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A non-neutral plasma trap has been constructed in which the radial electric field of a non-neutral
plasma column is simulated by a biased wire stretched along the axis of the device. The confinement
time of test electrons in this device is found to be comparable in magnitude and scaling with that
found in pure electron plasma experiments, in spite of the fact that the test electron density is
102 times smaller than in a typical pure electron plasma. The confinement time is only weakly
dependent on the central wire bias. These results may provide useful input to theoretical efforts to
explain transport in these traps. ©1997 American Institute of Physics.@S1070-664X~97!01405-5#
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I. INTRODUCTION

Non-neutral plasmas have been studied for some ti
both experimentally and theoretically.1 Much of the recent
experimental work has been performed on pure elec
plasma traps similar to the one developed by Malmberg
deGrassie.2,3 The geometry of these devices is cylindrica
and electron confinement is provided by a uniform ax
magnetic field and electrostatic end potentials. Since a
confinement is assured by making the end potentials hig
negative, the confinement time is determined by radial tra
port across magnetic-field lines. At high neutral gas pr
sures ~above ;1027 Torr!, the transport is produced b
electron–neutral collisions. Experimental studies3 in this re-
gime agree well with theoretical predictions.4 Below
1027 Torr, the experimental confinement time is press
independent5 and scales roughly as (L/B)22, whereL is the
length of the plasma column andB is the axial magnetic-
field strength.6,7 It is generally believed that this ‘‘anoma
lous’’ transport is caused by electric- or magnetic-field asy
metries associated with construction imperfections. Exp
ments with applied electric8,9 and magnetic10 asymmetries
have verified that asymmetries do indeed produce transp
but a detailed understanding of this transport has not b
achieved. One difficulty in these experiments is that the p
ma’s response to the asymmetric voltages applied to the
can be quite complicated, especially when standing wa
are excited. The presence of such collective, often nonlin
processes makes it difficult to know the magnitude of
asymmetric fields in the plasma.8

In this paper, we present results of confinement exp
ments on a modified non-neutral plasma trap. A primary f
ture of this new device is the replacement of the plas
column by a biased wire running along the axis of the tr
Low-density electrons injected into this trap have the sa
basic dynamical motions as electrons in a pure elec
plasma:~1! axial bounce motion between the confining e
potentials, and~2! azimuthalE3B drift motion produced by
the radial electric field of the plasma, or in our case,
biased wire. Because of their low density (,105 cm23), the
electrons do not contribute significantly to the radial elec
field and, thus, act as test particles moving in prescri
potentials. The low density, together with increased temp
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ture, increases the Debye lengthlD to the point where axial
modes should be strongly damped. Finally, this lowering
the density should also greatly reduce the electron–elec
collision frequency. In spite of these changes, we find t
the test electron confinement time exhibits scalings with n
tral pressure andL/B similar to those observed in pure ele
tron plasma experiments. In addition, themagnitudeof the
confinement time is also comparable~for the sameL/B! to
that found in similar plasma experiments. Finally, we fi
there is only a weak dependence of confinement time
central wire bias and, thus, on theE3B rotation frequency
vR . These results validate our approach to the study
transport and limit the physical processes that can be invo
to explain (L/B)22 scaling.

II. EXPERIMENTAL DEVICE

The apparatus for our experiments is shown schem
cally in Fig. 1~a!. A gold-plated copper tube with 3.05 in
inside diameter~i.d.! is divided into eight electrically iso-
lated parts, each 6.00 in. long. Five of these~labeled S1–S5!
are further divided azimuthally into eight equal sectors
allow for future experiments with applied electric-fie
asymmetries. The interelectrode gaps are 0.050 in. A 0.
in. diam inconel wire runs along the axis of the device. T
wire is attached to a support on the right end of the mach
and passes through a centered hole on the left end of
machine. It is then attached to a tensioning device that m
tains its tautness. The wire and its supports are also ele
cally isolated. This electrode structure is positioned along
axis of the main vacuum chamber, which was centrifuga
cast and then bored to an i.d. of 11 in. to minimize asymm
tries in the material and keep them far from the trap el
trodes. The use of magnetically permeable materials in
electrode structure was also avoided to minimize magne
field asymmetries.7 The entire device is placed in a lon
solenoid that provides a uniform magnetic-field variable o
the range 0–625 G. Cancellation of the earth’s magnetic fi
and fine alignment of the electrode and solenoid axes is
vided by two sets of ‘‘bent head’’ rectangular magnetic-fie
coils.11 The base vacuum pressure is 3.5310210 Torr and the
residual gas consists mainly of hydrogen.
(5)/1196/5/$10.00 © 1997 American Institute of Physics
¬AIP¬copyright,¬see¬http://ojps.aip.org/pop/popcpyrts.html.
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The experimental timing sequence is shown in Fig. 1~b!.
Two of the electrodes~e.g., G1 and G2! are used as injection
and dump gates, which are normally held at a large nega
potential ~typically 2140 V!. The remaining cylinders are
grounded. The center wire is also normally at a selected
(2140 to1140 V). To start a cycle the bias on the cen
wire is set to zero. We then ground the injection gate~typi-
cally, G1! and apply a negative pulse~1.0–12.0 V! to an
off-axis electron gun cathode@cf. Fig. 1~a!#. The diode gun
consists of a 0.1 in. diam oxide-coated cathode with a w
mesh anode. Two guns are available, one at a radius o
cm and the other at 2.5 cm. After the gun is pulsed,
injection gate is returned to a negative potential and the c
ter wire is switched first to2140 V for 100ms and then to
the selected final bias level. The electrons are now trap
between G1 and G2 and are held for a variable time du
which some of the electrons will be lost due to radial tra
port to the walls. Finally, gate G2 is grounded, allowing t
remaining electrons to escape axially along magnetic-fi
lines and hit a positively biased phosphor-coated screen.
screen serves two diagnostic purposes:~1! as a collection
plate, it provides a measurement of the total charge rem
ing in the machine at the dump time.~2! If the bias on the
screen is increased sufficiently, the phosphor will emit lig
These phosphor screen images show the spatial distribu

FIG. 1. Experimental device and timing sequence.~a! Schematic of experi-
mental device. Special features include a conducting axial wire, an off-
test electron gun, and a phosphor screen/charge collection plate diagn
~b! Timing diagram for one cycle of experiment. Voltages applied to
central wire, injection gate, electron gun, and dump gate are shown~c!
Phosphor screen images of the initial rapid dispersion of the injected e
trons. This dispersion lowers the peak electron density to 105 cm23 and
provides a suitable starting point for test particle confinement experime
Images are shown~from left to right! of the injected beam (t50) and two
later times~t 5 5.9 and 110ms!.
Phys. Plasmas, Vol. 4, No. 5, May 1997
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of the electrons and, thus, along with the measurement of
total charge, allow a computation of the electron density.

The electrons from the gun initially form a small-radiu
off-axis column with a typical peak density of 107 cm23.
However, the strong adverse radial shear in theE3B veloc-
ity produced by the high initial negative bias on the cen
wire quickly disperses the electrons.12 Within 100 ms, the
electrons have reached a symmetric distribution with a p
density reduced to 105 cm23. This process is shown in th
three phosphor screen images in Fig. 1~c!. Since the time for
particle loss to the walls is much larger than this, we c
ignore the details of this initial rearrangement and take
filled device as our initial condition. The electron density
this point is low enough that its contribution to the rad
electric field is negligible for typical center wire potential
The reduced density, together with increased axial temp
ture ~typically .5 eV! gives a Debye length greater tha
5.25 cm. This is larger than our wall radius~3.87 cm! and 22
times larger than a typical pure electron plasma~density
107 cm23, temperature 1 eV, Debye length 0.23 cm!. Al-
though our Debye length is still small compared to the m
chine length, there is no point in decreasing it further, sin
even vacuum potentials fall off axially with a scale leng
equal to the radius of the conducting wall.13

III. EXPERIMENTAL RESULTS

For these studies, we define a confinement timet1/2,
which is the time required for half of the injected electrons
be lost to the wall. This time is determined by measuring
total charge remaining in the device as a function of the h
time. This multicycle process is possible because the sho
shot variation in the injected number of electrons is less t
1%.

Figure 2 shows the measured dependence oft1/2 on the
neutral pressure for the longest and shortest confinemen
gions we can produce,L577 and 15 cm. The neutral pres
sure is varied by leaking in helium gas to be consistent w
the experiments of Ref. 5. The axial magnetic field and c
ter wire bias are set at 250 G and230 V, respectively, and
the electron gun bias is210 V.

is
tic.

c-

ts.

FIG. 2. Confinement timet1/2 versus neutral pressure for confinement r
gions of two different lengthsL. The solid line has slope21.
1197D. L. Eggleston
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At high neutral pressures, the confinement time for b
lengths varies inversely with neutral pressure, consis
with expectations for transport produced by electron–neu
collisions.3,4 This scaling continues for the short confineme
region until we reach the lowest neutral pressures. T
longer trap exhibits anomalously short confinement time
gauge readings below 1027 Torr and the confinement time
becomes pressure independent at the lowest pressures.
test particle confinement results are consistent with those
served in previous plasma experiments.5

Figure 3 shows the dependence oft1/2 on the length of
the containment regionL with magnetic-fieldB as a param-
eter. The containment length is varied by changing the pla
ment of the confining gate potentials. The data show t
confinement time increases with decreasingL and with in-
creasingB. In Fig. 4 these same data are plotted withL/B as
the abscissa. The solid lines~explained below! have slope
22. The upper line fits our data well and shows thatt1/2
scales roughly as (L/B)22 over four decades.14

This same (L/B)22 scaling has previously been ob
served in pure electron plasma experiments.6,7 These experi-
ments take as their confinement timetm , the time for the
central density of the electron column to decrease by o
half. It is not clear how to comparetm with our t1/2, espe-
cially sincet1/2 probably depends on the radius of the co
fining wall. However, in a similar sized plasma experimen6

where both quantities were measured,tm was typically less
thant1/2 by a factor between 2 and 5. In the context of t
rough comparisons used in this paper, we ignore the dist
tion betweentm andt1/2 and, in Fig. 4, also plot the best-fi
lines from two pure electron plasma experiments~Refs. 6

FIG. 3. Confinement timet1/2 versus length of confinement regionL, with
axial magnetic-field strength~in gauss! as a parameter. Central wire bias
280 V and electron gun bias is210 V for these data.
1198 Phys. Plasmas, Vol. 4, No. 5, May 1997
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and 7!. Note that the line from Ref. 7 also provides a good
for our data. Even if our confinement time values are redu
by the factor mentioned above, they will still be comparab
to those in the plasma experiments.

Figure 5 shows the scaling oft1/2 with center wire bias
fcw . We have variedfcw over its entire range, including
both positive and negative values. Aside from the promin
dip in t1/2 at low values ofufcwu, there is only a weak de
pendence oft1/2 on fcw , with t1/2 decreasing by about a
factor of 3 asfcw changes from the most negative to th
most positive value.

The asymmetry between positive and negative value
fcw appears to be related to the initial radial distribution
electrons. For large, negativefcw , the radial losses occur a
the outer wall since it is energetically impossible for t

FIG. 4. Confinement times from Fig. 3 plotted versusL/B. The symbol
table gives axial magnetic-field strength in gauss. The lines have slope22
and are taken from the plasma experiments described in Refs. 6 and 7
upper line is also a good fit to our data.

FIG. 5. Confinement timet1/2 versus central wire bias. Aside from th
central dip, the confinement time shows a weak dependence on wire b
D. L. Eggleston
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electrons to reach the central wire. For large, positivefcw ,
the situation is reversed and the losses occur at the ce
wire. For the data shown, the electrons are initially close
the center wire than to the outer wall and, thus, the trans
and loss time is longer for negativefcw . When the electrons
are injected from our second gun and are initially distribu
at larger radii, the asymmetry between positive and nega
values offcw is reversed.

The large dip int1/2 is not understood at this time. Pre
liminary phosphor screen image data indicate that the di
due to an increase in electron loss to the central wire.
speed of the loss suggests a fluid instability~e.g., the dio-
cotron instability!, however, the transition from high to low
confinement is not sensitive to the test electron density
would be expected for such instabilities.

IV. DISCUSSION

These experiments provide important additional input
attempts to explain transport in these traps. We note first
the relatively low electron density in this experiment is t
low to support the axial standing waves so often observed8 in
pure electron plasmas. The damping of these waves dep
exponentially on the ratio (2a2/lD

2), wherea is the radius
of the plasma column.15 Since our Debye length is large
than the radius of the conducting wall, these modes sho
be strongly damped. It has been suggested that the len
dependent transport in these devices might have its origi
the length dependence of standing waves. Evidently, thi
not the case.

The second limit involves the role of electron–electr
collisions in the observed radial losses. Since the collis
frequency is proportional to density, this frequency is at le
102 times smaller in our experiment than in the plasma
periments~even if we ignore the higher electron temper
tures in our experiment!. Yet, all the experiments have com
parable confinement times. While it is conceivable that th
are unknown factors that differ in these experiments~e.g.,
size of construction asymmetries!, it seems unlikely that
these effects would cancel so well. Our data, thus, sugg
that the correct transport theory cannot depend critically
the electron–electron collision frequency,nee. As an addi-
tional check on the density independence of the confinem
time, we have varied the test particle density in our exp
ment by a factor of 10 using three different methods.16 None
of these gave a variation int1/2 of more than 30%.

The dependence oft1/2 on the central wire bias is also o
interest since this bias sets the radial electric field and aff
the azimuthal rotation frequency. Aside from the large d
for low fcw , the dependence oft1/2 on fcw is weak with
t1/2, varying only 30% asfcw changes by a factor of 5
~2150 to230 V! and the correspondingvR at the injection
radius changes from 3.45 to 0.693106 rad/s. This result con-
flicts, for example, with the notion that theB2 scaling of
t1/2 is a reflection of a more fundamental dependence on
azimuthalE3B rotation frequencyvR .

It is interesting to compare our results with the ba
concepts of the theory of single-particle resonant trans
due to field asymmetries.17 According to this theory,
Phys. Plasmas, Vol. 4, No. 5, May 1997
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asymmetry-produced transport is dominated by partic
having an axial velocityvz that satisfies the resonance co
dition v2mvR2kvz50, wherev, m, andk are the asym-
metry frequency, azimuthal mode number, and axial wa
number, respectively. The diffusion coefficient for this ty
of transport scales in different ways, depending on the m
nitude ofnee relative to the oscillation frequencyvT of par-
ticles trapped in the trough of the asymmetry potential.
usual in nonlinear theory,vT is proportional to the square
root of the asymmetry amplitude. For small values ofnee
~banana regime!, the diffusion depends linearly onnee. For
large values ofnee ~plateau regime!, the diffusion is indepen-
dent of nee. If the field asymmetries are large enough
produce overlapping resonances, stochastic radial trans
results, which is also independent ofnee. Thus, if one fol-
lows the theory, our results would indicate that transport
these traps is either in the plateau or stochastic regime.

Although we have not attempted detailed calculations
theoretical loss rates, stochastic transport would presum
be much faster than observed and, thus, be ruled out. It
seems unlikely, however, that the field asymmetry amplitu
is small enough that the plateau regime condition could s
be satisfied after reducingnee by a factor of 100. The actua
value ofvT is unknown since we do not know the amplitud
or spectrum of the background field asymmetries. Howev
it is interesting to attempt a rough estimate ofvT via a
simple experiment. An additional, externally controlle
asymmetry is added to the experiment by applying plus
minus dc voltages to the two halves of a sectored wall ring
the confinement region. The amplitude of the voltages is
creased until the plasma loss rate is twice the backgro
rate. This typically requires about 1 V. The maximum a
plitude of the Fourier modes produced by the applied asy
metry is then taken to approximate the amplitude of
background asymmetry. When this was done on the pla
experiment of Ref. 6 and the test particle experiment
scribed here, both experiments were found to be in the
nana regime rather than the plateau regime, and should,
exhibit transport that depends linearly onnee.

It is also possible that something else in the experim
plays the role of a collision. It has been suggested, for
ample, that high-frequency noise on the confining end pot
tials could produce a collision-like effect on the electrons.
check this, we have run our experiment with and witho
large capacitive filters on the confining potentials. Althou
a significant reduction of noise was achieved, no chang
the confinement time was observed.

In summary, we have measured the confinement time
low-density test electrons in a trap with a biased central w
We found that the confinement time is comparable in m
nitude and scaling to that obtained in pure electron plas
experiments, and that confinement time is only weakly
pendent on central wire bias. These results may provide
ful input to theoretical efforts to explain transport in the
traps.
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