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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
107 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. €997 American Institute of Physid$1070-664X97)01405-3

I. INTRODUCTION ture, increases the Debye length to the point where axial
modes should be strongly damped. Finally, this lowering of
Non-neutral plasmas have been studied for some tim&he density should also greatly reduce the electron—electron
both experimentally and theoreticaflyMuch of the recent collision frequency. In spite of these changes, we find that
experimental work has been performed on pure electroe test electron confinement time exhibits scalings with neu-
plasma traps similar to the one developed by Malmberg anga| pressure ant/B similar to those observed in pure elec-
deGrassié:® The geometry of these devices is cylindrical, tron plasma experiments. In addition, theagnitudeof the
and electron confinement is prOVidEd by a uniform aXialconfinement time is also Comparak(fer the Samd_/B) to
magnetic field and electrostatic end potentials. Since axiahat found in similar plasma experiments. Finally, we find
confinement is assured by making the end potentials highlyhere is only a weak dependence of confinement time on
negative, the confinement time is determined by radial transcentral wire bias and, thus, on tiiex B rotation frequency
port across magnetic-field lines. At high neutral gas presy,. These results validate our approach to the study of
sures (above ~ 107 Torr), the transport is produced by transport and limit the physical processes that can be invoked
electron—neutral collisions. Experimental studigsthis re-  to explain (/B) 2 scaling.
gime agree well with theoretical predictiohsBelow
107 Torr, the experimental confinement time is pressure

independeritand scales roughly as (B) 2, whereL is the Il. EXPERIMENTAL DEVICE
length of the plasma column ar8l is the axial magnetic-
field strengttf’ It is generally believed that this “anoma- The apparatus for our experiments is shown schemati-

lous” transport is caused by electric- or magnetic-field asym-cally in Fig. 1(a). A gold-plated copper tube with 3.05 in.
metries associated with construction imperfections. Experiinside diameteni.d.) is divided into eight electrically iso-
ments with applied electi¢ and magneti® asymmetries lated parts, each 6.00 in. long. Five of thékbeled S1-Sp
have verified that asymmetries do indeed produce transporare further divided azimuthally into eight equal sectors to
but a detailed understanding of this transport has not beeallow for future experiments with applied electric-field
achieved. One difficulty in these experiments is that the plasasymmetries. The interelectrode gaps are 0.050 in. A 0.014
ma’s response to the asymmetric voltages applied to the waih. diam inconel wire runs along the axis of the device. The
can be quite complicated, especially when standing wavewire is attached to a support on the right end of the machine
are excited. The presence of such collective, often nonlineagnd passes through a centered hole on the left end of the
processes makes it difficult to know the magnitude of themachine. It is then attached to a tensioning device that main-
asymmetric fields in the plasnfa. tains its tautness. The wire and its supports are also electri-

In this paper, we present results of confinement experieally isolated. This electrode structure is positioned along the
ments on a modified non-neutral plasma trap. A primary feaaxis of the main vacuum chamber, which was centrifugally
ture of this new device is the replacement of the plasmaast and then bored to an i.d. of 11 in. to minimize asymme-
column by a biased wire running along the axis of the traptries in the material and keep them far from the trap elec-
Low-density electrons injected into this trap have the samérodes. The use of magnetically permeable materials in the
basic dynamical motions as electrons in a pure electroelectrode structure was also avoided to minimize magnetic-
plasma:(1) axial bounce motion between the confining endfield asymmetrie. The entire device is placed in a long
potentials, and2) azimuthalExB drift motion produced by solenoid that provides a uniform magnetic-field variable over
the radial electric field of the plasma, or in our case, thethe range 0—625 G. Cancellation of the earth’s magnetic field
biased wire. Because of their low densitz {0° cm ), the  and fine alignment of the electrode and solenoid axes is pro-
electrons do not contribute significantly to the radial electricvided by two sets of “bent head” rectangular magnetic-field
field and, thus, act as test particles moving in prescribe@oils!! The base vacuum pressure is:880 ° Torr and the
potentials. The low density, together with increased temperaresidual gas consists mainly of hydrogen.
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However, the strong adverse radial shear inEheB veloc-
ity produced by the high initial negative bias on the center
FIG. 1. Experimental device and timing sequerfe Schematic of experi-  wire quickly disperses the electrotsWithin 100 us, the
mental device. Special features include a conducting axial wire, an off-axig|ectrons have reached a symmetric distribution with a peak
test electron gun, and a phosphor screen/charge collection plate diagnostj . _3 . . .
(b) Timing diagram for one cycle of experiment. Voltages applied to the Hensny reduced to f(bm ) Th'IS p,roces_s 1S shown in the
central wire, injection gate, electron gun, and dump gate are shawn. three phosphor screen images in Fige)1Since the time for
Phosphor screen images of the initial rapid dispersion of the injected elegparticle loss to the walls is much larger than this, we can
trons. This dispersion lowers the peak electron density foch® 3 and ignore the details of this initial rearrangement and take the
provides a suitable starting point for test particle confinement experiments;: . s . .
Images are showtfrom left to right of the injected beamté=0) and wo sf|||_ed d(_avu:_e as our initial cond!tlon. Thg el_ectron densny_at
later times(t = 5.9 and 11Qus). this point is !ow en_oggh that Its contrlbutlon_ to the ra_d|al
electric field is negligible for typical center wire potentials.

The reduced density, together with increased axial tempera-

The experimental timing sequence is shown in Figp)1  ture (typically >5eV) gives a Debye length greater than
Two of the electrodete.g., G1 and GRare used as injection 9-25 ¢m. This is larger than our wall radi(&87 cm and 22
and dump gates, which are normally held at a large negativimes larger than a typical pure electron plastaansity
potential (typically —140 V). The remaining cylinders are 10’ cm™®, temperature 1 eV, Debye length 0.23)crAl-
grounded. The center wire is also normally at a selected bia§!ough our Debye length is still small compared to the ma-
(—140 to+140 V). To start a cycle the bias on the centerchine length, there is no point in d_ecreas!ng it further, since
wire is set to zero. We then ground the injection gaygi-  €Ven vacuum p(_)tentlals fall off a>_<|ally with a scale length
cally, G1) and apply a negative pulsd.0-12.0 \J to an equal to the radius of the conducting wHll.
off-axis electron gun cathodef. Fig. 1(@)]. The diode gun
consists of a 0.1 in. diam oxide—_coated cathode wit_h a wirei | EXPERIMENTAL RESULTS
mesh anode. Two guns are available, one at a radius of 1.
cm and the other at 2.5 cm. After the gun is pulsed, the For these studies, we define a confinement timg,
injection gate is returned to a negative potential and the cerwhich is the time required for half of the injected electrons to
ter wire is switched first to- 140 V for 100 us and then to  be lost to the wall. This time is determined by measuring the
the selected final bias level. The electrons are now trappetbtal charge remaining in the device as a function of the hold
between G1 and G2 and are held for a variable time duringime. This multicycle process is possible because the shot-to-
which some of the electrons will be lost due to radial trans-shot variation in the injected number of electrons is less than
port to the walls. Finally, gate G2 is grounded, allowing the1%.
remaining electrons to escape axially along magnetic-field Figure 2 shows the measured dependence, gfon the
lines and hit a positively biased phosphor-coated screen. Theeutral pressure for the longest and shortest confinement re-
screen serves two diagnostic purpos@s: as a collection gions we can producé,=77 and 15 cm. The neutral pres-
plate, it provides a measurement of the total charge remairsure is varied by leaking in helium gas to be consistent with
ing in the machine at the dump time2) If the bias on the the experiments of Ref. 5. The axial magnetic field and cen-
screen is increased sufficiently, the phosphor will emit light.ter wire bias are set at 250 G and30 V, respectively, and
These phosphor screen images show the spatial distributicdhe electron gun bias is10 V.

(b FIG. 2. Confinement timer;, versus neutral pressure for confinement re-

gions of two different length&. The solid line has slope- 1.

of the electrons and, thus, along with the measurement of the

total charge, allow a computation of the electron density.
The electrons from the gun initially form a small-radius

off-axis column with a typical peak density of 16m™ 3.

(c
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FIG. 4. Confinement times from Fig. 3 plotted verdud8. The symbol

table gives axial magnetic-field strength in gauss. The lines have sl@pe

and are taken from the plasma experiments described in Refs. 6 and 7. The
upper line is also a good fit to our data.

FIG. 3. Confinement time-, versus length of confinement regian with
axial magnetic-field strengttin gaus$ as a parameter. Central wire bias is
—80 V and electron gun bias is10 V for these data.

and 7. Note that the line from Ref. 7 also provides a good fit

At high neutral pressures, the confinement time for bothfor our data. Even if our confinement time values are reduced
lengths varies inversely with neutral pressure, consistery the factor mentioned above, they will still be comparable
with expectations for transport produced by electron—neutraip those in the plasma experiments.
collisions®* This scaling continues for the short confinement Figure 5 shows the scaling of, with center wire bias
region until we reach the lowest neutral pressures. They., . We have variedp,,, over its entire range, including
longer trap exhibits anomalously short confinement times aboth positive and negative values. Aside from the prominent
gauge readings below 10 Torr and the confinement times dip in 7/, at low values ofl ¢/, there is only a weak de-
becomes pressure independent at the lowest pressures. Thgs@dence ofry, on ¢.,, with 7;,, decreasing by about a
test particle confinement results are consistent with those olfactor of 3 as¢,, changes from the most negative to the
served in previous plasma experiments. most positive value.

Figure 3 shows the dependencegf, on the length of The asymmetry between positive and negative values of
the containment regioh with magnetic-fieldB as a param- ¢, appears to be related to the initial radial distribution of
eter. The containment length is varied by changing the placeslectrons. For large, negativk,,, the radial losses occur at

ment of the confining gate potentials. The data show thathe outer wall since it is energetically impossible for the
confinement time increases with decreasingnd with in-

creasingB. In Fig. 4 these same data are plotted WitlB8 as
the abscissa. The solid lindexplained below have slope 12 ——————
—2. The upper line fits our data well and shows thab
scales roughly asL(B) 2 over four decade¥ 10 o Fog0 Boz0& 4
This same (/B) 2 scaling has previously been ob-
served in pure electron plasma experimérthese experi- T, (sec) 2
ments take as their confinement timg, the time for the 6| 9
central density of the electron column to decrease by one- 0 ¥ o00,%
o
[o]
e}
Q
8

half. It is not clear how to compare,, with our 7,,,, espe- a1
cially since 71, probably depends on the radius of the con-
fining wall. However, in a similar sized plasma experimgnt,
where both quantities were measureg, was typically less 0 Y S
than 7,/, by a factor between 2 and 5. In the context of the 0 %0 80 80 120 150
rough comparisons used in this paper, we ignore the distinc-

t.ion betweenr,, and 71, and, in Fig. 4, also p!Ot the best-fit £ 5. Confinement timery,, versus central wire bias. Aside from the
lines from two pure electron plasma experime(fRefs. 6  central dip, the confinement time shows a weak dependence on wire bias.
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electrons to reach the central wire. For large, positlyg,  asymmetry-produced transport is dominated by particles
the situation is reversed and the losses occur at the centrBfiving an axial velocity , that satisfies the resonance con-
wire. For the data shown, the electrons are initially closer tgition @ —mwg—kv,=0, wherew, m, andk are the asym-
the center wire than to the outer wall and, thus, the transpofhetry frequency, azimuthal mode number, and axial wave
and loss time is longer for negativk,,. When the electrons number, respectively. The diffusion coefficient for this type
are injected from our second gun and are initially distributedof transport scales in different ways, depending on the mag-
at larger radii, the asymmetry between positive and negativgitude of v relative to the oscillation frequenay of par-
values of g, is reversed. ticles trapped in the trough of the asymmetry potential. As
The large dip inry, is not understood at this time. Pre- usual in nonlinear theorywy is proportional to the square
liminary phosphor screen image data indicate that the dip i§00t of the asymmetry amplitude. For small valuesigf
due to an increase in electron loss to the central wire. Thébanana regime the diffusion depends linearly om.e. For
speed of the loss suggests a fluid instabili#yg., the dio- large values ob (plateau regimg the diffusion is indepen-
cotron instability, however, the transition from high to low dent of ve.. If the field asymmetries are large enough to
confinement is not sensitive to the test electron density, agroduce overlapping resonances, stochastic radial transport
would be expected for such instabilities. results, which is also independent of.. Thus, if one fol-
lows the theory, our results would indicate that transport in
these traps is either in the plateau or stochastic regime.
IV. DISCUSSION Although we have not attempted detailed calculations of
Otheoretical loss rates, stochastic transport would presumably
é}e much faster than observed and, thus, be ruled out. It also
seems unlikely, however, that the field asymmetry amplitude

These experiments provide important additional input t
attempts to explain transport in these traps. We note first th

the relatively low electron density in this experiment is too . . .
low to support the axial standing waves so often obsérired is small enough that the plateau regime condition could still

pure electron plasmas. The damping of these waves depent sat|sf|ed_ after reducmgee by a factor of 100. The acFuaI
exponentially on the ratio-a2/\2), wherea is the radius value of w1 is unknown since we do not know the amplitude

of the plasma colum# Since our Debye length is larger or spectrum of the background field asymmetries. However,

than the radius of the conducting wall, these modes shouIH, is interesting to attempt a .rough estimate @f via a
be strongly damped. It has been suggested that the Iengtﬁ'—mple experiment. An addmon_al, externally _controlled,
dependent transport in these devices might have its origin jgSymmetry is added to the experiment by applying plus and

the length dependence of standing waves. Evidently, this i%inus dc voltages to the two halves of a sectored wall ring in
not the case ' the confinement region. The amplitude of the voltages is in-

The second limit involves the role of electron—electronCreased_ until .the plasm.a loss rate is twice the packground
collisions in the observed radial losses. Since the collisior{ate' This typically requires about 1 V. The maximum am-

frequency is proportional to density, this frequency is at IeaspIitUde of the Fourier modes produced by the applied asym-

107 times smaller in our experiment than in the plasma ex netry is then taken to approximate the amplitude of the

periments(even if we ignore the higher electron tempera- backgroun? afs;I/Qm;nthry. \(lj\l?ﬁn :h'sf[ wast'dlone on t'he pltazma
tures in our experimeptYet, all the experiments have com- exp_grl(rjnﬁn 0 b teh- an et es pa;r 'C(ej tex%erl_metﬂ be-
parable confinement times. While it is conceivable that thergCM0€d Nere, both experiments were found to be in the ba-
are unknown factors that differ in these experimefeg. hana regime rather than the plafceau regime, and should, thus,
size of construction asymmetrjesit seems unlikely that exh|b|_t transport that depends I|ne.arly OF. .
these effects would cancel so well. Our data, thus, suggest Itis also possible tha.lt something else in the experiment
that the correct transport theory cannot depend critically oP'&ys the rolg of a collision. l.t has been suggested, for ex-
the electron—electron collision frequenay,.. As an addi- e}mple, that hlgh-frequenp){ noise on the confining end poten-
tional check on the density independence of the confinemer]i\f?]IS COUIQ produce a collision-like effect on the electror]s. o
time, we have varied the test particle density in our experi—C eck this, yye hgve run-our exp.er.|ment W'th and without
ment by a factor of 10 using three different meth&tislone large capacitive filters on the confining potentials. Although
of these gave a variation iny, of more than 30% a significant reduction of noise was achieved, no change in
2 . . .
The dependence af;;, on the central wire bias is also of the confinement time was ohserved.

interest since this bias sets the radial electric field and affect]s Ig SUT”;ar)t” \;VG thave _meatsured.ttﬁe (t:)gnfln(;ementt t||mg of
the azimuthal rotation frequency. Aside from the large dip ow-aensity test electrons in a trap with a biased central wire.

for low ¢y, the dependence ofy, on g, is weak with We found that t_he confinement. timel is comparable in mag-
71, varying only 30% ase, changes by a factor of 5 nltude_ and scaling to that thalned in pure electron plasma
(—150 to—30 V) and the correspondingg at the injection experiments, and tha}t cohflnement time is only wea!dy de-
radius changes from 3.45 to 0890° rad/s. This result con- peqdent on central wire bias. These re§ults may prqwde use-
flicts, for example, with the notion that the? scaling of ful input to theoretical efforts to explain transport in these

712 1S a reflection of a more fundamental dependence on thaps.

azimuthalE X B rotation frequencywg.
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