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Abstract

Measurements of the expansion rate of pure-electron plasmas have been per-
formed on the Electron Diffusion Gauge (EDG) device at background helium
gas pressures in the 5x 1078 Torr to 1 x 10~ Torr range, where plasma expan-
sion due to electron-neutral collisions dominates over plasma expansion due
to trap asymmetries. It is found that the expansion rate, defined as the time
rate of change of the particles’ mean-square radius, scales approximately lin-
early with pressure and inversely as the square of the magnetic field strength

in this regime, in agreement with classical predictions.
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Pure electron plasmas are trapped in the Electron Diffusion Gauge (EDG) device,' ™

a cylindrically symmetric Malmberg-Penning trap® with wall radius R, = 2.54 cm.
Similar trap configurations are often used for the experimental study of nonneutral

6,7

8710y

plasmas Nonneutral plasmas are studied in research to develop atomic clocks

vestigations of turbulence, nonlinear vortex dynamics, and instabilities in nearly-inviscid

1118

two-dimensional fluids , research on particle transport across magnetic field lines in

19—23

quiescent plasmas , investigations of the properties of nonneutral plasmas in thermal
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equilibrium**#°, and in experiments to study the formation and confinement of positron

26—28 8,13,19,24—26

plasmas . Many of these experiments are performed at vacuum pressures in
the range where background neutrals are observed to affect the plasma dynamical behavior
and confinement properties.

Previously reported experimental results! from the EDG device, carried out with a helium
background pressure in the 4 x 1071% to 2 x 107 Torr range, indicated that the expansion
rate of the plasmas is about a factor of four faster than that predicted theoretically. The
theoretically predicted expansion rate?” is derived using a fluid treatment of the plasma, and
assumes that the (elastic) electron-neutral collision frequency is not a function of time beyond
its dependence on the plasma temperature. In this communication, further measurements
that have been performed at higher helium background pressures (Py. = 1 x 1077 Torr
to 2 x 107 Torr) are reported that support the theoretical prediction.? In addition to
the expansion rate scaling with background gas pressure, an analysis of the scaling with
magnetic field at higher pressures is also presented.

A Malmberg-Penning trap comprises a uniform magnetic field parallel to the com-
mon axis of several identical cylindrical electrodes, the outer two of which are electrically
biased.! 3 Particles of one sign of charge are confined in the trap radially by the magnetic
field, and axially by the applied electric field produced by the biased end electrodes. To mea-
sure the number of electrons in the plasma, one of the end electrodes is rapidly grounded,! ®

allowing the particles to escape through that end of the trap. In the EDG device, these

particles strike a biased plate (the “total” density diagnostic) which contributes to the mea-
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surement of the total plasma charge. The particles along an axial chord aligned with a
small, collimating hole in the biased plate pass through to a Faraday cup, which measures
the amount of charge along that chord (the “local” density diagnostic). The total amount
of charge in the plasma is determined by summing the amounts of charge measured by the
two diagnostics. By forming several (well-reproduced) plasmas in succession, a series of
line-integrated profiles is obtained, which is used to follow the expansion of the plasma. To
determine the plasmas’ behavior at different gas pressures, helium gas is fed into the chamber
at different, controlled rates to produce the desired background neutral pressure.!

The expansion rate of the plasma in the EDG device is determined as previously

described.! * The mean-square radius of the plasma is computed numerically according

to the expression

) Joo dr2mrr? Q(r)
)= [Be dr 2 ’
0 r2mr Q(r)

where

Q(r) = —Aih/dz N dr' don(r',0, z). (2)

Here, Aj, is the area of the collimating hole, and n(r’,0, z) is the number density of the
plasma electrons. The quantity Q(r) corresponds to the axially-integrated profile that is
measured with the local density diagnostic, and is an average over the area of the local density
diagnostic’s collimating hole (collimating hole radius = 1/16”). The plasma expansion rate
may be estimated by fitting a plot of mean-square plasma radius versus time with a curve,
and taking the slope of that curve to be the instantaneous expansion rate. In contrast, earlier

experiments3©3!

obtained qualitatively similar scaling results to those presented here with
comparable Malmberg-Penning traps by measuring the decay of the plasmas’ central density,
i.e., both the time it takes for the central density to reach one-half of its initial value, 7,,, and
the time rate of change of the inverse central density, (d/dt)[1/n(r = 0,t)]. For the EDG

experiment, however, we have determined the expansion rate from the measured density

profiles using a linear fit to the early part of the mean-square radius evolution data.



When determining the expansion rate in this manner, we use mean-square radius values
from profiles taken before a chosen percentage (usually 2% or 5%) of the total charge has
been lost from the trap. This is because the total charge confined in the trap decreases
more rapidly during the plasma evolution at pressures above 1 x 10~7 Torr than it does
for the lower-pressure data,! * where the total charge is nearly constant until the plasma
contacts the wall (through radial expansion). Specifically, within the range of the higher-
pressure data, the charge confined is lost continuously, and more and more rapidly, at higher
and higher pressures. The increased charge loss was not anticipated, as the plasma profiles
appear to be well-removed from the wall at least during the early stages of expansion. The
only other apparent opportunity for electrons to escape is through the end potentials held
at -147 V, which is unlikely as the plasma potential on axis is routinely about -12 V, and
the plasma temperatures have been inferred from fits to the density profile!  to be about
2 eV.

Figure 1 shows the composite result of the experimental measurements at B= 610 G
magnetic field. This value of magnetic field is used because it provides the largest range
of pressures with measurable expansion rate data in the EDG device, and the data can be
compared with data from previous studies.! * The data ranging over background pressures
of 3 x 1071% Torr to 2 x 10~ Torr, represented by squares, are the data from the previous
studies. The data ranging over background pressures of 1 x 10=7 Torr to 2 x 10~® Torr,
represented by diamonds, correspond to the new measurements. Each set of mean-square
radii data at a particular pressure is represented twice on this plot. Open squares denote the
expansion rate determined using only the first half of the mean-square radius evolution data
during a four-second time evolution. Closed squares denote the expansion rate determined by
using the entire mean-square radius time evolution. Open diamonds denote expansion rates
computed using only mean-square radii data taken before 2% of the total plasma charge has
been lost, and closed diamonds denote expansion rates computed with the data taken before
5% of the plasma has been lost. The data from the previous studies is represented both by

points using the first half of the data and by points using all of the data in an attempt to
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account for the loss in charge at higher pressures. For that data, the total plasma charge
was nearly constant until halfway through the evolution in all cases.
The solid curve in the plot in Fig. 1 is the expansion rate predicted theoretically,? with

30,32,33

an added offset to account for the effects of trap asymmetries at low pressures. The

expansion rate in the linear region has previously been calculated?” to be

d

%<7’2>

_ 2Ne? Ve (T) (1 2T >’ 3)

mew?, Npe?
where w,. = eB/m.c is the electron cyclotron frequency, ve, (1) = nnoe,vry is the electron-
neutral collision frequency, T is the plasma temperature (in ergs), and Ny, is the line density
of the plasma column. The theoretical curve plotted in Fig. 1 assumes T = 2 eV and
N, = 3.41 x 107 electrons/cm, and the offset used is 0.1 cm?/sec. At pressures exceeding
107 Torr, the data in Fig. 1 is consistent with the linearly-varying theoretical prediction
in Eq. (3). The fit to the data obtained for the previous study’ resulted in a calculated
expansion rate that is factor of four greater than the unadjusted theoretical curve because
the data used did not extend to a high enough pressure to produce purely electron-neutral
collision-dominated expansion. In that study', asymmetry-induced expansion was not neg-
ligible over any part of the data range. Note that the theoretical curve plotted in Fig. 1 is
not a fit, but an absolute prediction of the fluid theory.?*

In using Eq. (3), however, there is a caveat: at pressures above P= 10~7 Torr, the
electron-neutral collision frequency in the EDG device is greater than the electron-electron
collision frequency??, and the assumption of uniform temperature across the cross section
of the plasma is not necessarily valid. This assumption is used to derive the equation for
the expansion rate in Eq. (3), which nonetheless agrees with the measured data. This is
interpreted to mean that any effects of a non-uniform plasma temperature on the expansion
rate are negligibly small for the EDG device in this parameter range.

Figure 2 shows the results of higher-pressure expansion measurements taken at
B = 300 G magnetic field. This set of data was taken to establish that the linear dependence

of the expansion rate scaling with pressure observed at B = 610 G was not an artifact of



that value of the magnetic field. The squares denote expansion rates computed using the
measurements taken before 2% of the plasma has been lost, and the diamonds denote ex-
pansion rates computed before 5% of the plasma has been lost. The amount of data used for
the expansion rates denoted by triangles, however, is obtained through a stricter qualitative
standard; only profiles that have low relative error in the computation of (r?) were used.
This approximate criterion often results in fewer mean-square radius measurements being
used in the computation of the expansion rates than for the 2% case, but in all cases fewer
measurements than the number used for the 5% case.

The 300 G data in Fig. 2 also agree with a linear dependence of the expansion rate on
background gas pressure. Of the theoretical curves shown, the curve that best describes the
linear portion of the data in Fig. 2 is the one that assumes a temperature of T'= 1.5 eV.
Plasma temperatures inferred for profiles measured at different times can have different
values, however, making it difficult to describe the behavior of the expansion rate with a
single theoretical curve. In the EDG device, the temperature at a given time is routinely
inferred by fitting density profile data with the predicted quasi-equilibrium density profile?.
It is important to note that the same fluid theory?® used to predict the the expansion rate in
Eq. (3) is used to predict the quasi-equilibrium density profile, so the inferred temperatures
are imperfect indicators of the actual temperature at pressures above P= 10~" Torr. For
the expansion rate data in Fig. 2, we note that the computed expansion rates lie between
the curves determined with T'=1 eV and T'= 2 eV.

Expansion rate data has also been taken at P = 1076 Torr at several different values
of magnetic field, and the results are presented in Fig. 3. These results indicate that the

B —2.190 £0.015 in the EDG device when electron-neutral collisions

expansion rate scales as
dominate the expansion (at higher pressures). The previous (lower-pressure) measurements
in the EDG device, in the regime where asymmetry-induced expansion dominates, produced

a scaling of p—15£0.1

, which is also at variance with the (L/B)? scaling for that regime
reported previously by Driscoll, et. al.®33¢ The measured scaling at higher pressure in the

EDG device is in reasonable agreement with the theoretical scaling (B~2) in Eq. (3).
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Recent experiments measuring plasma expansion caused by imposed [ = 1 trap
asymmetries®? in the pressure range where asymmetry-induced expansion is dominant indi-
cate that the expansion rate scaling with magnetic field is proportional to B~2. Specifically,
it is reported®? that the normalized plasma expansion rate év = (1/(r?))d(r?)/dt is propor-
tional to 1/R? o n*L? /T B? in the low rigidity regime (1 < R < 10), where the rigidity R of a
nonneutral plasma confined in a Malmberg-Penning trap is defined as the ratio of a thermal
electron’s axial bounce frequency to the average E x B rotation frequency of the plasma.
Furthermore, it has been observed that the R™2 expansion rate scaling is also exhibited for
imposed | = 2, | = 4, and one-sector trap asymmetries as well .7

The EDG plasma, with characteristic parameters n ~ 1 x 10" ecm™®, L ~ 15 cm,
T~1—-4¢eV, and B ~ 100 — 800 G, is determined to have a rigidity of R~ 1 — 15. The
data used for the higher-pressure, neutral-collision-dominated scaling presented are esti-
mated to have rigidities of R ~ 1 — 13. The B~!® expansion rate scaling measured in the
lower-pressure, asymmetry-dominated regime! on EDG was also measured at rigidities of
R < 10, however, and does not agree with the expansion rate scaling reported most recently.3
We intend to resolve this difference in subsequent scaling studies.

In summary, the plasma expansion rate is in very good agreement with theoretical
predictions? at pressures above ~ 3 x 1077 Torr in the EDG device. The magnetic field
scaling of the expansion rate at higher pressures and low rigidity is measured to be propor-

tional to B722 in reasonable agreement with the theoretical scaling (B~2) in Eq. (3).
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Fig. 1. The measured plasma expansion rates (d{r?)/dt) at a magnetic field of
B = 610 Gauss are plotted versus background neutral helium pressure. The squares denote
the previous data,! the diamonds denote the new data, and the solid curve is a combination
of the theoretical prediction in Eq. (3) plus a constant offset. The plasma line density is
Ny = 3.41 x 107 electrons/cm.

Fig. 2. The measured plasma expansion rates (d(r?)/dt) at a magnetic field of
B = 300 Gauss are plotted versus background neutral helium pressure. Theoretical curves
for plasma temperatures of T' =1, 1.5, 2, and 4 eV are included for comparison. The plasma
line density is N, = 2.85 x 107 electrons/cm.

Fig. 3. The measured plasma expansion rates (d(r?)/dt) are plotted versus magnetic
field strength B. The points are best fit by a curve proportional to B=%1%. Curves for the

lower-pressure scaling! of B~ and the theoretical scaling B~? are also included.
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