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Measurements of Plasma Expansion due to
Background Gas in the Electron Diffusion Gauge

Experiment

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

Plasma Physics Laboratory, Princeton University, Princeton, NJ 08543

Abstract. The expansion of pure electron plasmas due to collisions with background neutral gas
atoms in the Electron Diffusion Gauge experiment device is observed. Measurements of plasma
expansion with the new, phosphor-screen density diagnostic suggest that the expansion rates mea-
sured previously were observed during the plasma’s relaxation to thermal quasi-equilibrium, mak-
ing it even more remarkable that they scale classically with pressure. Measurements of the on-axis,
parallel plasma temperature evolution support the conclusion.

INTRODUCTION

Pure electron plasmas are trapped in the Electron Diffusion Gauge (EDG) experiment
device [1-4], a cylindrically symmetric, Malmberg-Penning trap [5-12] with inside di-
ameter I.D. � 2 � Rw

� 5.08 cm. Malmberg-Penning traps have a uniform magnetic field
parallel to the common axis of several cylindrical electrodes, and particles with the same
sign of charge can be confined by charging two nonadjacent electrodes to a sufficiently
large voltage. Previously reported experimental results [2] from the EDG experiment
indicate that the plasma expansion rates measured in the high-vacuum regime (where
asymmetry-induced expansion is negligible) are in good agreement with with the pre-
dicted expansion rates [13] derived using a warm fluid treatment of the plasma. The
evolution of the inferred perpendicular temperature during this expansion, however, did
not account for the clear decrease in electrostatic potential energy, prompting improve-
ments to the EDG diagnostic systems.

Previously, axially-integrated density profiles obtained from the EDG experiment
were accumulated from a series of plasmas by measuring the number of electrons
passing through a small hole in a radially-movable collimating plate. The particles
moving along magnetic field lines aligned with the small hole in the plate would pass
through to a Faraday cup, giving a radial profile as the collimating plate was scanned.
By forming several (well-reproduced) plasmas in succession, a series of line-integrated,
radial density profiles could be obtained and used to follow the expansion of the plasma.
To determine the plasma behavior at different gas pressures, helium gas was fed into the
chamber at different, controlled rates.



ELECTRON DENSITY AND TEMPERATURE DIAGNOSTICS

The Faraday cup density diagnostic has been replaced with a CCD camera focused on
a biased, phosphor-coated glass screen, a setup based on the diagnostics developed by
other groups [14, 15]. The phosphor is coated with aluminum both to reflect excess light
from the plasma source (a 1.27 cm-diameter spiral filament) and act as an additional
electrode. The aluminum coating is biased to a few kilovolts to accelerate the plasma
electrons to the point that they can pass through it and excite the phosphor molecules.
The light emitted by the phosphor passes through the glass screen, a glass vacuum
window, a notch filter tuned to the peak emission wavelength of the P-43 phosphor, a
camera lens, and a separate image intensifier on its way to the CCD camera. A grounded
(10 wires/inch) copper grid is attached to the end of the trap, about 1 inch away from the
biased screen, to make the accelerating electric field more uniform. Figure 1 shows the
improved resolution of the phosphor-screen diagnostic.
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FIGURE 1. The figure on the left shows an example of the CCD-image-derived profiles, overlaid with
a thermal quasi-equilibrium profile. The figure on the right shows an example of data obtained with the
Faraday cup diagnostic, where each data point is from a different plasma.

The perpendicular electron temperatures displayed in Fig. 1 are estimated by fitting an
ideal, thermal quasi-equilibrium density profile [13] to the measured, axially-integrated
profile. The thermal quasi-equilibrium profile is

n
�
r� t � � n̂

�
t � exp

�
eφ
�
r� t ��� eφ̂

�
t �

T
� r2�

r2 � � t �	� 1 
 NLe2

2T ���� (1)

Here, n̂
�
t � is the central density as a function of time, φ

�
r� t � is the electrostatic po-

tential, and φ̂
�
t � is the electrostatic potential on axis (r � 0). This thermal quasi-

equilibrium profile describes expanding, infinite-length, azimuthally symmetric plas-
mas that enjoy global energy conservation and elastic electron-neutral collisions, and
have a spatially uniform temperature. Poisson’s equation can be recast in a form that
shows the underlying profile shape is dependent on only one parameter, γ , defined by
γ � �

ωrωce � ω2
r ��� � ω̂2

p � 2 ��� 1, where ωce
� eB � mec is the electron cyclotron frequency,

ωr is the plasma rotation frequency, and ω̂p is the plasma frequency at r � 0. γ is the



only parameter necessary to describe the ideal density profiles. We also allow n̂
�
t � to

vary in the fit for simplicity, though in principle it should be identifiable from the data.
On-axis parallel temperature measurements are performed as described by Eggleston

[16]: the charge on one of the confining electrodes is slowly decreased, and the number
of electrons escaping the trap as a function of time is recorded. The results are fit using
the approximate relationship

d ln
�
Qesc �

d
�
eφc � �

� 1 � 05
T��� � (2)

where Qesc is the total amount of charge that has escaped, � e is the charge of an electron,
φc is the confining voltage on axis, and T ��� is the parallel temperature in eV. In EDG,
a charge-sensitive amplifier is capacitively coupled to the biased phosphor screen to
measure the total charge that has escaped as a function of time. Typical plots of both
ln
�
Qesc � versus φc and Qesc versus φc are displayed in Fig. 2.
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FIGURE 2. Total charge escaped versus confining voltage as a plasma is released from the trap. The
diamonds denote the data used in the fit. This data was taken at magnetic field B � 600G, background gas
pressure P � 5 � 10 � 9 Torr, filament heating voltage Vh = 4.8V, and filament bias voltage (the voltage at
the center of the spiral filament) Vb = -16.6V. This plasma comprised N � 5 � 108 electrons.

MEASUREMENT OF PLASMA EXPANSION

The plasma’s expansion rate is computed as the rate of change of its mean-square radius.
The mean-square radius is approximated by�

r2 � �

� Rw
0 dr 2πr r2 Q

�
r �

� Rw
0 dr 2πr Q

�
r � � (3)



where Q
�
r � is the axially-integrated density profile determined from one of the density

diagnostics. For the Faraday cup diagnostic, Q
�
r � corresponds to the axially-integrated

density averaged over the collimating hole area (radius = 0.159 cm) at location r. For
the phosphor-screen diagnostic, it corresponds to the axially integrated density averaged
azimuthally between r and r 
 dr (dr � � 012cm, the width on the screen of one camera
pixel’s view).

Because many plasmas were needed to construct one measured density profile using
the Faraday cup diagnostic and the trap conditions tend to drift with time, it was
impossible to make profile measurements for plasmas held in the trap much longer
than a second. The new, phosphor-screen density diagnostic measures the entire, axially-
integrated density profile of a single plasma, allowing us to measure the evolution well
past 1 second. The data in Fig. 3 show that the plasma behaves differently after it has
been confined for about 3 seconds than it does initially.
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FIGURE 3. Plasma mean square radius as a function of time for the same experimental parameters as
the data in Fig. 2. The agreement between the increasing hold time and decreasing hold time data indicate
the plasma’s reproducibility.

The density profiles for plasmas trapped longer than 3 seconds are fit somewhat
better by the thermal quasi-equilibrium profiles than those for plasmas trapped for less
time, but the inferred temperatures from the profile fits, shown in Fig. 4, hardly vary
throughout the evolution. The parallel temperatures also shown in Fig. 4, however, rise
dramatically at the beginning of the evolution. In addition, the initial evolutions of the
plasma mean square radius and the parallel temperature appear to take the same amounts
of time at several different filament conditions and background gas pressures below P

� 2 � 10 �
7 Torr. The initial evolution of the plasmas in Fig. 3 may be due primarily to

a transition to thermal quasi-equilibrium from an initially non-equilibrium state, rather
than expansion due to background gas or trap asymmetries. The disagreement between
the two temperature diagnostics is not presently understood.

The expansion rates measured previously on EDG were determined from plasmas
trapped less than 1 second, meaning that they were computed from plasmas experiencing
this apparent relaxation to thermal quasi-equilibrium. Figure 5 shows a comparison of
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FIGURE 4. The inferred perpendicular temperature (left) and measured, on-axis parallel temperature
evolution (right) for the same experimental parameters as the data in Fig. 2.

’late-time’ expansion rates determined from the new profile data (excluding the initial
relaxation, where possible) to the expansion rates measured previously. Note that while
the older expansion rates start to level off to a value of about 0.1 cm2/s as the background
gas pressure decreases, the late-time expansion rates are clearly smaller. Estimating
expansion rates from the first 1 second of phosphor-screen profile data gives values
that agree with the 0.1 cm2/s value measured previously at low pressures. The late-time
expansion rates still level off at the lowest pressures, indicating that asymmetry-induced
expansion is indeed affecting the measurements.
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FIGURE 5. Comparison of expansion rates determined from the previous and present density diagnos-
tics. The circles denote the new expansion rates computed by excluding the initial plasma relaxation at
lower pressures.

The plasma expansion rate calculated [13] for thermal quasi-equilibrium profiles
affected by background neutral gas is

d
dt

�
r2 � �

2NLe2 νen
�
T �

meω2
ce � 1 
 2T

NL e2 � � (4)



where νen
�
T � � nnσenvT h is the electron-neutral collision frequency, T is the plasma

temperature (in ergs), and NL is the line density of the plasma column. The theoretical
curves in Fig. 5 agree with the data at higher pressures fairly well, despite the fact
that the collisionally-induced expansion is superimposed upon the initial relaxation
measured at lower pressures. Accordingly, we may infer that the fact that the plasma
is not fully in thermal quasi-equilibrium does not prevent it from expanding at the same
rate that a plasma in thermal quasi-equilibrium would. At high-vacuum pressures (above
P � 2 � 10 �

7 Torr), the electron-neutral collision frequency is higher than the electron-
electron collision frequency, so the temperature gradients that could exist in the plasma
are also having a minimal effect on the classical expansion rate of the electron plasmas
in EDG.
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