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Achieving pure electric confinement of high-charge-state plasmas
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In this Brief Report, a confinement physics analysis presented previdsy. Dolliver and C. A. Ordonez,
Phys. Rev. E59, 7121 (1999] is extended to consider three-dimensional electric confinement instead of
one-dimensional electric and two-dimensional magnetic confinement for thermal, high-charge-state ion plas-
mas in nested-well solenoidal traps. Self-consistent numerical results are presented.

PACS numbd(s): 52.25.Wz

Penning traps are typically used to confine fully non-potential that forms the inner well\ ¢, be small enough to
neutral plasmas with only a single sign of chaf@é More  allow overlap is satisfied iA p=<T,./e, whereT, is the elec-
recently, Penning traps having nested, oppositely signedfon temperature in energy units aads the unit charge. A
electric potential wells have been studied for confining opSequirement that the ions be adequately confined axially
positely signed overlapping plasma spedi2s4]. One ex-  Within the inner well is satisfied iA $>T;/(Z€), whereT;
periment involving electrons and ions has been repdBéd is the ion temperature in energy units ahé the ion charge
In a previous ana|ysis’ use of a nested Penning trap for corplate. These two conditions can be simultaneously satisfied if
fining overlapping electron and high-charge-state ion plaseitherZ>1 or Te>T;. While the use of ion and electron
mas was considerdd]. In that analysis, the applied electric plasmas with disparate temperatures could result in overlap,
potential confined both plasma species axially, and a unifornif the two plasmas thermalize the overlap will cease. In the
magnetic field throughout the trap provided radial confine-present work, as in Ref4], static confinement of high-
ment of each species. The overlap region was considered &harge-state ions and equal temperature electrons is consid-
be neutral. Here, an extension of that work is presented igred.
which a denser electron plasma creates an overlap region One possible use of the configuration considered in the
with an overall negative space charge. lon confinement iPresent work is as a source of high-charge-state ions. In ad-
both the radial and axial directions is brought about by &dition, the configuration may be suitable for highly con-
three-dimensional electric potential well created by the retrolled studies of atomic processes that occur in high-charge-
gion of negative space charge together with the applied elegtate plasmas. By controlling the depth of the three-
tric field. It should be noted that radial magnetic confinement
is possible only for particles with a cyclotron radius smaller
than the trap inner radius. Because they have a smaller cy-
clotron radius, electrons require a smaller magnetic field for
radial confinement than ions of equal temperature. A con- ]
figuration in which only the electrons need be magnetically (a) 2rw
confined allows the use of a significantly smaller magnetic |

field.

The nested Penning trap configuration illustrated in Fig. 1 overlap
is considered. The trap consists of five cylindrical electrodes region
aligned end to end along a uniform magnetic field. The cen-
ter electrode is grounded, the electrode on either side of it is
held at a positive voltage, and the outer pair of electrodes is
held at a negative voltage. The central region of the trap
bounded on either side by regions of positive potential is
referred to as the “inner well.” Each region of positive po-
tential on either side of the inner well is referred to as an (® B
“end well.” The entire region in which particles may be (arb. outer well
confined, including both end wells and the inner well, is units)
referred to as the “outer well.”

The outer well provides axial confinement of the elec-
trons. The purpose of the inner well is to confine ions. How-
ever, it is possible to have electrons overlap the ions and
achieve neutrality or even a negative charge density within
the inner well. There are two possible scenarios for a signifi- FIG. 1. The electrode configuration of a nested Penning(aap
cant overlap if both plasma species follow the Boltzmannand an example of the electric potential along the axis of the trap
density relation axially, and the ions remain adequately con¢b). A solenoidal magnetic field parallel to tzeaxis provides radial
fined. A requirement that the magnitude of the change irconfinement of the electrons.

electrons
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FIG. 2. Self-consistently determined electrostatic potential along
ne R
. . . IR
r=0, r=r,/2, andr=r,,. The applied potential is that alorg N
w ’ w s> O O 4
=r,, . Parameters used for the computation are provided in the text. 0.05 IzI (m)

dimensional potential well, near perfect ion confinement can FIG. 4. Self-consistently determined ion density. Parameters
be achieved. Near perfect axial confinement of the electrongsed for the computation are provided in the text.

is also possible by electrostatic means. Furthermore, it may

be possible to achieve near perfect radial confinement for thghe midplangat z=0), wherea= —2.3/In(1— \p /r,,). This

electrons through the use of a rotating electric field techniqugype of profile causes the plasma density to decrease near the
[6]. A rotating field could be applied to one of the end well 5, (atr=r,) primarily within one Debye length o [3].
regions, which should provide for radial electron confine-The electron plasma is assumed to follow the Boltzmann
ment throughout the trap. A constant electron temperaturge|ation along each axial magnetic field line. Debye shielding
and consequently a continual overlap of the inner well, could. ;ses the self-consistent value fop to be smaller than the
be maintained by external heating of the electrons. Therej,c,um value. Overlap of the inner well by the electron
fore, the overall state of the plasma can be highly static. plasma, which is noticeable in Fig. 3 by looking at the elec-
The results of a self-consistent two-dimensional computag, density along =0, causes there to be a negative poten-
tion showing a high-charge-state ion plasma being confinedy| within the inner well as shown in Fig. 2. The ions are

electrostatically are shown in Figs. 2-4. The computationysgymed to follow the Boltzmann relation in three
makes use of a finite difference method with simultaneougyiensions  within~ the  inner  well ni(r,2)
H | 1

over-relaxation[3,4,7. As in Ref.[4], ions with a 3 keV =n,(0,0)e 24— ¢  Ag is evident in Fig. 4, the
temperature and a density ofx110*m~2 at the geometric L '

center of the trap,r(,z) =(0,0), are considered. The ions are mensions and voltages are the same as in [@&&fThe cen-
overlapped by an quual temperature electron plasma with @) electrode has a length of 5 cm and is held at zero volts.
density of 2<10*°m™* at (0,0). Argon ions are chosen and Thg glectrode on either side of the central electrode has a
at a temperature of 3 keV have a distribution of 24'1%Iength of 2 cm and is held at 6.7 kV. The outermost elec-
charge state- 16, 36.0% charge state17 and 39.9% charge {gdes have a length of 0.5 cm each and are held82 k.
state +18, according to the corona model of charge statg=4ch of the electrodes has a radius of 0.5 cm. Considering a
equilibria[8]. Other charge states _account fqr less _than Q-lo/ﬁwagnetic field of 0.2 T, the ion cyclotron radius is 1 cm, and
of the total. For convenience a single species of ions is asg would not be possible to magnetically confine the ions in
sumed, having a charge state equald7.2, the average the 0.5 cm radius trap. The electrons are magnetically con-
charge state determined by the corona model. The eIectrqqhed, having a cyclotron radius of 0.65 mm.
radial profile is chosen as in R¢B] ash(r)=1—(r/r,)“ at For a plasma trapped in a potential energy well, if the well
depth is much larger than the plasma temperature then the
loss regions in velocity space become negligibly small, and
the plasma can be reasonably approximated as following a
Maxwell-Boltzmann phase-space distributipsee, for ex-
ample, Eq(7) of Ref.[4] and the remarks thereaftein the
self-consistent computation, the potential energy well depth
RN is more than an order of magnitude larger than the plasma
I T TR temperature both axially for the electrons and in three dimen-
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R TR “E:Ij::“\: sions for the ions. This is consistent with using the Boltz-

ions are confined in all three dimensions. The electrode di-

W
R

SRR

Rt

AR
:‘\t Wy s

\:\\:‘ ! LAY “\}\\ Wl
*§3§‘§§§§“‘“¢ mann density relation axially for the electrons and axially
'..\.\-\»\{{R{{\\“{R&(\':tttxiis“\“Im\“\“\\ and radially for the ions and signifies that both plasma spe-
uQ{\\\\\W\\\\\\\\\\\‘\\\\§$§$§$§s§§3“‘—‘“‘ cies will have essentially full Maxwellian velocity distribu-

““}\“\\\\\X\\,\\\\““\" tions. Consequently, neither plasma species should be af-

R “\ fected by the instabilities that arise in magnetic mirrors from

0.05 Izl (m) the presence of loss cones. However, although the ions do
not experience cyclotron orbits and should have no free en-
FIG. 3. Self-consistently determined electron density. Paramergy for instabilities themselves, the presence of the ion
eters used for the computation are provided in the text. plasma can be expected to affect radial electron transport and
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possibly cause some other instability in the electron plasma. m;
Without knowing what effect the ions will have on radial ni,max:me
electron transport and what radial profile the electron plasma

will relax to, the choice made for the radial electron densitywheremi andm, are the ion and electron masses. Note that
profile at the midplane is one similar to profiles commonly ¢, overlap to occureA ¢/T,<1 ande ®*#'Te is of order
observed for relaxed plasmas in Penning traps. It should alsﬁ’hity. For an argon plasma of average charge statel7,

be merjtioned that, in the self-consistent computation, the ioH1i /Zm~4000. Due to the large mass difference between
mass is not a factor and the results also apply 0 @ tWOg|ectrons and ions, the density of ions can be significantly
temperature plasma. For example, the results apply 0 hydrgs e than the Brillouin ion density limit. For the self-
gen ions with a temperature reduced by a factor of 17.2 anglyngistent results shown in Figs. 2 —4 and a magnetic field of
a density increased by a factor of 17.2. However, hydrogeg » T, the maximum argon ion density<L0* m ~ 2 is much
ions would gradually be lost from confinement as the ionlarger than the Brillouin ion density limit 2571012 m™2.

temperature increases due to electron-ion collisions. | nrevious work, a plasma trap was considered that con-
As illustrated with the self-consistent computation, the in-yaineq electrons and high-charge-state ions, which were con-
ner well of a nested Penning trap can have a negative chargg,a axially by electrostatic means and radially by a mag-
density and provide for three-dimensional electric confineygtic field. In the present work, self-consistent results for a
ment of the ions. Consequently, the Brillouin density limit jjjon_charge-state ion plasma that is radially and axially con-
for non-neutral plasmas in solenoidal fields does not directly; o q by an electrostatic potential well are presented. The
apply to the ions in such a configuration. The Brillouin limit ,ienia| well arises from both the electrode and electron
IS ng=€oB“/2m, whereB is the magnetic field strengtmis  139ma contributions to the potential. Because only the elec-
the particle mass, ane, is the permittivity of free space. {ons need to be magnetically confined, the required mag-
Within an end well, where the plasma is completely unneuyggic field does not need to be produced using expensive
tralized, the electron density, ¢, will be limited. In consid- superconducting magnets. While, in Réf], a magnetic
eration of this, an expression for the maximum ion densitye|q of 10 T was considered so that adequate radial ion con-
can be obtained. First, assumge, equals the Brillouin  fihnement would be possible, in the present work a 0.2 T
electron density limitne cw=nge- If the electrons follow the  agnetic field is sufficient because the ions are completely
Boltzmann relation, the electron density within the inner well ;g fined by a three-dimensional electric potential well. The
o i . e CAGIT TSR _ _ _ =1l
is given byne i, =ngee” ***'Te. A situation in which anega- trap configuration considered here may be used for ion con-
tive charge density exists within the inner well results in anfinement at densities exceeding the Brillouin limit and
electric field that is directed radially inward and that cangpgyid be suitable as a source of high-charge-state ions and

serve to keep the ions radially confined. To calculate the,s a means to study atomic processes in high-charge-state
maximum ion density that can be confined, consider as gjasmas.

limit the ion density that results in neutrality within the inner
well, Nj nax="Neiw/Z. Writing the density in terms of the This material is based upon work supported by the Na-
Brillouin ion density limitng; yields tional Science Foundation under Grant No. PHY-9876921.
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