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plasmas confined on magnetic surfaces is fundamentally
different from previously studied configuratiofs.

The Columbia Nonneutral Torus is a new stellarator In contrast to other magnetic surface configurations,
experiment being built at Columbia University, New York,a stellarator has the advantage that it can be steady state
to study the confinement of nonneutral and electron-and does not require internal currents. This means that it
positron plasmas. It will be a two-period, ultralow aspect can be operated at arbitrarily low density, which is an
ratio classical stellarator configuration created from four important advantage for making nonneutral and electron-
circular coils. The theory of the confinement and trans-positron plasmas since these will be very low density
port of pure electron plasmas on magnetic surfaces ixompared to quasi-neutral fusion plasmas. A stellarator,
reviewed. The guiding principles behind the experimenthe Columbia Nonneutral Tord€NT), is currently being
tal design are presented, together with the actual expereonstructed specifically to investigate the physics of non-

imental design configuration. neutral plasmas confined on magnetic surfaces. This paper
reviews the theory of nonneutral plasmas confined on
KEYWORDS: fusion, stellarator, nonneutral plasma magnetic surfaces and discusses some of the experimen-

tal parameters that are of importance to a nonneutral
stellarator experiment. We also present the design of the
CNT stellarator, which is unique in that it will be ultra-
high vacuum; will be very low aspect ratio; and will

I. INTRODUCTION require only four simple, circular planar coils.

Confinement systems that use magnetic field lines
alone have several advantages over those that use mdl-CONFINEMENT OF PURE ELECTRON PLASMAS
netic and electric fields, such as the Penning trap. Some
of these advantages are the ability to confine positive and  The equilibrium of a pure electron plasma in a mag-
negative particles simultaneously and the ability to connetic surface configuration is described by a self-consistent
fine light, energetic particles. Closed toroidal fi€llF) ~ equation for the electrostatic potenfial
line systezns have been used to confine pure electron o ob
plasmas;#and more recently, magnetic surface config V2 = — N(dz)exp( - )) 1 (1)

e

urations have become of interest as confinement devices &0
for nonneutral plasmas? The physics of pure electron
where ¢ is the magnetic surface coordinate; that is,

*E-mail: tsp22@columbia.edu each magnetic surface is described/by constant The
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temperature is taken to be constant on a magnetic surface at
due to rapid thermalization along field lin@s= To(¢/). o> Te ", (4)
The functionN(y) indirectly specifies the density pro- Ao

file. The equilibrium plasma flow is wherer, is the electron collision time, and the estimate

Vp . . Vi above is valid for small Debye lengths, and direct orbit
Ue = (— - Vd)) X B/82 +—B. (2)  losses(bad orbitg are neglected since the large electric
en B field should prevent significant orbit losses.

) During the initial formation phase of a pure electron

It can be shown that this flow cannot cross the magste|larator plasma, the electric field will be weak, and the

netic surface8.The parallel flow adjusts itself to make scaling law above will not hold. The magnetic surface
the total particle flux divergence free, even if the perpentonfiguration itself will provide excellent confinement

dicular particle flux is not. With closed TF lines, or in a gf passing particles, but there will be some direct orbit

Penning trap, the parallel flow cannot do this, and hencggsses until the space charge electric field becomes suf-
contours of constant density and electrostatic potentiajcient to significantly alter the particle orbits.

must coincide to keep the perpendicular particle flux
divergence free.

The equilibrium electrostatic potential given by ED.
minimizes an energy-like quantity I1l. CONFINEMENT OF PARTLY NEUTRALIZED

AND ELECTRON-POSITRON PLASMAS

1
— 2
U= f(} eo(Ve)* + N(w)T(w)exp(ecb/T(«p))) dv A stellarator confines both positive and negative par-
ticles simultaneously whether space charge and internal
1 currents are present or not. This allows the study of plas-
= f(‘ goE? + p) dv . (3)  mas of arbitrary neutralization, a field of plasma physics

that is currently largely unexplored. Positive particles,
ions or positrons, will be very well confined in an electron-
rich plasma by the overall negative space charge as well

s by the magnetic surfaces. As one slowly neutralizes
he plasma, the electric field weakens as the density rises.
Jhe electron confinement time will then e

The equilibrium electron density increases near pos
itive image charges. Although this is what would be
naively expected, it is in contrast to what happens in th
Penning trap and the pure TF trapwhich have electro-
static potentials that maximize the potential energy, an
the electron plasma tends to move away from positive at
image charges. However, the energy-like quantity that is Ty~ Te—r . (5)
minimized in equilibrium in a magnetic surface config- A&
uration is not the free energy, so this does not guarantee
stability of all possible configurations. Further work is  This is a similar scaling to that of a pure electron
needed to develop proper stability criteria of pure elecplasma; however, the Debye lengt is replaced by the
tron plasmas confined on magnetic surfaces. Coulomb length

2
(ne + ny) .

II.LA. Confinement AL = L, (6)
. . o (Ne = np)?

Confinement in a nonneutral stellarator is limited by
neoclassical diffusion, and possibly direct orbit losses, ifiwheren, is the electron density ang}, is the density of
the nonneutral stellarator does not possess quasi symmide positive species, assumed to be a proton or a positron.
try. In addition to the curvature ariB drifts, the EX B In a quasi-neutral plasma/Ac is on the order o<1,
drift also causes particles to drift away from the magnetiovhereas in a pure electron plas@yac = a/Ap > 1.
surfaces, to the extent that the electrostatic potential is A partly neutralized plasma may be characterized by
not constant on a magnetic surface. The electrostatic p@/Ap > a/Ac > 1. The confinement time given by E)
tential contours do match very closely to the magnetids long in this limit, and that may allow significant accu-
surfaces in any region with appreciable plasma densitynulation of positrons injected into a stellarator contain-
unless the Debye length is large. ing an initially pure electron plasma, even with the

In addition to the rotational transform, the 6B relatively weak positron sources available todalence,
drift can be sufficiently strong to cause particles to movethis may be an attractive way to create the first laboratory
poloidally on magnetic surfaces, squeezing in their driftelectron-positron plasma.
orbits. In the limit where this effect is dominant, a simple As predicted by this scaling, confinement can be-
scaling estimate yields the following particle confine- come very poor as the plasma becomes quasi neutral
ment timé: unless the stellarator has quasi symmetry.
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IV. IMPORTANT PARAMETERS FOR A NONNEUTRAL V. DESIGN OF THE CNT
STELLARATOR EXPERIMENT

To guide the design of the CNT, we have identified - Pes9" Criteria

important physics parameters for a nonneutral stellar- The CNT is the first experiment specifically de-
ator. Specifically, we have focused on parameters of imsigned to study the physics of nonneutral and electron-
portance to confining pure electron plasmas. The mosgositron plasmas confined in a stellarator. Based on the
fundamental physics parameter of any plasma physicghysics analysis just presented and the mission of the
experimentis/Ap, whereais the smallest characteristic CNT as a university-based, inexpensive basic plasma phys-
size of the plasma—in the case of a stellarator, the minoics experiment, the CNT was designed according to the
radius. For the electron cloud to be a plas@ap > 1 following criteria, roughly in order of importance:

should be satisfied. In a nonneutral plasma experiment,

including the CNT, this is a nontrivial constraint that 1. good magnetic surface quality without large is-

requires careful matching of the injected electron energy lands and ergodic regions and resilience against
to the plasma potential or some method of cooling the magnetic field errors

plasma after it has been injected. Particularly important

in a nonneutral stellarator &/Ap > 1, given the pre- 2. ultrahigh vacuum levek:3 X 10~ 1° torr, to pre-
dicted strong scaling of the confinement time waii p, vention contamination and to make neutral inter-
Eq.(4). Another important parameter is the timescale for actions(such as neutral dragegligible

ion accumulation due to ionization of background neu- i
tralst, . Whenr, > 7, electron plasmas will decay before 3. @ value ofe:B large enough to allow the ratio of
being significantly contaminated. When< 7., ions will perpendicular-to-parallel-dynamical timescales to
significantly neutralize an initially pure electron plasma be large

before it decays away. It is desirable to maximize both
timescales since either one can trivially be decreased. A
large r; will be achieved through the ultrahigh vacuum

design and operation at low plasma temperature. Alarge 5 maximum physics flexibility, including the abil-

N

. a simple coil system that could be constructed
quickly and inexpensively

7, can be achieved by making the Debye length short ity to change iota and shear profiles

compared to the system size, although there is a trade-off

involved, which will be addressed in the following. 6. a simple and inexpensive vacuum chamber, but
A key issue for a nonneutral plasma on magnetic with good port access for vacuum pumps, diag-

surfaces is whether the plasma truly equilibrates on a nostics, etc.

magnetic surface through parallel dynamics faster than

the EX B drift can take the plasma away from the mag- 7. the ability to access configurations with some mag-
netic surfaces. In a quasi-neutral plasma, this is basically netic shear.

always true, but the EX B drift can be very large in _ _ _
nonneutral plasmas. The timescale for perpendicular dis-  In contrast to fusion stellarator designs, we did not
tortions is the Ex B rotation timer, = 27a/(E/B). The ~ consider magnetohydrodynam{®HD) stability nor
parallel thermal equilibration time, can be approxi- Optimization for neoclassical confinement, such as in-
mated by the time it takes a thermal particle to movecorporation of quasi symmetry. MHD stability is likely
along the magnetic field to fully explore the magneticirrelevant to the extremely tenuous plasmas studied
surface. The ratio of the two timescales can then be ex nonneutral plasma physics. Although an optimiza-

pressed as tion of the magnetic configuration for neoclassical
confinement would likely also be beneficial for non-

Texp  Ta/Vexp )\D\/FB neutral plasma confinement, it was decided that incor-

= ~ eL—,— poration of quasi symmetry would make the coil design

T TR/ wi n and fabrication too difficult to achieve with the rela-

A - tively modest resources available for the CNT. Also,
= 2B (2\/5 b /_°> , (7) the E X B drift will significantly alter the particle or-
a \2mn bits. If the number of Coulomb lengths can be made
B ) . o _ . large enough, the mirror force responsible for the mag-

whereng = 80B%/2m, is the Brillouin density. Since petic drifts and trapped particles will be small compare
t<1,e<1,theconditionstha/Ap > 1andr, /n>1 (g the force from the electric field, and the particle
can only be satisfied simultaneously\f(ns/n) > 1,  orbits will be determined primarily by the & B
which is well-satisfied in most nonneutral plasma experdrift and parallel electric fields. This should drasti-
iments. The CNT is designed to operateinxﬁeB/n) > cally reduce prompt orbit losses, even for a classical
1 regime as well. stellarator.
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V.B. Overview of Design Parameters

The CNT will be an ultralow aspect ratio, two-period
classical stellarator capable of operating in three signif:
icantly different configurations. The three configurations
correspond to three different angles between the two in
terlocking(IL) coils(see Figs. 1 and)2In addition to the
IL coils, only two other coils are needed: the poloidal
field (PF) coils (see Sec. V.C for details on thgs@he
main parameters of the experiment are listed in Table |

The aspect ratio is ultralow, especially for the 64-deg
configurationA = 1.5. This is evident from the three-
dimensional renderings of the last magnetic surface, show
in Fig. 3. The average minor and major ratiiandR)
and the aspect ratié are defined as in the VMEC code,
which equatesra? with the toroidally averaged cross-

Fig. 3. Looking from above, a rendering of the outermost mag-
netic surface for the 64-deg configuration, with the top
IL coil shown. The low aspectratio is particularly strik-
ing in this view.

sectional area of the largest flux surface and then defines
2wR=V/ma?, whereV is the volume of the largest flux
surface. For such an ultralow aspect ratio and a shape
that does not resemble an axisymmetric tokamak shape,
(h) other definitions ofa and R give somewhat different
results forA.

Fig. 1. Computer-aided design drawings of the CNT experi-

ment:(a) is a cutaway view of the experiment, showing ) )

the PF coils and the IL coils inside the vacuum cham-V-C. Coil Design

ber, suspended from brackets welded to the inner di- . . . .
ameter of the vacuum chamber. The coil configuration is perhaps the simplest of any

stellarator constructed, consisting only of four circular,
planar coils in two identical pairs: two IL coils and two
PF coils, creating a two-period, low aspect ratio, classi-
cal stellarator configuration.

The PF coils will be placed outside the vacuum
chamber, will have an average radius of 108 cm, and
will carry 30 to 50 kA-turns when the IL coils are at
full current. They will be wound from rectangular cop-
per conductor with a central water cooling channel. The
two IL coils will be wound from rectangular hollow
copper conductor, with an average coil radius of 40.5 cm
encased in a Type 316L stainless steel vacuum jacket.
The two coils(see Fig. 2 are placed vertically inside
the vacuum chamber, each coil suspended on brackets
welded to the vessel inner diameter, with the leads com-
ing out through the top and bottom vacuum vessel
flanges, respectively. The vertical distance between the
centers of the two IL coils will be 63 cm, and the angle
between the two coilgthe tilt angle can be changed
Fig. 2. The IL coils mounted on their brackets) shows the ~ from 64 to 88 deg with an intermediate angle at 78 deg.

two coils at an angle of 64 deg, afio) shows them at  The coil dimensions and placements are shown in Fig. 4.
an angle of 88 deg. The design current is 170 kA-turns limited by a 200-kW

(a) (b)
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TABLE |
Overview of Parameters for the Three Different Magnetic Configurations in the CNT Stellarator
IL Coil PF Coil Magnetic Field | Plasma | Average Major [ Average Minor

Tilt Current Current on Axis Volume Radius,R Radius,a Aspect Ratio,
Angle | (kA-turns) | (KA-turns (T) (m?3) (m)2 (m)2 A=R/a=1/e?

64 170 40.3 0.31 0.230 0.303 0.196 15

78 170 43.9 0.28 0.128 0.319 0.143 2.3

88 170 46.8 0.26 0.131 0.325 0.143 2.4

arollowing the definition used in the VMEC code; see discussion in text.

£
=
Q
o
£
iy
=
L=y
5
<1

Avg. dlam. 2,16
0.405

(a) (b)

Fig. 4. The coil configuration for the 64-deqg tilt angle is showr{@aha side view andb) a top view.

direct-current(dc) power supply that will be used for withtwo large PF coils, was developed by Rudakov €fal.,
the experiment. The added complexity of having thewho based their configurations on earlier work by Gour-
coils inside the vacuum chamber, especially with thedon et al? For the CNT design, a Fortran code was
strict requirements on the vacuum, was determined tdeveloped that takes advantage of the simple analytic
be acceptable given the tremendous physics flexibilityformulas for the magnetic field of a current ring in terms
that comes from the ability to change the tilt angle.of elliptic functions, eliminating the need to integrate the
Equally important, it allowed an eightfold increase in Biot-Savart formula along the current paths in the coils.
B by allowing more copper in the coiléncreasingB  This code was used to further optimize the design, to
for the same power supplya larger IL coil tilt angle determine the optimum tilt angles and the optimum ratio
(which increases iojaand larger plasma minor radius of IL to PF coil currents, and to determine the suscepti-
(since the toroidal vacuum chamber was actually cuthbility of the coil configurations to field errors caused by
ting off good magnetic surfacesThe cylindrical vac- coil misalignments, winding transitions and current leads,
uum chamber, described in Sec. V.E, was also morand magnetic materials. Because of the analytic formu-
easily designed and manufactured than a toroidallyas, the code runs very fast, and these studies were per-
shaped chamber would have been. formed on a standard Pentium-based workstation.

lota profiles as a function of radius are shown for
different tilt angles in Fig. 5. It is clear that both iota and
the magnetic shear vary significantly as functions of the

Given the tenuous plasmas to be studied in the CNTilt angle. For example, at an angle of 64 deg, the central
only the vacuum magnetic fields were considered in theota is ~0.15, with iota increasing to 0.24 at the plasma
optimization of the magnetic fields for the CNT. The basicedge, whereas iota is nearly 0.6 on axis and slightly lower
configuration, consisting of two interlocking circular coils at the plasma edge at an IL coil angle of 88 deg. At

V.D. Magnetic Field
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calculations here assume for simplicity that the neutrals
are hydrogen atoms, which is not an unreasonable as-
sumption as hydrogen often dominates in the ultrahigh
vacuum range. The electron confinement time>i$ h

as predicted by Eq4), dominated by electron-electron
collisional transport. The ion contamination time is a
very strong function of temperature though. Af =

5 eV, 7 = 2.4 s, which is still rather long but now
significantly shorter than the electron confinement time
as well as the experimentally achievable pulse length.
The magnets are powered by a 200-kW dc continuous
o wave power supply. This limits the maximum B-field
on the magnetic axis to 0.3 T but allows plasma exper-
s Y T YT E— ,  iments with coil flattop currents lasting-15 s at full
Distance From Magnelic Axis (m) current and>60 s at half the design current. Although
the coils are continuously water cooled, the coil conduc-
tors will heat up more or less adiabatically during a
full-current pulse, and the allowable temperature rise of
the copper determines the maximum pulse length.

intermediate angles, iota is at an intermediate value, and
the configuration is nearly shear free. The field error
analysis shows, not surprisingly, that configurations withV!- RELEVANCE TO FUSION STELLARATOR RESEARCH
iota going through low-order rational values are much
more sensitive to field errof$ These tend to have smaller

Fig. 5. lota profiles for different angles between the IL coils.

The CNT research program can contribute to stellar-

volumes, too, as outer surfaces break up due to the<dor fusion research in several ways. The role of the elec-

resonances. Three working tilt angles were chosen: 64/IC field in confining plasma in stellarators is a very
@ctive area of research, and the CNT will explore the

78, and 88 deg. These tilt angles yield large magneti . :
surface volumes and relative resilience against field er€Xreme case where the electrostatic potential energy of

rors, and they scan the range of iotas from 0.15 to 0.581€ Particles completely dominates their kinetic energy.
and represent three generic shear configurations: posf-N€ ultrahigh vacuum and very low plasma densities will
tive (stellarator-like, near zero, and weak negative Make the mean free path of particlesns or electrons

(tokamak-like shear. Shear is predicted to be important€Xtrémely long, allowing detailed studies of collisionless
in suppressing diocotron instabilitiésThe three tilt an-  ©"Pit confinement. The simplicity of the CNT coils; the

gles also represent three rather different shapes, as shofiremely low aspect ratio; the large, high-quality mag-
in Fig. 6. netic surfaces; and the relative resilience to magnetic

field errors are all attractive features for a future fusion

device, but the configuration will need to be optimized

for high-beta stability and neoclassical confinement be-
The vacuum chamber, shown in Fig. 7, is con-fore it could become a serious candidate for a fusion

structed from Type 316L stainless steel. It consists ofeactor. Such an optimization, based on a parameteriza-

an upright cylinder and two domed ends, with varioustion of relatively simple coils rather than a parameteriza-

ports. The top dome is removable for installation andtion of the plasma surface shape, and with a starting

repositioning of the IL coils. The inside of the vacuum point in the CNT configuration, might lead to a fusion

chamber is electropolished, and only metal seals aréptimized stellarator with significantly simpler coils than

used. It is bakeable to-200°C and should reach a vac- the designs presently being considered.

uum of <2 X 10710 Torr. The vessel has been leak

checked and is awaiting final pumpdown to its base

pressure after installation of the IL coil suspensionVIl. CONCLUSION

brackets.

V.E. Vacuum Chamber

The CNT is being constructed specifically to study
nonneutral and electron-positron plasmas confined in a
stellarator. The design is a compromise between the
need to build the device as easily and economically as

A desirable operational point for initial pure elec- possible and the desire to access the most interesting
tron plasma studies could bg = 10*? m 3 and T, = parameter regimes of such a device. We arrived at a de-
1 eV. At this point, and at the 88-deg tilt angle, sign with a simple coil configuration: two adjustable IL
a/Ap =~ 25, 7, /7y =~ 15, andr, =~ 2.7 X 10° s. The in-vesselcoils; a significant magnetic field strength; large,

V.F. Expected Plasma Parameters and Discharge
Scenarios
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Fig. 6. Poincare plots of the magnetic surfaces at the two principal toroidal pliefiesnd righ) for the three chosen tilt angles:
64 (top), 78 (middle), and 88 degbottom).
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