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A new experimental device has been constructed to study the flux build-up and sustainment of a
field reversed configuratiofFRC) with a rotating magnetic fieldRMF). Even though complete
penetration was expected from RMF theory, the RMF field was observed to penetrate only a few
centimeters inside the FRC separatrix. Despite the limited penetration, significantly larger toroidal
currents(40 kA) were driven than in previous experimefits2 kA) with the same RMF field. The

high currents and lack of deep penetration allowed the axial field to be the dominant field throughout
the FRC. The radially inward pondermotive force arising from axial screening currents at the FRC
edge had a significant influence on energy and particle confinement, reducing convective losses to
the limit of observability. With only ohmic heating, the measured low ion temperat@re¥) left

the ions unmagnetized while the electrots40 eV) were well magnetized. No destructive
instability was observed for the RMF driven FRC despite the lack of a strong kinetic ion component.
© 2000 American Institute of Physid$51070-664X00)96305-5

I. INTRODUCTION B, (20 G used to generate it. The FRC was also formed in

a flux conserving coil and operated in a manner that pre-

Fusion resegrch n Fece”‘ years has focused on the tok\”}énted FRC plasma contact with the vacuum vessel wall.
mak concept which, while reaching near break-even thermoz

. . X STX was also equipped with diagnostics that shed light on
nuclear conditions, has resulted in large, expensive react%e effect of the RME on confinement as well

des;IgnS. :;Q'S rd;iCtﬁteSAelelod”iEg nO\r/EIli,d s;mp;lerthandﬁ IFdS_S STX was designed so that the FRC could be produced in
costly configurations. cading ca ate 1s e Meld-he conventional manner, i.e., by rapid field reversal in a

reversed configuratiofFRC), a compact toroidal geometry, field reversed theta pinch caiFRTP). In this way, the pos-

which is the geo_metrlcally simplest, mo;t compact, z_and h'.gh'sibility of sustaining a preexisting FRC could also be inves-
est power density of all currently studied magnetic fusion

confinement schemasit has also been recoanized that thetigated, as well as obtaining a measure of the influence of the
X L g MF on the decaying FRC. It was also possible to form the
linear geometry, high plasma pressure, and linear exhaust

the FRC make it the ideal candidate for space propuIsioqolfcprggui;g%oilwF alone, using the fast field reversal only
applications® - . . .
FRCs are presently made in a high voltage pulsed devicgecThe paper is arranged into the following sections. The

called a field-reversed theta pin€RRTF). Even though the ond section will give a brief review of the physics rel-

) - vant to RMF penetration. This will follow -
results from the largest FRC experiment to date |nd|cate§ ant 1o penetrafion. IS be followed by a de
. . . scription of the STX experiment. Results from experiments
confinement scaling adequate for fusibit,was also clear

A . will be presented in the fourth section. Based on the results,
”‘?t the FR.T.P Initiation me_thod could not pro_wde the ea disch;sion of future directions will presented in the final
quired confining closed flux into the reactor regime. There IS action
a method that has been investigated experimentally for years '
that generates the toroidal currents directly by means of a
transverse rotating magnetic figl@MF) as illustrated in Fig.  1I. RMF THEORY
1478 past experiments have been limited to currents of only . .
a few kiloamps, so that the confining axial magnetic field  When applied to a plasma embedded with a constant
generatedB,, was no larger than the rotating fiel, . The axial magnetic field in a flux conserving coil, the RMF drives

effects of the RMF on the FRC plasma confinement weré® strong azimuthal current that reverses the direction of the

also unknown as the plasmas generated in these experimeffidial magnetic field, and produces the field reversed con-

were partially ionized and in contact with the vessel wall. flguration (see Fig. 1 Unlike FRTP formation, where this
A new experiment, the Star Thrust Experimésirx),2 current is driven by an induced azimuthal voltage caused by

was constructed at the University of Washington of a sizé® 'apid reversal of the external field, the RMF current is
and power such that the axial field swind, (200 G, pro- driven in an inherently steady state manner which allows for

duced by the RMF field, was much larger than the RMF fieldthe sustainment of the configuration. A starting point for un-
derstanding the current drive process is the generalized

Ohm’s Law,

*Paper DI11 Bull. Am. Phys. Sod4, 84 (1999. o ) )
finvited speaker. E=gj+jXBIne=g[j+(wce/ vei)] X &1, ()]
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Axial Field Coil depth for a conductor in an RF field. The regime of interest,
however, is that of a hot, low resistivity plasma with;

V cos(wt) Vosin(at) <wce. In this regime, the Hall term dominates and the so-
l : lution to Ohm's law vyields j,~nero and j,

~E,/(nw2/2v2), which implies that the electrons are in
synchronous rotation with the RMF and that their axial os-
A ‘ cillation is severely restricted. This suggests an effective re-
B V sistivity of 7eq=nw2/2v2, and an effective skin depth of
— - : ' Oeft= (wecel Vei) 6.
; : One can then define two dimensionless parameters that
describe the RMF penetration condition,

Vo= Wcel Vei, AN=RIF, (38
Rotating Magnetic where
Field

1/2
il O) R. (3b)

27y

Penetration can be maintained as longygs\."®

The inferred STX electron temperature from pressure
balance wag .~40eV. The experiments were performed at
an RMF frequencyw=2.2x 1P rad/sec, and at an average
RMF vacuum fieldB ,= 20 Gauss. The density at a radius of
15 cm was found from axial interferometry to be5b
x10"®¥m~3. These conditions imply a~65, with a vy,
=375. These values are well above critical and the RMF
field would be expected to fully penetrate the plasma.

It should be noted that the Hall term has two compo-
nents: the(j,B,) term acting in thed direction, and(j,B)
term acting in ther direction. It should also be noted that
sincej,, B,, andB, vary in time at the frequencyrye, the

B
FIG. 1. RMF current drive in a cylindrical flux-conserving coil. Vo= ( enw A=
n

whereB has oscillating components in tideandr directions
(By,B;) due to the RMF at a frequeneygryr, and a steady
axial field provided by the axial field coilsee Fig. 1 If the
Hall term j X B/ne is small compared to the resistive term,
E,= nj, is positive, and from Faraday’s lawg/dt is nega-
tive. This means poloidal flux is leaving the FRIEss field
reversal and it is decaying. With the Hall term includdsd,,

for sufficiently small# or largej,B,, can be negative. The
axial current is driven by an induced axial electric field, and
the Hall term has the opposite sign @f,. WhenE, is
negative,d¢/dt is positive, flux is entering the FRC, and it

's growing (more field reversal In the fluid picture, the pondermotive forces i andr directions have both a steady

e oD, Comb) At and an sty parta a equency e Due
2 y P the effect of the first(j,B,) force, the electron fluid will

(j,B;) produces an azimuthal force that opposes the ohmic

1j - In the particle picture, the electrons are magnetized inattam that steady value of azimuthal velocit,, that cor-

the RMF and rotate cosynchronously with it, while the muchresponds to Fhe balancing of the St?"’?dy accelerating torque
o . . by the retarding torqué&ue to the collisions of the electrons
more massive ions remain unmagnetized.

A requirement on the RMF is then that the electrons sta;)N'th the ions. In this way a steady azimuthal current den-

magnetized while the ions are not, Sity,

Vei< O (2a o= —Newgye, (4)

is produced.

@ci < WRMF< Wce- (2b) Now consider the effect of the second, radially acting
The first part of this requirement is obvious from the ex-(j,B,) force. When it acts on the electron fluid, a counter-
tended form of Eq(1), if the Hall term is to dominate over acting radial electrostatic field is produced which stops the
the resistive term. The condition on the RMF rotational fre-flow of radial current, as is the usual response of a conductor
quency assures that the ions do not also corotate with thehen the Hall effect is significant. This radial force was
RMF, as this would eliminate the current drive. Even if thefound to be quite significant in the experiment as it provided
ions are not magnetized in the RMF field, it is also necessar@ confining force that inhibited the radial diffusion of
that the electrons do not transfer their momentum to the ionplasma.
over a long time scale. Two-fluid calculations show this is
achieved with minimal fueling rates since the fuel ions are
deposited with zero angular momentum, and they diffuse oufy; THE STX EXPERIMENT
faster then they gain momentum from collisions with the
electrons. The STX vacuum wall consists of a 3-m long, 40-cm

The second requirement on the RMF is that it penetrateliameter quartz plasma tube that is surrounded by four turn
the plasma. The RMF effective skin depth should be on theolenoidal coils to provide an axial confinement field. Spe-
order of the FRC'’s radius. The solution of Ohm’s law, ne-cial “half” turn antennas, described below, produce the ro-
glecting the Hall term, is characterized by the RMF penetrattating magnetic field. A schematic of the device is shown in
ing a distanced=(27/wue)*?, which is the resistive skin Fig. 2.
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Current feedplate 20:1 Air Core Transformer
/ 99 % coupling efficiency
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RMF antenna Axial magnets End View Parallel Resonant Circuit IGBT Power Supply
AntennaL= 0.6 uH 25 MW supply

FIG. 2. Schematic of the STX device. RMF antenna length was 2 m. Capacitance = 0.35 uF *12 || IGBT’s
f=0.35MHz V, - 1IkV, 1, -1500A
I.=+5kA, V=+65kV
Q=60
The RMF is generated by two mutually perpendicular FIG. 3. RMF antenna driver system.

coils running the length of the experiment and driven 90 deg
out of phase. To satisfy field uniformity constraints, each
antenna colil is separated into two parallel coils, where they. EXPERIMENTAL RESULTS

coil separation is set by a Helmholtz-like minimization to be ) .
R when the wires are at radil® from the axis of the ma- STX was equipped with a bank that allowed for the fast
chine. The antennas are placed outside the confinement coif€versa! of éhe ax(ljal ma?nre]tlc field. With th? abll(;ty to fform
at R=36 cm. The large radius provides for greater field uni-2n FR_C indepen en_t of the RMF, severa _modes o .FRC
formation and sustainment could be examined experimen-

formity inside the 20-cm plasma tube radius and minimizes . )
y P tally. Due to the pulse nature of the power supplies, the time

the higher harmonic content in the RMF. The contammaﬂoqhat the flux could be held constant on the main pinch coil

from higher harmonics was found to be detrimental to RMFWas limited to roughly 0.5 mesee Fig. 4. This, however,

penetration in numengal analysis of the RMF current dr'Vewas sufficient to establish an equilibrium condition and gain
near the RMF antennas. information about the power input and losses from the FRC.

_ Inorder to drive the RMF antennas, the two power SUProm Fig. 4 it can be seen that the FRC separatrix radius,
plies were capable of delivering several megawatts for the

duration of the experiment in order to rapidly ionize the
plasma and heat the electrons to a temperature such that the

. . . 200 .
WS Ve IS satisfied. The antenna power was provided by a B i 4915 3
resonant tank circuit driven by Isolated Gate Bipolar Tran- ) '%°F 3
sistor (IGBT) switches which are very high current on-off 0 3

solid state devices. Each of two power supplies employs 1EBRMF48 3 E
GBTs in parallel, with a primary current on the order of 12 (G) w0k ;
kA. This current passes through the primary of a 20:1 air

. 02F ;
core transformer, the secondary of which forms a parallel LC R o \\//k‘j

tank circuit (Q~60), where the inductor is the RMF an- (m) ™ £ 3
tenna. The tank circuit higlQ transforms the square wave ]2 3 i
nature of the switch into a sinusoid. The parallel tuned circuit N .
holds the voltage on the antenna constant, so that as th(19' o \M
plasma load increases, more current is drawn from the supplh 40 F

with minimal drop in antenna field. A schematic of the RMF (eT\“/) w0k M\
driver system is shown in Fig. 3. The resulting RMF field oL

wave form during a plasma discharge is shown in Fig. 4. The 10
RMF frequency was 350 kHz for these experiments. The (F}r; 5
filling gas for all results presented was deuterium. The RMF 0
driven FRC discharge was initiated as the neutral gas wa:
pumped away from and original static fill of 20 mTorr. This

was done to allow for a glow discharge to be initiated at highrig. 4. Time history for various plasma parameters during a discharge

fill pressure, and then to be maintained down to very lowwhere a FRTP FRC is producedtat0. B, is the external axial field at the
filling pressures desired for the experiments. The fill pressur@'al MidplaneBeye iS the magnitude of thé component of the RMF at
e wall radius (=20 cm), R is the FRC separatrix radiubl is the FRC

WaS gstimated _tO be less than 0.3 mTorr at the time of FR article inventory,T, is the electron temperature, afy is the FRC total
initiation (t=0 in all plots. plasma energy.

1
Tovsthalies i

bt
)

0 0.2 0.4 0.6
Time (ms)



1948 Phys. Plasmas, Vol. 7, No. 5, May 2000 J. T. Slough and K. E. Miller

From this probe the end flow increases steadily during the
decay of the initial FRTP FRC. It is not until the RMF FRC
is established that the end flow is reduced to near zero. For
the case where there is RMF from the initiation of field re-
versal, the flow is significantly reduced from the start. From
this and other analysis given elsewh@iie,is believed that
the FRC stability and particle confinement are dramatically
150 : : : = improved by the presence of the RMF fields at the FRC
100 (b) e avem S separatrix. Although previous RMF experiments were oper-
E 3 ated for 100 s of Alfven times, these experiments were un-
able to determine the quality of confinement due to wall
contact. Basic plasma stability was also unknown since the
observed gross stability could be due to either wall stabiliza-
tion or continual regeneration of the magnetic structdre.
From previous analysis!! the RMF must diffuse radi-
ally inward into the FRC in order to drive current. The time
scale for penetration into conducting cylindrical plasma of
radiusR is roughly given by

-100 §

1 R?

Tpen ™~ g Mo -
pen 8 7]

Time (ms)

Using the equilibrium values for the RMF FRC,

Position of triple probe in jet 4, Toer~0.7ms. The actual ramp-up time could be made as

24 W | short as 0.05 ms, indicating that the resistivity of the decay-
@ ing FRC is much greater than classical at 40 eV. Langmuir
12 triple probe data indicate that the electron temperature is
0= he——————— ~15 eV in the initial FRTP FRC, but even at that tempera-
20 1.6 12 08 04 0 ture an anomalous factor is still inferred. After the RMF FRC

FIG. 5. Time history of the axial magnetic field at various radii from the IS for_meq, if the RMF field I_S s_epa_rated from the '_:RC’ repen-
internal magnetic probe. The probes were separated by roughly 2 cm radetration is not observed, indicating the resistivity near the
ally. (a) Magnetic traces for a discharge where the RMF was turned on aFRC separatrix is much lower. The inferred resistivity during
0.1 ms.(b)'Magr_letic traces for a (_jischarge yvhere the RMF was tL_Jrned on a{he time of RME FRC sustainment from power balance con-
t=0. (c) Time history of the density determined by a triple probe in the end _. . .
region of STX for the discharges (i) and(b). (d) Magnetic field geometry Sld?ra.tlonsl b?tw?e“ the antenna Input power and the FRC
from a two-dimensional numerical FRC calculation for the axial fields em-resistive dissipation was found to be near classical.
ployed in(a) and (b). The evolution of the magnetic profile during the equilib-
rium period is shown in Fig. 6. It can be seen that the current
density profile is initially close to the linear function of ra-
energy and particle inventory remain essentially constandius that would be expected from E@). The FRC current
during the time the coil flux could be held constant. profile after the initial flux build-up shows a steady evolution
The formation sequence employed in the dischargeo a thin flux layer profile with little current being driven
shown in Fig. 4 was to first form an FRC via the FRTP near the magnetic null. The ohmic heating of the plasma is
method. As can be seen in Fig. 4, the initial FRC decayseen to occur primarily near the FRC ed(gg. 6). The
away rapidly. Out of the remnant plasma, the RMF waselectron temperature is thus assumed to be constant through-
turned on at 0.1 ms and even more rapidly restores the toout the FRC at the temperature inferred from the interferom-
oidal current and re-forms the FRC. A plot of the internal eter atr =15 cm. The internal flux is also observed to slowly
field structure from the inner wall of the STX vacuum cham-decay.
ber atr=20cm to the axis of symmetryr €0) is shown in This process of rapid current ramp-up and then subse-
Fig. 5@). These data were obtained from a radial array ofguent slow decay is a natural consequence of the RMF cur-
internal magnetic probes’ array that recorded both the axialent drive process in a flux conserving shell. As illustrated in
and azimuthal internal field components. It can be seen thd&ig. 7, the increasing flux produces a larger radius FRC that
there are large fluctuations in the axial field during the decaylaces the electron current sheath further out radially. The
of the initial non-RMF FRC. After field reversal is reestab- electron azimuthal velocity at the new larger radius is less
lished, little of this magnetohydrodynami®HD) activity is ~ than cosynchronous. The RMF brings these electrons up to
observed. In Fig. ®) the RMF is applied immediately after the synchronous velocity.,= wr. This increases the total
field reversal. In this case the initial FRC turbulence diesdriven current that then produces more flux, which in turn
away and field reversal is never lost. A Langmuir triple increases the FRC radius. Eventually, the rising external field
probe was used to monitor the plasma flow in the end regioproduced by the increasing flux halts the radiahd flux
axially outside the FRC as shown in Figdcband 5d). increase. Experimentally the FRC separatrix radius increases
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1.0} Time: 0.35 ms 1 FIG. 8. Temporal traces of thé component of the RMF at different radii.
- 1 Superimposed on traces is a plot of the FRC separatrix radius measured by
s 4 the external excluded flux array.
0.75
P, y
T)— 0.5 1
Qmax . -
i 1 important to be able to control the external flux on the coil in
025 | 1 order to prevent this “bounce” dynamic.
i 1 By starting with a sufficiently low filling pressure
0 0 p m 15 20 (~0.2mTorr By), it was possible to have no initial FRC and

start the FRC from just a partially preionized plasma. Again
by careful manipulation of the external field decay, it was
FIG. 6. Axial magnetic field profiles at various times during an RMF dis- POssible to stay in the constantly increasing flux mode
charge. The current profiles are derived from an 8th order polynomial fit tothroughout the entire discharge pulse. A plot of the FRC
the ma_tgnetic p_rofile dateP(, is the ohmic power dissipated in the FRC separatrix during this prolonged ramp-up can be found in
assuming a uniform electron temperature. Fig. 8. Also onto this figure are plotted the traces of the

amplitude of thed component of the RMF field at various

radii measured by the internal probe. Quite surprisingly, it
until it is at roughly the wall radius of 20 cm. The external can be seen that the RMF field is screened from all but the
field at this point has risen to about three times its vacuunouter few centimeters near the FRC separatrix during the
value before the expansion is halted. The inevitable rebounéntire flux build-up. The lack of significant RMF penetration
of this motion sets in place a ramp-down of the FRC flux foris characteristic of the ramp-down phase as well. The mag-
exactly the same reasons the flux was increased. But hergitude of the RMF field in vacuum was20 G. It can be
there is little to halt the process, although a carefully con-seen in both Figs. 4 and 8 that the measut@dmponent is
trolled decrease in coil flux allowed the FRC separatrix totwice that, which would be expected from the complete
remain nearly constant, and the decay rate to be much slowscreening of the RMF by the plasma. The thickness of the
than the ramp-ugsee Fig. 4. In future experiments it will be axial current sheath is on the order of the probe resolution,
~1cm.

Clearly, deep penetration of the FRC is not required to
drive current or reverse the axial magnetic field deep within
the FRC. How this is possible is not fully understood, but it
is most likely a result of the axial equilibrium constraints that
come into play when sufficient edge current is driven to re-
duce the inner axial field to near zero.

A major consequence of the peripheral penetration is
that the radial pondermotive tertj,B,), is increased by the
screening currents. In previous work it was recognized that
this radial force was a confining forééIn STX, the rapid
attenuation of the RMF fields near the separatrix resulted in
FIG. 7. FRC radial dynamics from RMF current ramp<amd down. a large reduction in the plasma density at the FRC separatrix,

R (cm)

FRC outer
current sheet
driven by RMF,
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_ . Radial _ . For maximum current drive the RMF system should be
Separatrix Radius~ Position| operated with the minimum ratio ofi\ required to maintain
19 % penetration at a radius sufficient to supply the necessary dia-
: magnetic current. This ratio is of order one. From the inter-
18 18 nal field profile on STX, cosynchronous motion of the elec-
. R, trons is inferred for only a flux layer near the FRC edge that
17 (cm) has a widthd on the order of 3 cm. Assuming to be the

scale length of the region of RMF driven curreAB has the
following dependence fof~A:

15 3— AB(G)=0.2Brue(G)T¥eV)d(cm) Jo(10° s79),

0.4 Ms 14 where a classical resistivity scaling foj was assumed.

Given the scale length of the penetratiah,a larger mag-
netic field swing depends on an increase in electron tempera-
FIG. 9. Temporal traces of density from the triple probe at different radii. tUr€, as a large increase in the magnitude of the RMF field
Superimposed on traces is a plot of the FRC separatrix radius measured @nd frequency could pose a technological challenge. How-
the external excluded flux array. ever, assuming a penetration no greater than that found on
STX, for reactor electron temperature3.E&10*eV), the
field generated with STX RMF field parameters is 2.2 T. The
Xplasma density from radial pressure balantg<T;) would

Time (ms)

as the plasma was swept inward. In Fga plot of the FRC
separatrix radius determined from the external array of e 3¢ 10°m-2. Classical particl f ; Id
cluded loops is again superimposed on traces of density 067’.3 m = Llassical particle confinement would re-

tained from the triple probe at various radii near the vacuunfl!'® @ p'asma radius on Fhe orddrlom for fu5|o_n gain. If
wall. It can be seen that during the entire expansand, for the RMF radial force provides even better confinement than

that matter, contractigrof the FRC separatrix radius that the zcajsurlnedh heri, the FRC siz€ COUld. be reducbed gven fur:jher.
separatrix density is kept quite low. This is primarily why early though, more experimentation must be done to de-

having the FRC separatrix close (@nd even outside pthe t(ra]rmFizr:\(AaFthe Cr? nfli:nsgenth§cr? Iing ﬁjnd [()jenetration effects of
wall did not cause significant energy loss or impurity in- the on the at higher field and temperature.

crease.
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