportant. The
relative independence of the results of Fig. 4 on density
suggests that these ratios change only slightly during the
plasma decay. Finally, we point out the differences with
the Buchsbaum-Hasegawa modes in a neutral plasma
column [15]. Our trapped modes depend critically on the
rotational angular velocity profile, are near @, rather
than 2w, and have m = 1 rather than m =0.
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