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Initial experiments on asymmetry-induced transport in the Occidental non-neutral plasma trap found
the radial particle flux at small radii to be proportional<zb§, whereg¢, is the applied asymmetry
amplitude. Other researchers, however, using the global expansion rate as a measure of the transport,
have observed ab; scaling when the rigidity(the ratio of the axial bounce frequency to the
azimuthal rotation frequengyis in the range of 1-10. In an effort to resolve this discrepancy,
measurements have been extended to different radii and asymmetry frequencies. Although the
results to date are generally in agreement with those previously repoftedsdaling at low
asymmetry amplitudes falling off to a weaker scaling at higher amplijudesne cases have been
observed where the low amplitude scaling is closeﬁio Both thegzbfl and ¢>; cases, however, have
rigidities less than 10. Instead, tkfé cases are characterized by an induced flux that is comparable

in magnitude but opposite in sign to the background flux. This suggests that the mixing of applied
and background asymmetries plays an important role in determining the amplitude scaling of this
transport. ©2002 American Institute of Physic§DOI: 10.1063/1.1436493

I. INTRODUCTION decrease by one-half and found that this confinement time
. . . scaled like ¢, ™ with 1.7<m<2.1. This scaling roughly
Malmberg—Penning traps are now being used in a vari- 2 : .
; . ; agrees with plateau-regime scaling, although the voltages
ety of experiments. Understanding the properties of theseg P g 9 g 9

. . . Hsed in this experimeriup to 40 volt$ would seem to be
traps is thus of considerable practical as well as fundament?nuch t00 high to satisfy the plateau regime requirement

interest. It has long been known that the confinement in More recently, Kriesel and Drisci® have employed

Malmberg—P_ennmg raps Is "”.“ted by the presence of aSYMg itched dc voltages applied at the end of the plasma column
metric electric and magnetic fields. Early confinement stud- . .
to study this transport over a wide range of parameters. For

ies found that at low neutral pressures the confinement time ost of these experiments thev used the rate of chanae of the
was much less than expected from transport due to electrof P y 9

neutral collisions. It was suggested that this anomalousmean-square—radiuSV (with the background rate subtracted

transport was due to the presence of electric or magnetieﬁ)_ to characte_rize the transport_. They found two tran s_p_ort
fields that break the cylindrical symmetry of the trap. The'€dimes determined by the experimental value of the rigidity,

presence of such asymmetries would produce a radial corﬁ(‘-’hiCh is thel ratio of the axial bounce 'fr.equency to the azi-
ponent to theEX B or VB drift that would lead to particle muthal rotation frequency. When the rigidity was between 1

; ; 1
loss to the walls of the trap. This suggestion led to a numbefd 10, the expansion raty Zscaleq like 7, whereas
higher values of rigidity gave &j7 scaling.

of experiment$® employing applied asymmetries in order i L ‘a )
to study the transport in a controlled manner. Most of the ~ Our earlier studiesin a modified trap(described below

experiments have used electric asymmetries since these dfnd that the time rate of change of thezglasma density
easily applied and manipulated using the sectored wall pordVdt (measured at one radiuscaled like ¢~ for small
tions of the confinement region of the trap. asymmetry amplitudes and like;* for larger amplitudes.

A basic issue of asymmetry_induced transport is the SCa|The radial fluxI" was found to have a similar Scaling. The
ing of the transport with asymmetry amplitude. Currentfigidity for these measurements was sm@pproximately
theory predicts two transport regimes depending on the am0-2), and our¢§ scaling thus seemed to contradict the result
plitude of the asymmetry potential in the plasnga For  Of Kriesel and Driscoll. The expansion ratey, however, is
smaller amplitudegthe plateau regimethe radial fluxI" is ~ related to a radial integralof the particle fluxI', so the
proportional to the square of the asymmetry potengidl  contradiction could not be established by measuremerits of
For larger amplitudesthe banana regimethe flux scales at a single radius. We have thus expanded our range of mea-
like the square root of the asymmetry potentgi. surements to resolve this issue. Although the results are gen-

Previous experiments on amplitude scaling have used @rally in agreement with those previously reported, we have
variety of measures to characterize the transport and hawgbserved some cases where the low amplitude scaling is
applied the asymmetries in different ways. Notte and Fdjanscloser to gb;. Both the 4)2 and qb; cases, however, have
applied a switched dc voltage to a 50 degree wall patch imigidities less than 10. Instead, we find that thbcases are
the central part of the confinement region. Following earliercharacterized by an induced flux that is comparable in mag-
work, they measured the tims, for the central density to nitude but opposite in sign to the background flux.
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FIG. 1. Schematic of the Occidental trap. The usual plasma column is re- L;' 2 4 ]
placed by a biased wire that maintains the basic dynamical motions of low >
density injected electrons. The low density and high temperature of the ‘2
injected electrons largely eliminates collective modifications of the vacuum 8 17 1
asymmetry potential. The 40 wall sectors allow for the application of asym-
metries consisting of essentially one Fourier mode.
O T
0.8 .
Il. EXPERIMENTAL RESULTS 0.6 - (b) - fBa((:)kg;oll\J/IT-ldz n
Our experiments are performed in the modified 041 — f=1.0MHz ]
Malmberg—Penning trap shown in Fig. 1. A thin biased wire "-’E 0.2 | .
(0.356 mm diamrunning along the axis of the trap provides o 00
the radial electric field usually produced by the non-neutral 2
plasma column. Low density electrons injected into this de- 5 %7 |
vice have the same dynamical motions as those in a normal -0.4 1 ]
non-neutral plasmé.e. axial bounce and azimuthal drift mo- -0.6 -
tions), but collective contributions to the asymmetry poten- .08
tial are largely eliminated since the lower density (&6 2)
and higher temperatur@ eV) of the electrons give a Debye . ©) P '
length larger than the trap radius. This is important because DA 4] 7 AN ]
the plasma response to applied wall potentials can be nonlin- ‘YE ~ ~ ]
ear, thus confusing studies of the transport scaling. The O 24 .
asymmetry potential within the confinement region of our 2
trap is essentially the vacuum potential and we need not be 5
concerned with plasma modifications of the asymmetry po- Z 0
tential. Despite these changes in the plasma parameters, the g T Ff%kg?mdz
confinement time scaling with no applied asymmetfies £ -2 - o f: TomHz M
shows the samel(B)? dependence found in higher density - '

787

experiments?!? thus supporting the notion that the 0 1 5 3
asymmetry-induced transport is a single particle effect.
The confinement region of our trap is divided into 40
wall sectors(five axial divisions, each with eight azimuthal FiG. 2. Sample data showir@) a typical density profile, (b) the change
divisiong and these are used to produce the applied asynin density due to asymmetriegn, and(c) the calculated radial fluX" vs
metry. We use ac voltages at a variable frequefgipce this radial positionr. The asymmetry fr_equencies are chosen for their ability to
. . . produce transport at different radii.
gives us an additional experimental parameter that can be
varied independently of other quantities. By judiciously se-
lecting the amplitude and phase of the signal applied to each
sector we can produce an asymmetry consisting of essen-
tially a single Fourier mode, thus eliminating the sum overheld for 1600 ms at which point the asymmetry is switched
modes in the transport thednand making for a simpler on for a variable length of time. At the end of an experimen-
comparison between theory and experiment. For these exal cycle the asymmetry is switched off and the electrons are
periments we produce a helical standing wave with axial andiumped onto a phosphor screen. The resulting image is digi-
azimuthal mode numbers equal to 1. The dominant asymmaized with a cooled charge-coupled device camera. A radial
try potential is thus given, to good approximation, by cut through this image gives the axially-integrated density
profile n(r,t) of the electrons. Sample data are given in Fig.
2 to orient the reader. The density profile taken 1600 ms after
injection is shown in Fig. @). The electrons form an annu-
wheredg, is the asymmetry potential at the waRjs the wall  lus centered on the center wire and are broadly distributed in
radius(3.82 cm, L is the length of the confinement region radius. To show the character of the radial transport we apply
(76.8 cm, w=2=f, andzis measured from one end of the an asymmetry withp,=0.2 V for 5t=100 ms and show the
confinement region. resulting change in densityn for two asymmetry frequen-
Electrons are injected into the trap from a 2.54 mm di-cies in Fig. Zb). The background change in densityith no
ameter gun at =1.65 cm, but are quickly dispersed into an applied asymmetnyis also shown for comparison. Thign
annular distributiort® In these experiments, the electrons aredata can then be integrated to give the radial flyx
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FIG. 3. A typical data set showing the computed quandity,t) vs time  F!G: 4. Log—log plot of the net asymmetry-induced flk' vs the applied
with asymmetry amplitude as a parameter. The slope of these curves givé§ymmetry amplitude at the wafl, with radial positionr as a parameter.

the radial fluxI'=dg/dt. Herer=1.02 cm andf=1.0 MHz. The asymmetry frequendyis 1 MHz. Lines of slope one and two are shown
for comparison. For the cases shown the low amplitude scaling is close to
3 -
roo,oon(r’t)
Iry=-- o dr'- — amplitude asymmetries, in agreement with plateau-regime

o . _ ~ theory. At higher amplitudes, the scaling exponent falls off to
as shown in Fig. @). Note that the induced transport is quite 3 smaller value in the range 0.5 to 1.4. This may indicate a
different forf=0.35 MHz and 1.0 MHz and that both inward transition to banana_regime sca"ﬂd/Z, but the data is not
(I'<0) and outward ['>0) fluxes are observed. The fre- sufficient to support this conclusion. Note that there is no
quency dependence of the transport is believed to be evigramatic dependence of on radius, so if we were to calcu-
dence for the dominance of the transport by resonanfate the expansion rat&v as in Ref. 8 the low amplitude
particles® For this paper, however, we are using these tWoscaling would still bqug_
frequencies simply to exploit their ability to produce appre-  Exploration of our parameter space has found some
ciable tranSpOI.’j[ at different radsma” radii forf=1.0 MHz cases Showing Sca”ng C|Oser,ﬁi and some of these cases
and larger radii forf =0.35 MH2. are shown in Fig. 5. For these paramet@s above except

For this study it is useful to take density profiles at vari- f=0.35 MH2), the ¢ cases occur at smaller radii whits?

ous times and then to numerically integrate the density t@ases occur at larger radii. Again, a calculation of expansion

obtain the quantityg(r,t): rate would not yield ap} scaling. Cases showingé scal-
1(r ing also occur forf=1.0 MHz for radii near 1.4 cninot
g(r,t)y=— FJ r'dr’-n(r’,t). shown in Fig. 4 for clarity. The appearance @;5; scaling is
0 thus not due to the change of frequency.
The time derivative ofg(r,t) then gives the radial particle Kriesel and Driscoll found that their amplitude scaling

flux I'(r,t) =dg/dt. Figure 3 shows a typical set of data. The regimes were correlated with rigidity, with thﬁ cases oc-
quantityg(r,t) is plotted vs the time after injection for vari- curring for rigidities greater than 10 an;bﬁ cases for rigidi-
ous asymmetry amplitudes. Here=1.02 cm andf=1.0 ties less than 10. To test this correlation, in Fig. 6 we plot the
MHz. A line is then fit to the initial slope of these curves to scaling exponenin versus the rigidity for the cases we have
obtain the radial flux. This method produces less error than
calculating the flux fromdn taken at one time. Note that, at

the higher amplitudes and later times, the slope changes as 10
the initial plasma is modified by the transport. Plotting the

‘o

data in this way thus also allows us to note and avoid these (\',8 10° 5 N
saturated cases. Finally, note that the flux is not zero for zero  § DDCPU
applied asymmetry, i.e., there is a positive background flux & 1o : DDDV E
I'y, and that the asymmetry-induced flux at this radius is E St
negative[cf. Fig. Zc)]. x 10 Ridiuso'é:m)

Figure 4 shows the magnitude of the net induced flux T s 076
AT =T ipguceq= o] VS asymmetry amplitude, with radial g 103 sl
position as a parameter. The experimental conditions are 2 o " 279

similar to those of Ref. 5, Fig. &enter wire bias=—80 V, 0.01 o1 1 10
B=365 G,f=1 MHz). The log—log plot allows us to deter-
mine the scaling exponem, whereAT « ¢}'. Typical error
bars are. shown, and lines of slope one and. tV\.IO are drawn f(?!IG. 5. Log—log plot of the net asymmetry-induced flsX' vs the applied
comparison to the data. The results are similar to those reo\'symmetry amplitude at the wafl, for f=0.35 MHz. For the lower radii
ported in Ref. 5: the net flux scales roughly Iibbé for low  the scaling exponent is close to 1.

Asymmetry Amplitude ¢4 (V)
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FIG. 8. The scaling exponemh shows a correlation with the ratio of the
FIG. 6. Scaling exponenh vs rigidity. No correlation is observed with this  packground flux', to a typical induced fluq 3 .

parameter.

exponent vs the ratio of the background flux to the induced

X at a typical asymmetry value of 0.3 V. The correlation
here is good, withm=2 cases corresponding to smaller val-
ues ofl'y/T"y 3y and them=1 cases corresponding to larger
negative values.

considered. Note that all these cases have rigidity less th
10 (the borderline value for the Kriesel-Driscoll regimes
and, more importantly, that the same value of rigidity gives
both m~1 and m~2 cases. Thus, in our experiment the
scaling exponent is not correlated with rigidity.

We have tried to find correlation with other parameters
as well. Since our experiments use a nonzero asymmetr‘;'/'- DISCUSSION
frequencyf, it might make sense that the rigidity should be  The fact that oum=1 cases occur when the background
modified fromfy/fg to f,/(f—fg) since presumably this fiyx js comparable in magnitude to the induced flux suggests
ratio measures rigidity relative to the asymmetry. A plot of 5 simple mixing of applied and background asymmetries.
the data, however, shows no correlation of the scaling exposyppose that the true flux scaling s ¢§ and that when
nent with this modified rigidity either. Other quantities that pgth g background asymmetey, and an applied asymmetry
fail to correlate withmincludef—fg, (f—fg)/fr, I'o, and 4 are present they add directly. The total asymmetry
induced: o o squared is themh2+ 2, o+ ¢3, and if p,< ¢, we obtain

A re-examination of the original data for time=1 cases I'—Tyx,. Such a model, however, is not consistent with
shows typicaly vst plots like the one shown in Fig. 7. Here he details of the experimental data or with the theory. At
r=0.76 cm andf=0.35 MHz. For these cases, the back-|east one experimental case where the flux scales dike
ground flux is comparable in magnitude to the induced fluXgccurs in the middle of our plasnia=1.4 cm,f=1.0 MH2)
Following this clue, we have plotted in Fig. 8 the scalingyjth 42 cases at smaller and larger radii. The above model

would then require a background asymmetry that is peaked
in the middle of the plasma and it is hard to imagine how

1o such an asymmetry could be produced. This direct addition

model is also inconsistent with the theory, which says the
-11.5 { flux is given by a sum of terms, one for each Fourier mode
120 | produced by the asymmetries. In our case, the background
= A asymmetry is statici.e., zero frequengywhile the applied
‘\"E 125 N, asymmetry has a nonzero frequency. These will necessarily
o 130 give different Fourier modes that, according to the theory,
g 135 | should not add directly. It would seem that the explanation
o ' for our observed correlation must be at a deeper level than
-14.0 simple addition of asymmetry potentials.
145 | It has been suggestédhat the¢, scaling is due to the
large size of the asymmetries employed in some experi-
'15'2600 1650 1700 1750 1800 ments. In these cases the small-perturbation assumption of

the quasilinear theory is violated. If the applied asymmetry is
time (ms) large enoughé¢>kT), particles will be excluded fronfor
FIG. 7. Typicalg vst data for cases yielding a scaling exponent near 1. Thepulled intg the vicinity of the biased wall sector. The per-

magnitude of the background transport is comparable to that of the inducefHrbation of the distribution functioaf would thus be large
transport. Herg =0.76 cm andf=0.35 MHz. and saturated.e., no longer dependent on the perturbed po-
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tential in the plasma¢). Since the transport goes like the =0.5—1.4) for larger amplitudes. We have found some cases
productsf 8¢, the dependence would be linear in the asym-that give a low-amplitude scaling exponent closer to 1. These
metry amplitude. While this model might explain some ex-cases are not correlated with rigidity as in Ref. 8 but occur
perimental resultgfor example, the fall-off of our scaling when the induced flux is comparable in magnitude but oppo-
exponent with asymmetry amplitugdét does not seem con- site in sign to the background flux. We do not yet understand
sistent with the bulk of the data, either in our experiments otthe reason for this correlation.
those of others. For example, when we obsepyescaling, it
is observed even at very low asymmetry amplitudes. In conacxNOWLEDGMENTS
trast, Notte and Fajans observca!tf1 scaling even at ex-
tremely high asymmetry potentials. It is also not understood ~ This work was supported by U.S. Department of Energy
Why this model should depend on r|g|d|ty, S0 it cannot ex-Grant No. DE-FG03-98ER54457. Summer Stipend for B.C.
plain the two scaling regimes observed by Kriesel andvas provided by NSF—CAMP.
Driscoll.
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