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Experimental Investigation of m=1 Diocotron
Mode Growth at Low Electron Densities

Stephen F. Paul, Kyle Morrison, Ronald C. Davidson

Plasma Physics Laboratory, Princeton University, Princeton, New Jersey 08543, USA

Abstract. Previous experiments on the Electron Diffusion Gauge showed that the diocotron mode
damping increases with higher neutral gas filling pressure. Yet the energy dissipated from a rotating
plasma by collisions with neutrals is predicted to excite the mode. To resolve this, experiments have
been conducted to examine the coupling between expansion and the m=1 diocotron mode. Results
from recent experiments have shown interesting phenomena: 1) The degree and sensitivity of mode
growth is observed to be strongly dependent on filament conditions. Mode growth rates of nearly
20 sec

� 1 have been observed even with negligible resistive drive. Specifically, at low filament bias
voltages (and correspondingly low electron densities � 1-2 � 107 electrons/cm), the mode growth
is very sensitive to the heating voltage across the filament, even though changes in filament heating
voltage barely affect the plasma expansion, the plasma density profile, the filament emission, or the
resulting electron density. 2) At low neutral gas pressure (< 10

� 9 Torr), the diocotron mode growth
rate increases with neutral pressure. However, the growth rate is several orders of magnitude larger
than theoretical predictions.

INTRODUCTION

Electron plasmas confined in Malmberg-Penning traps have been used to investigate
important fundamental non-neutral plasma phenomena [1, 2, 3, 4]. The research empha-
sis for the Electron Diffusion Gauge (EDG) experiment has been the investigation of
the effects of collisions between the confined pure electron plasma and a low-pressure
neutral gas, with the goal of using the measured interaction to determine the neutral
gas pressure over a wide range. The expansion of the plasma column has been related
theoretically to the rate of collisions between the electrons and the neutrals [5, 6]. The
expansion rate has also been measured experimentally on the EDG experiment [7, 8] us-
ing a Faraday cup collector and observed to scale classically [9] at relatively high neutral
pressures (P � 10 �

6), but this method requires hundreds of repeated discharges to de-
termine the expansion rate. This approach was not only time-consuming, but required
excellent plasma reproducibility and low measurement noise. The scatter in the data and
the presence of asymmetry-induced expansion limited the detection of neutral pressure
in the EDG via this technique to P � 10 �

8 Torr.
As an alternative, the possibility of a non-destructive pressure measurement using

the dependence of the m � 1 diocotron mode growth rate on background gas pressure
has been explored more recently [8]. Here "diocotron mode" means the low-frequency,
electrostatic oscillation with azimuthal mode number m � 1. As is typical in Malmberg-
Penning traps, a uniform axial magnetic field provides the radial confinement, and ap-
plied electric potentials on cylindrical end-electrodes provide the axial confinement. For



small-amplitude perturbations, the oscillations result from the plasma column being dis-
placed from and precessing about the trap axis (the center of symmetry of the cylindrical
electrodes that surround the plasma). The precession occurs at the diocotron mode fre-
quency; the mode amplitude A is the distance from the center of the plasma column to
the trap axis; and the growth rate is

�
1 � A � dA � dt. The advantage of this method is that

the need to terminate the plasma and measure the density profile at successive times
in the evolution is avoided because the entire mode evolution is recorded in one dis-
charge. In the absence of electron-neutral collisions, the diocotron mode is predicted to
be marginally stable. When collisions are present, they dissipate energy from the plasma
column, forcing it to move nearer to the surrounding conducting wall, (i.e., the mode
amplitude should grow). A calculation assuming that the expansion of the plasma is
much slower than the growth time has predicted an instability growth rate that scales
linearly with neutral pressure [10, 11],

γn �
νen

ωce
ω∞ (1)

where ω∞ is the frequency of the diocotron mode for an infinite-length plasma column
and νen is the electron-neutral collision frequency. For the plasma parameters in the EDG
and a neutral gas pressure of P � 5 � 10 �

10 Torr, the mode growth rate is predicted to
be small: about 10 �

4sec �
1. In the early EDG experiments [8], the mode was observed

to decay rather than grow in most cases, with the damping rate increasing with both
pressure and electron density. Damping of trapped-particle modes (analogous to oppo-
sitely phased diocotron modes) has been observed in others’ experiments and explained
by associated particle transport resulting from applied electric asymmetries [12]. The
damping results from velocity scattering of particles near the separatrix that are trapped
as a result of the applied asymmetry. The damping of diocotron modes in EDG may be
caused by trapped particles resulting from intrinsic magnetic asymmetries as well.

More recent experiments showed that at low pressures (5 � 10 �
11 Torr < P < 4 �

10 �
8 Torr) where asymmetry-induced transport dominates, only a weak, P1 � 4 pressure

dependence on damping is observed. However, in isolated cases (P � 2–4 � 10 �
9 Torr)

where mode growth was resistively forced, the growth rate was seen to be very sensitive
to changes in pressure. The purpose of this paper is to examine whether this sensitivity
of the growth rate to neutral pressure can be observed, reproduced, and controlled at
much lower pressures.

The EDG trap and its operation are similar to that in other experiments and has been
described previously [7]. The co-linear, cylindrical copper trap electrodes have an inner
radius of Rw � 2 � 54 cm, and the applied potentials at the end-electrodes are � 145 V.
The magnetic field, variable up to 1 kG, is generated with a solenoid whose axial current
profile is adjusted so that the field in the trap region is constant to within 0.2% of the
maximum field. The trap assembly is enclosed in an aluminum vacuum chamber that is
evacuated to nearly 3 � 10 �

11 Torr with a turbomolecular pump and a cryogenic pump.
Helium gas is bled into the chamber with a precision metering valve and the fill pressure
is measured with an Ionivac extractor gauge.

The trapped electron plasma has an initial density in the range 8 � 106 cm �
3 � n �

3 � 107 cm �
3, temperature T � 1–2 eV, radius Rp 	 0 � 6 cm, and length Lp 	 15 cm.

For these parameters, the Debye length λD �
�
T � 4πne2 � 1 � 2 is smaller than the plasma



radius (Rp 	 6λD) and ω2
pe � ω2

ce
� 0 � 01 � where ωpe �

�
4πne2 � me � 1 � 2 is the electron

plasma frequency, and ωce � eB � mec is the electron cyclotron frequency. The m � 1
diocotron frequency ranges from 10 kHz to 100 kHz.

One of the copper cylinders that surrounds the plasma is divided into half-cylinders,
and the mode amplitude is determined from the current induced by the precessing
column to the half-cylinders [13]. Any odd-numbered diocotron mode

�
m � 1 � 3 � � � � �

can be measured with this diagnostic, but the m � 1 mode is dominant in the EDG.

SENSITIVITY OF THE M � 1 DIOCOTRON MODE TO
FILAMENT CONDITIONS AND BACKGROUND PRESSURE

As mentioned above, collisions with neutral particles can apply a torque, causing the
column to expand symmetrically, or dissipate energy from the plasma column, displac-
ing it towards the surrounding conducting wall. To isolate and improve the sensitivity of
diocotron mode behavior to pressure, the EDG was operated at low electron density to
minimize plasma expansion.
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FIGURE 1. Plot of growth rate of the diocotron mode versus filament heating voltage for several values
of filament bias voltage. The growth rate is measured at the point where the measured mode amplitude is
0.05 V.

The filament conditions were observed to have a profound effect on the growth rate.
Even in the absence of resistive-wall mode growth, the diocotron mode was made to
grow at a substantial rate by increasing the filament heating voltage, even by modest
amounts. Growth rates exceeding 20 sec �

1 are observed with heating voltages of 6–
7 volts. Figure 1 shows the mode growth increasing by factors of 50 or more with a
change in heating voltage of less than 1 Volt (a 15% variation). Figure 1 also shows a
dependence on bias voltage, with a distinct peak in sensitivity at about � 12 Volts and
falling substantially by Vb � � 8 or � 16 Volts.



To examine this further, a dedicated bias voltage scan was conducted � 4 � Vb
� � 15

V at the base pressure. As shown in Figure 2, a narrow peak in mode sensitivity at a
filament bias of about � 5 V is evident. A number of measurements were made to detect
whether the emission current, electron line density, temperature, or the initial column
density profiles were similarly sensitive to the filament voltage. Neither the filament
emission nor the electron density was found to be a function of heating voltage in the
range 4.8 V < Vh < 6.5 V. This is a result of the fact that the filament emission is space-
charge limited for Vh

� 4 � 8 V and this range of filament bias voltage. The emission and
density increase with Vb as expected because the plasma potential follows Vb, but no
peak in density or emission occurs at � 5 V that is coincident with the strong diocotron
mode growth.
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FIGURE 2. Plot of median growth rate of the diocotron mode versus filament bias voltage. Contours of
filament heating voltage are indicated. The median growth rate is evaluated between A = 0.02 V and the
point where dA

�
dt is a maximum.

To determine whether temperature and profile effects might explain this behavior,
filament heating voltage scans for 4.2 V � Vh

� 6.7 V at Vb � � 4 � 7 V were performed.
The perpendicular temperature T� is inferred by fitting the measured axially-integrated
density profile with a calculated equilibrium and rises linearly from 0.3 to 0.6 eV. The
parallel temperature T � was determined by measuring the fast electrons escaping from
the trap as the discharge is terminated and assuming a Maxwellian parallel velocity
distribution. T � is measured to be 1.7 � 0.3 eV—independent of heating voltage. The
estimated electrostatic energy per electron is found to range only from 2.1 to 2.2 � 0.1
eV per electron.

The only obvious difference is that the predicted initial plasma radius changes with
Vh. The bias voltage Vb is applied to the center of the filament, and the heating voltage Vh
is applied across the filament. At low filament bias potentials, Vh can exceed Vb, forcing
the bias at the edge of the filament to become positive and suppressing electron emission.
As Vb is increased, the area of the filament that is positively biased becomes larger
and the emitting area smaller. Throughout these measurements at the base pressure, the



momentum transport rate due to expansion is less than 1.5 sec �
1, ten times less than the

peak diocotron mode growth rate.
The previous data do not indicate how the introduction of neutral atoms affect the

mode growth or the filament conditions where the mode growth was observed, so a
pressure scan was conducted at Vh = 6 V. As shown in Figure 3, the Vb envelope for
strong mode growth between 4 V < Vb < 9 V remains. Figure 3 also illustrates that strong
mode growth can appear under other conditions; diocotron mode growth is observed for
Vb > 10 V as well. The mode growth at the highest pressure in this scan is often non-
exponential, and the growth at higher Vb is also often delayed for several seconds or
preceded by the damping of a small initial mode.
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FIGURE 3. Plot of median diocotron mode growth rate versus Vb for several values of helium filling
pressure. The growth rate is the median value between A = 0.02 V and where dA/dt is a maximum.

A more detailed measurement of pressure dependence was conducted by simply
allowing the base pressure to rise over time as the filament heated the trap. The pressure
was allowed to rise from 6 � 10 �

11 Torr to 2 � 10 �
8 Torr. In Figure 4, the mode growth is

seen to increase almost linearly with pressure up to 6 � 10 �
10 Torr, a factor of six above

the base pressure, above which the mode growth levels off. Also plotted is the scaled
value for mode growth that would result from electron-neutral collisions, assuming that
the base pressure residual gas is hydrogen and the electron temperature is 1 eV and
isotropic. Although the scaling is consistent with the theory of collision-based transport,
the scale factor is six orders of magnitude larger, clearly indicating that some additional,
strong effect is present.

In summary, it is found that:

• The diocotron mode can be made to grow in response to electron-neutral collisions
without resistive forcing by employing low filament bias voltages that produce a
low-density (NL � 1 � 2 � 107cm �

1), small-diameter plasma column.
• The mode growth rate increases strongly with the filament heating voltage, with

measured growth rates as high as 20 sec �
1.
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FIGURE 4. Plot of average growth rate to maximum dV
�
dt of the diocotron mode versus Vb for several

values of helium filling pressure. The solid line is the mode growth rate predicted from electron-neutral
collisions in Eq. (1) multiplied by a factor of 1.5 million.

• The sensitivity of mode growth to pressure for P � 10 �
9 Torr is much greater than

that previously observed for mode damping.
• The scaling of growth rate with pressure is in agreement with theory (both are

approximately linearly proportional), but the growth rates are orders of magnitude
larger than predicted for electron-neutral collisions.
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