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Rotating magnetic fieldRMF) have been used to both form and maintain field reversed
configurationd FRO) in quasisteady state. These experiments differ from steady-state rotamaks in
that the FRCs are similar to those formed in theta-pinch devices, that is elongated and confined
inside a flux conserver. The RMF creates an FRC by driving an azimuthal current which reverses an
initial positive bias field. The FRC then expands radially, compressing the initial axial bias flux and
raising the plasma density, until a balance is reached between the RMF drive force and the electron—
ion friction. This generally results in a very high ratio of separatrix to flux conserver radius. The
achievable final conditions are compared with simple analytic models to estimate the effective
plasma resistivity. The RMF torque on the electrons is quickly transferred to the ions, but ion
spin-up is limited in these low density experiments, presumably by ion-neutral friction, and does not
influence the basic current drive process. However, the ion rotation can result in a rotatng
distortion if the separatrix radius is too far removed from the plasma tube walRO@2 American
Institute of Physics.[DOI: 10.1063/1.1426102

I. INTRODUCTION will be generated if the force on the electrons exceeds the
electron—ion friction. This condition has been represented in

Field reversed configurationNFRC) formation and . S o
: : . .. the literature as requiring that the magnetization parameter
steady-state maintenance with Rotating magnetic fields .
=w¢e/vej €xceeds the penetration parameterr/§.

(RMF) has been demonstrated in a series of rotamak exper?f ) .
ments, but those facilities had no flux conserver and, if thé—|ere wce:,EBw/me is the 'electron cyclotron fre‘?“_ency n
RMF force was strong enough to overcome electron—iorin® RMF fieldB,,, andv,; is the electron ion collision fre-
friction, the FRC simply expanded until it contacted theduency. rs is the plasma or separatrix radius anil
plasma tube walt=3 This resulted in relatively cold plasmas = (27/uo@)"? is the normal penetration skin depth of an
(Te~10-20 eV with much of the plasma pressure sup- RMF with frequencyw into a plasma column with resistivity
ported by the wall. The plasmas formed in those devices;=Mevei/Nee®. In this notations would depend on the par-
were also near spherical, and many of the one-dimensionalllel collision frequency or resistivity angt on (VHVL)]'IZ. It
descriptions developed for elongated FRCs confined in cyis only the ratio ofy/\, that is important, so it is the cross
lindrical flux conservers are not applicable. A new device field resistivity or collisionality that governs the force
the Translation, Confinement, and SustainmemCS  balance. The plasma currents that can be driven will then
experiment, was constructed at the Redmond Plasma Physgepend on both the cross-field resistivity and the electron
ics Laboratory(RPPL) to study the sustainment and flux gensity since, for a specified resistivitwhich is used in
build-up of hot FRCs formed by the normal theta-pinch teCh'modeIing, a lower electron density implies a lower colli-

g&uFea and the_ln translated anhq egpgnder? into ‘? ctr)lamber V‘(’j'g?onality, and thus better magnetization and force balance.
rive coils. However, this device has only been used, Simple analytic expressions have been derived for the

so far, to study the formation of FRCs using RMF alone. Dueforce on the electrons exerted by the RiMFhese are used

to the high power required to overcome initial radiation bar- . .

riers and form hot, high beta plasmas, large FRCs formed bWlth the measured electron density and plasma current to
’ ' Hetermine the effective cross-field resistivity. The final at-

RMF alone will generally be limited to low temperatures. = ) ) ’
Thus, the TCS formed FRCs have electron temperatures itainable confinement field will then depend on the value of

the 20—60 eV range. This is similar to the temperature rang@Nomalous resistivity and the plasma temperature, inasmuch
of FRCs formed in the smaller Star Thrust Experiment@S temperature and density are inversely related in a high
(STX) device at RPPL, but those FRCs could not be susbeta plasma such as the FRC. In the present experiments at
tained for reasons that are not completely understdod. ~ ~10" m~2 densities the plasma temperature is limited by
When an RMF is applied to a preionized gas inside aonization, convection, and radiation losses since there ap-
flux conserver, with a given bias field, an azimuthal currentpears to be a large neutral fraction, at least in the current
carrying edge region. The inferred value of cross-field resis-

dAlso at Los Alamos National Laboratory, MS-E526, Los Alamos, New ti\_lity is also high [higher ("Tven than the gmpirical scaling
Mexico. given by the Large s Experime(itSX)®], which may be due

1070-664X/2002/9(1)/185/16/$19.00 185 © 2002 American Institute of Physics

Downloaded 24 Jun 2003 to 128.165.156.80. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



186 Phys. Plasmas, Vol. 9, No. 1, January 2002 Guo et al.

to a low ion temperature and a high ratio of electron drifttion, and the ion spin-up frequency was higher than for the
speed to ion thermal velocity, a relatively lower magnetichigher w experiments, despite the lower drive frequency.
field, or simply to the particular drive process encountered inThis usually resulted in development of the standazel
these experiments. A large RMF torque is required to overrotational instability which, while not always disrupting the
come this high resistivity. The ions should rapidly spin-upFRC, made data interpretation more difficult. Most data were
close to the RMF frequency if they were not retarded bythus taken with the FRC separatrix close to the plasma tube
other means. This is not observed, with the ion rotationalvall, which suppressed the=2 distortion. These results are
speed never becoming greater than«0.R is assumed that given in Sec. IV. Finally, a discussion of the implications of
the neutrals provide this breaking action as has been calcthese results is given in Sec. V.
lated by several authoPs-

The simple analytic scaling, further refined using one-ll. ANALYTIC SCALING
dimensional MHD code$! is outlined in Sec. Il. TCS was

Th Iyti li i lysis of th -
originally run at an RMF frequency of 180 kHa = 1P e analytic scaling used in analysis of the data pre

d/ q its f th d s al th 2 bri ented in this paper is based on the model developed in Ref.
rad/9, and results from these experiments, along with a brie . The RMF can penetrate into a plasma column if the drive

description of the experimental geometry, are given in Secforce is sufficient to spin the electrons up to near synchro-

[ll. The requirements to produce steady state operation are us rotationw. such thatw=w— w. is small. Then the
r r .

discussed there. It was found that the electron density PrOsftective penetration depth increases b= (2 7/ uow) 2.

duced unde_r those condﬁmns, althqugh IOWZ was h'gh\SimpIe penetration analysis of fixed dendity pressure ad-
enough relative to the achievable confinement field, that th stmen) plasma columns showed that the=) condition

[at't?] ofl_actual IlnetctL;]rrtent nelgd;z dto rgversdeghefethernaLﬂel as equivalent to having* >r .2 Numerical calculations
0 the line current that wou € produced Dy Tull Synchro-q,oyeq this process to be very nonlinear, with very little

nous rotatlon/of the electronzs_ was low. This ratio I, current being driven untiy equaled\, and then full synchro-
=2B¢/ug to I§ne=0.5ne)ewry is called(,

nous current driven when exceeded .3
I, 4B, The process is very different for_a tr_ue FRC inside a flux
(=075 (1)  conserver. Once the driven current is high enough to reverse
lgne  Mo{Ne)ewry the external field, the FRC will expand radially, increasing

When ¢ is low the current tends to be carried in a narrowthe density, and will reach an equilibrium condition where

region Ar near the separatrix. Assuming near synchronou§he drive and friction forces are in balance. The. RMF WI|.|

electron rotation and a linear density profile in this region/0t Penetrate beyond the FRC field null under this scenario.
with maximum valuen,,, the line current would be "€ RMF drive force is equal to{j,B,) where j,

~0.5n, 2wl Ar. Since this current is one-half the total re- ~ (@/®)E./7) is the axial current driven by the oscillating
versal current, one can writer in terms of¢ axial electric fieldE,= wrB, produced by the RMF, reduced

by thej ,B, Hall term, andB, is the radial component of the
1ng 1 RMF. Analytical solutions fojj,, B,, andB, (which can be
" 2 Nem fre=z{B)ers, (@ used to caiculate an inward radial foyée the limit of partial
penetration, were given in Ref. 7,

Ar

where the latter equality holds if the temperature is uniform.

It should be noted |, is set by radial pressure equilibrium. . Jmooa-r \/ﬂ Bo _amrys]
The equilibrium driven line current cannot exceed this value. 2= | &xp ~! Z+ ot 2 T ped* e '
If the net RMF drive exceeded the net frictiéexpressed in 3
Ref. 7 in terms of torqugsthe FRC would expand and raise

Be. [For an FRC confined in a flux conserver with fixed bias g _ { exr{ i z+ a-r ] \/Eé* Bwe_[(a—r)/a*]
flux 2By, whereBy is the initial bias field and. is the ' 4 5 ror ’
flux conserver radius, the external field is set By 4
=Bo/(1—x2) with xg=r4/r.] 1/, Will increase due to this m a—r a .
increase in confinement field, big,,. will also tend to in- Bf(exp( —il5 = ]2 \[FBa,e[(ar)"9 I (5

crease as the plasma is compressed to a higher density, and
any change i will be dependent on how the temperature The plasma column radius was which is approximately
changes. It is assumed in the simple analytical models thaqual torg. The bracketed terms give the phase of the oscil-
the FRC length can adjust arbitrarily to changes in radius anthting quantities relative to what, and B, would be in
plasma density, but this will, of course, actually depend orvacuum. When equilibrium force balance is reached the elec-
plasma fueling and loss rates, and energy supply and loss.tron slip will adjust so that* ~Ar, just the penetration dis-
Low ¢ and lowAr/r4is undesirable since it increases the tance needed to carry the equilibrium line current. The azi-
effective circuit resistance;-2wrgn, /Ar, and makes the muthal current for the inner field lines is driven by inward
drive process less efficient. The RMF frequeneyvas thus  diffusion, and the analytic models assume an overall inward
lowered to 0.5 10° rad/s to try and increasg As expected, velocity throughout the FRC. The RMF on the outer field
this has significantly increaseflat a given density and al- lines must be strong enough to both drive current there, and
lowed for operating at higher densities at similar The  also produce the inward flow necessary to drive the inner
higher electron density appeared to limit the neutral penetrafield line current. Either a source of particles near the sepa-
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ratrix, or a net circulation from inner to outer field lines, ) (B,(G)/100)?
driven by pressure differences along the same flux surfaces, D.(m/s)= W (13)
em S

is thus an implied assumption of the simple models, and is
most likely required for steady-state operation. The lattent will be seen that this value differs by less than a factor of

process is utilized in the numerical MHD calculations. ~ 2 from that inferred by measured power absorption. Based
Using the above equations the azimuthal current driveyn the analytic formula, for a given resistivity the peak den-
force is seen to be sity will thus scale as
2 2 0 -3y _ 2\1/2
Fuo={i,B/)= p ; - o-[2(a-n)15*] ©6) Nem(10°° M™%)=0.018,,(G)/(D  wrg)*2 (12
0

The resultant external field will depend on the degree of
At the plasma edge this is seen to be independent of penetrRMF penetration

tion distance since greater penetration increases bptnd

B, , but reduces the slippage and the/) term governing B.(T) =10
.. For steady-state current drive, the total torque applied by N

the RMF, Ty = [527r%Fy,dr, must be balanced by the re-
sistive torqueT, = 5 _ 527 Mgy, o, dr wherev, now

Ar 5
I’_) nem(wrs)- (13

Using Eqgs.(2) and(12), this can be expressed as

represents the effective cross-field electron—ion collision fre- (wr§)1/23w(G)<,3>g
quency. This results in the following basic relationship: Be(T)= 20D 12 (14)
1
yIN~1/\2 7

For a given resistivity ancjwrg), both the density and

when the ratio is written in terms of the peak density, assumthe final external field are predicted to scale linearly with

ing a~rs, w,~w, and §* <a. This approximate result can RMF strengthB,, . For the magnetic field, this assumes that

be seen using Eq&31) and(32) of Ref. 7, recognizing thay  the drive efficiency parameteaf/rs) or { remains constant.

in that paper is based on the average density in the curreftis is somewhat misleading, because if the plasma tempera-

sheet,~0.5n,,,, making y twice as large as the value used ture could be increased, the density would decrease, and it

here. There are many three-dimensional effects that mak&ould be possible to increase the RMF frequecyvhile

this relationship only an approximate one, but it is neverthemaintaining the samé. In the actual experiments, when

less useful for scaling. It will be used in evaluating effectivewas decreased to increagethere was only a marginal in-

values ofz, in the experiments. crease inB,. This is not surprising given the weak depen-
The RMF also produces an inward forEg,,=(j,By).  dence orw implied by Eq.(14) and a somewhat higher den-

This can be integrated from the plasma center to edge, yieldsity obtained at smallew. It was mainly possible to reach

ing the approximate result higher values of external field due to the lowered circuit
B2 impedance and resultant ability to produce higher values of
PruE=— e~ [2@-N/o"] (8) B.. However, for a given value d,,, the lowerw opera-
Mo tion with resultant large¢ and thicker current carrying re-

It can be seen from Eq5) that B, at the plasma edge is gion, did result in significant drops in power absorption.
twice B, (due to the axial shielding currents in the plagma
but the effective pressure contribution is only one-half
(2B,,)?12110 due to the oscillating nature d,. Equation ||, |NITIAL OPERATION AT w=10° rad/s
(8), or prve based on the measurd),(r), will be used in
the radial pressure balance relationship
Bg(r) 824 2B2 RMF current drive has been applieq to the_ TCS_device,
p(r)+ = 4 pRMF:u (9) producing nearly steady state FRCs with configuration life-
2o 2o times over several milliseconds, limited only by the applied

to determine the internal pressure profiles from measureffMF duration. The TCS facility is described e_Isewh‘éteut _
values ofB,(r) andB(r). a vertical cross section of the RMF current drive chamber is

Numerical values of the equations to be used in evalua$hown schematically in Fig. 1. There are two pairs of RMF
ing experiments are listed below. The units f@, antennas, situated at a radius of 54 cm, outside the quartz
=7, | u are n¥/s and forn,, are 16° m~2. In addition,e  VACUUM vessel and the axial confinement coils. The vertical

is in 1CP rad/s, and ¢ in m. The simple analytic relationship and horizontal fields produced by the antennas oscillate 90°

used for evaluating the ability to form a given FRC is ob-Out of phase, generating a uniform RMF inside the 80 cm
tained by settingy/\ =1/y/2. In numeric units, diameter quartz chamber as sketched on Fig. 2. The confine-

ment coils consists of 20 56-turn coils with an effective flux
v  0.00B,(G) 1 confinement radius of,.=47 cm. These coils act as a flux
N n(D—wrz)m: E (10 shaper because individual sets of 14 ar{théee at each end
em = LTS coils are each fed in parallel, and also as a flux conserver
This may be used to evaluate effective cross field resistivibecause the external capacitor bank supply inductance is low.
ties, i.e., The coils under the RMF antennas are employed to produce

A. TCS description and operation
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RMF Antenna Pulse No. 1932
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FIG. 1. Side view of the TCS RMF current drive chamber. Positions of the E 10 : 3
different bias coils and the RMF antennas are indicated. 5 r 1
: I ] L 1 1 i } I 1
40 T T 1 T T T
g
the main bias field, while the coils located at the ends can be Vg 20r 7

powered separately to allow for FRC shaping control. The
ends of the TCS chamber consist of stainless steel lined coni-
cal sections to link to 27 cm input and exit sections. Mirror
coils provide additional axial confinement. L L L L L L .
The initial RMF experiments were conducted in TCS 0 200 400 600 80 1000 1200
with the RMF operated ab=1C° rad/s. The RMF was ap- Time (us)
plied to a preionized deuterium gas in a uniform bias field torg 3. Example of a steady state FRC produced by the RMF aloae at
form FRCs and, subsequently, maintain the configuration=1cf rad/s. The time traces represent the plasma behavior at the axial mid-
The FRCs obtained during this campaign had relatively lowplane. The plotted,, is actually the vertical antenna current multiplied by
electron densities, i.en,~10'° m~3, with temperatures be- 64 G/kA.
low 60 eV, as derived from radial pressure balance. Figure 3
shows the time evolution of such an FRC produced by the
RMF. B, is the external axial magnetic field at the midplane,i.e., nep,=/nedl/4AB)r,,. (B)=1-0.5¢ is calculated
measured by normal magnetic pick-up loops mounted on th&rom the standard, flux confined, elongated FRC relationship
guartz vacuum vessel beneath the axial confinement coil$or this and other discharges even though this may not apply
Bi is the internal axial field at=11 cm, inside the field exactly for the antimirror or mirror end conditions as dis-
null, obtained from an internal magnetic probe. The pealkcussed in Secs. Il C and IV A. However, there is insufficient
density, Ny, is determined from the measurements of adata in the end region to apply a more accurate analysis,
double pass C@interferometer allowing for profile effects, and the principal results of this paper will only be marginally
affected by small changes in the assumg@}. The total
temperature at the field nulll,,;= T+ T;, is inferred from

By (G)

hg2001.1.8

6aTe ::552;,‘5 pressure balance taking into account the contribution from
%% the RMF radial confining forceT o= (B2+2B2)/2uoNem,
a0lt: “=\ as obtained from Eq(9). The excluded flux radius, 4, is

calculated from the measured excluded fldx), and exter-
nal magnetic fieldy y,= (A ¢/7B) Y2 For a standard FRC
this should be approximately equal to the separatrix radius
rs. B, is the vacuum RMF obtained from the measured zero

'/
772022220 72772772v 2222227477
i A A L
PPIFIPIIPRIP 72222V 27222742727
S L L L
R L L A, i
APPTPPIPIPINI PP PP IV IP 272724727727

542055000500020200000027

ol
=y - Horizontal Antennas’ to peak antenna curreB,(G)=6.4 5,(kA).
s B R R AR R The disch h in Fig. 3 initiated with
= B R A 0. 2 e discharge shown in Fig. 3 was initiated with an
2742 2727222722747727. PRIPPPPPIPIIP PP H - -
1 ';égég2222';Zgzgf'r”:;é;ééééééééééf = = RMF of B,,= 50. G and a bias fle|d CBOZIGO G. A2|mqthal
425575242555%2 BB 7 N current was driven and the internal field was rapidly re-
s i e N versed, forming an FRC. The plasma rapidly expanded radi-
& e /o ope ally, compressing and heating the plasma to over 100 eV and
-40 = : g raising the external field to about 150 G. For these high
B3 3 N0l shots either the ionization rate was relatively slow, or the
Z pieeciogetie : . .
i :;,f””m“ O R < /1’ plasma accumulation rate was high, so that the density con-
.60 L2 i, e Nt L2 22220 - - . . . .
Py 0 P &5 tinued to increase. This resulted in a decrease in temperature

and external field. The decrease By is assumed due to
increased electron ion friction in thg\ relationship, which
FIG. 2. RMF field uniformity inside the TCS chamber with a field angle at is reflected in a lower value af in Eq. (14). A quasisteady
45 degrees fronx axis. The magnitudes of the field strength, as indicated by equilibrium is established witB,~120 G by 300us, with

the contour levels in the unit of G, are calculated with a circulating curren : : N :
of =9 kA in the horizontal and vertical antennas, which corresponds to ;further decay due mamly to decay in the R pp|led by a

+10 kV pulsar voltage at an RMF drive frequeney=1.0x 1¢f rad/s. Lo- capacit(_)r ban}(_ o _ _
cations of the horizontal field antennas are also indicated. During equilibrium the separatrix had a radius of about
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36 cm, which is 4 cm inside the vessel wall, andxavalue 5o Eulses: =7 2479 —— 2412 v 2401 :
of 0.77. The plasma density at the field nall,, was 0.9
x10* m~3, and the total temperatur@,,, was about 55 g W0 =

D

eV. It is to be noted that Doppler broadening measurements & 50
have shown that ions are cold for the low density RMF

formed FRCs® Thus the value of temperature inferred from 100
radial pressure balance can be largely ascribed to the electron@  oFf
temperature.

The amount of RMF penetration is related to the
achieved external field and the plasma density through Eq.  -200
(1). For the shot shown in Fig. 3\r is only about 4 cm, 40
which is consistent with internal field profile measurements.
The effective diffusivity can be estimated from Egl) to be
135 nf/s, which is nearly 20 times the classical value. More 0

E
o -100

20

FA (cm)

results on the inferred anomalous diffusivity for the steady “Z 1.0

state discharges at=10° rad/s are given in Sec. IV A where )

comparisons are made with the reduecedischarges. 2 s 1=
One critical issue with RMF current drive is ion spin-up | =

. . . .. . 0 1 1 I I I L L 2

in the RMF direction due to collisions with electrons, thus 0 200 400 600 800 1000 1200

reducing the RMF current drive efficiency. An ICQiten-
sified charge coupled deviceamera has been employed to
routinely determine Doppler shifts of low charge state impu-FIG. 4. Time traces of midplane quantities for three comparable discharges
r|ty ionS, Viewing the p|asma midp'ane on a number of |inesWith different initial bias fields. The data shown are the external axial field
of sight with different impact parametef3lt has been found ~ Be: the intemal axial field;, atr=2 cm, the excluded flux radius,,

. . . . and the line averaged densitg,) obtained from a double pass GOter-
that the ions rotate in the same direction as the RMF, @& ometer across the diameter in the center of TCS.
expected. However, the ions are spun up to a frequency of

only about 6 kHz, much smaller than the RMF drive fre- shown in Fig. 4 and are averaged over the time window
quency of 180 kHz, most likely due to retarding collisions jyoyveen 400 and 80@s (as highlighted in Fig. % For op-
with neutrals that are present in the FRCs. This is addressggh, | yegyits the bias field strength should be chosen in ac-
in Sec. IVF, along W'th comparisons with the results fromcordance with the RMF drive strength to allow for the FRC
the reduced» campaign. to expand close to, but not beyond the plasma tube wall.

Time (us)

B. Role of main bias C. Influence of end fields

For an FRC formed by the RMF and confined in a flux As in conventional field reversed thetg_pm(:ﬁRTFj .

: S - formed FRCs, RMF formed FRCs also exhibit rotational in-
conserver, the final equilibrium is also dependent on the ini-
tial bias field due to the flux conservation relationsBigr2 150 . . . .

=B(r2—r2). In order to investigate the effect of the initial (@) P

bias field, we have carried out a series of dedicated experi- @ 1001 @ L ® 7
ments with the RMF operated at the same pulsar volfage & 50k 4
kV) but the bias field varied between 20 and 90 G. Figure 4
shows the time evolution of three comparable discharges 0 5 ‘ ‘ ‘ ‘
started with different bias fields. As can be seen, in the low- & &
est bias case, the excluded flux radiug,, is outside the & -100[ ® (‘)@’ C@ o 1
guartz vessel wall, which limits the FRC radial expansion. @
The external fieldB., is thus relatively low. The applied -200 ; ; ; ;

Wall

bias field is sufficiently raised in pulse 2412 so that the FRC _ 40 (¢ m -

never reaches the wall and the external field reaches a maxi- E, - 5

mal value. As the bias field is further increagedlse 2401, 5 20- [ .

the current drive is insufficient to produce an equal magni- . . .

tude internal field and the excluded flux radius is small. The 18 d '™ ' ' A - <p>

line averaged electron density).), however, is comparable év\L A i ﬁ 0

to the other two discharges. o 057 Te
More results are shown in Fig. 5 where the external and ‘D x é

internal fields, and the excluded flux radius are plotted 00 2'0 4'0 elo slo 10(‘;”

against the initial biast, 4 is assumed to accurately repre-

sent the separatrix rading. While the internal field remains
_ 2

reversed and<§>_ 1__0'_5Xs are also Sh(_)W”- T_he data are fic. 5. Dependence on the bias field @ external axial fieldB,, (b)

taken from a series of similar discharges including the pulsesiternal axial fieldB,,, (c) excluded flux radius ,, (d) x5, and{8).

Bo (G)
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Pulses: — P230° == =: 223 swemeemm 2439 Pulses: —— 2230 =---- 2231 e 2439
100 7 - T - - - - 50 e A
) 400 ps ] 800 ps
e 40¢L.... T e ——e
= S e ! [ IS
[a1]
30t
_ 100
g . 20
D.;é 0 E 50
% 1%}
D 3
m —
-100 S 40t —
200 = SRR TS S by h
- x _— - =
“"; 3 30} 1 ]
o B
2 - 20}
o =]
= [3]
| 5 50
— Wall
- 40t S
a
g .,”. et v. /. é 30} '/‘_’_’\’\—\ 1 d
] i i < 2
0 200 400 600 800 1000 1200 20r  _BMFAntenna =~ TN/ _BMFAntenna ™\ &
Time (us) 30 35 40 45 5 35 40 45 50

. . . . . Axial Position (m)
FIG. 6. Comparison of three discharges with successively increased end

fields. The data shown are the field measured at the end of the TCS copyg, 7. Excluded flux radius as a function of axial position for the dis-
finement chambe(Be,d, the external(Be) and internal(B) magnetic  charges shown in Fig. 6 at 400 and 808, respectively.
fields, the line averaged density,), as well as traces from edge tomogra-
phy at the axial midplane.
ments shown in Fig. 6, the modes are present at the very
. ] » beginning of the discharge, and do not show obvious growth
stabilities, which have proven to be very sensitive to theefore the loss of the field reversal. To the contrary, the edge

applied bias fields. To obtain the oscillation-free steady statg, jiation exhibits strong oscillations when the inner reversed
FRCs shown earlier, we have had to limit the bias fieldggq is Jost.

strength at the ends to lower than the main bias field strength  Agther reason for the loss of flux reversal might be

in the region under the RMF antennas. To illustrate this, Figyg|ated to an inability to sustain a required inward radial
6 shows time traces for three discharges with the same maify,\, 45 described in Sec. Il. When the end bias field is suf-
bias field but different end fields. For all the=10° rad/s ficie}1tly low, FRCs extend beyond the RMF antenfasise
discharges the mirror coils shown in Fig. 1 were not used, $9439, forming a barbell-like configuration with some wall
that the FRC could extend to the end cones when the engynact, as indicated by Fig. 7. This might facilitate the nec-
coils produced less flux than the main bias coils. It can bgsary separatrix particle inflow near the separatrix, either
seen that for the lowest end bias cégelse 2439, the inter-  ,4,9h an enhanced neutral background or a swirling flow
nal magnetic field is fully reversed by the RMF and the 5140 the FRC ends from the inner field lines to the outer
configuration is maintained in steady state until termlnatlonregion_ In contrast, increasing the end fields compresses the
of the applied RMF at 100@s. When the end field is raised pRpc axjally towards the region under the RMF antennas,
to near the main bias field levgbulse 223}, rotational in- perhaps restricting circulation of particles.

stabilities develop(as indicated by the oscillations on the Too low end fields tend to cause axial asymmetry, lead-
implied density and edge bremsstrahlung measurement,y 1o wall contact at the ends. Operation at the reduced
early in the discharge and remain until the end of the disgpmE frequency(w = 0.5x 1(F) appears to be less sensitive
charge, but the configuration is maintained. The modes arg, ihe end field strength, hence a strong end bias can be

aggravated in pulse 2230, as the end bias field is furthegysjieq for additional axial confinement, as will be further
increased, accompanied by the loss of the reversed inner fielflc - ,ssed in Sec. IVA.

(Biny at 700 us. The instabilities manifest themselves pre-
dominately asn=1 off-center rotation, accompanied by the
n=2 mode, as identified by edge tomography and an array
external magnetic probes. The modes rotate in the RMF di- The internal magnetic field time history for shot 2439
rection at a frequency around 10 kHz, much slower than thélow end fields is shown on Fig. 8. It is rather striking that
RMF rotational speed, but about equal to the measured iothere are strong oscillations near the edge even though the
rotation rates. FRC is otherwise free of global rotational modes. Numerical
It is not evident that the rotational instabilities are en-simulations using a 2D RMF cotfesuggest that this might
tirely responsible for the loss of the configuration in the be attributed to a low value dfequal to only 0.24. With low
strong end field casgulse 2230 As can be seen from the ¢, the RMF can only penetrate into a thin edge layer which
time traces for the density and edge bremsstrahlung measurends to lead to unsteady current drive. This is illustrated by

OI?. Edge magnetic field oscillations

Downloaded 24 Jun 2003 to 128.165.156.80. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



Phys. Plasmas, Vol. 9, No. 1, January 2002 Formation and steady-state maintenance . . . 191

Pulses: — 2368 3197 3395
w=05x10% g1
)
o ey
w=108 57
T
E
E
=
I
o)
=
o
.3
B
= "
0t : : a5
—. 1or .
FIG. 8. (Color Axial magnetic fields as a function of radius and time for = ; LR
pulse 2439, showing strong oscillations at the FRC edge. Also shownisa & o[ T =
time trace of the magnetic field at= 26 cm(near the field nu)l = A0k _i,
1 I I | -4
1] 500 1000 1500

. . . . Time {us)
the MHD calculation on Fig. 9 where profiles of the axial

magnetic fieldB,, along with the corresponding RMF field FIG. 10. (Color) Comparison of the discharges with RMF operatedvat
lines are shown for a case witf=0.28.(a) Initially the RMF = 10° and 0.5 10° rad/s to illustrate the effect ab at similar RMF field
easily penetrates enough to feverse the inial bias il S, 276 1 reeserce 1on e eease 1 e e rent
As further current and flux are produced the plasma expandgyise 2368 at 10rad/s, 14 kVi(2) pulse 3395 at 0.8 1¢F rad/s, 14 KVi(3)
increasing the external field and the density until there igulse 3197 at 0.8 10° rad/s, but at 8 kV to match the RMF field strength in
insufficient RMF drive near the field null to sustain synchro-2368.
nous rotation there(c) The inner RMF then tears and the
process can repeat itself.

In order to improve the RMF current drive efficiency, we
have carried out an experimental campaign with the RMFmentS'
operated at one-half of the original frequency, i@e=0.5
X 1P rad/s in order to increasé The results from the re- V. RGESULTS AT REDUCED RMF FREQUENCY: w=0.5
ducedw experiments are presented in the next section an&( 10° rad/s

A. Direct consequence of reduced @

detailed comparisons are also made with the higéxperi-

Figure 10 compares the discharges obtained with the
RMF operated atr=10° and 0.5<10° rad/s. Pulse 2368 at
w=10° and pulse 3197 ab=0.5x 1¢° have the same RMF
field strength, as indicated by the antenna currept, and
the same initial bias field. As can be seen, the redused
discharge shows an increase-680% in the FRC peak den-
sity compared to the highes discharge, as predicted by the
steady state RMF current drive requireméig. (12)] as-
suming a similar cross-field diffusivity) , , for this pair of
discharges. The external magnetic field is also increased,
suggesting more efficient RMF current drive, as expected at
higher{. The total temperature, determined from radial pres-
sure balance is similar for the two discharges. The difference
in start-up behaviors is due to differences in particle inflow
or ionization rates. At the higher RMF frequency ionization
occurs less rapidly, allowing transiently higher temperatures,
lower densities for a given external field and reduced elec-
tron ion friction even assuming constant .

Reducing the RMF frequency reduces the impedance

r (cm) (wL) of the antenna tank circuit, which allows for a higher
FIG. 9. Simulation profiles of the axial magnetic fie®l,, along with the antenna current, at a given pU|Sar VOltage' This, in turn, leads

corresponding RMF field lines, for three different times to illustrate unstablefO @ higher eXter_naI magn_etic field that can b_e sustained by
RMF current drive at lowt. the RMF and an increase in the electron density, as expected
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FIG. 12. ¢ versus(a) plasma peak density ar{t) peak temperature derived
from radial pressure balance.

[see Egs(12) and(13)]. To illustrate this, in Fig. 10 are also
shown the time traces for another reduegdischarge, pulse

3395, which was operated at the same pulsar voltage as ifoyide the required inward flow, and a swirling flow at the

high frequency counterpafpulse 2368 It can be seen that rc ends would be necessary to sustain RMF current drive
the RMF antenna current is doubled, consistent with thqn steady state.

changes in antenna impedance. This, along with the reduced
w, results in a significant increase in the density and theB
external magnetic field, although only a modest increase in-
plasma temperature. The toroidal current driven by the RMF is dependent on
One unexpected result from the redueed¢ampaign is  both the degree of RMF penetratigd) and the cross-field
that the FRCs appear to be less sensitive to the end fielasistivity (D, ) for a given RMF frequency and a given field
configuration. Figure 11 shows the excluded flux radius as atrength. The resultant external field is given in E&4).
function of the axial position for the above three dischargesFigure 12 plots{ derived from Eq.(1) against(a) plasma
In both reduced» (3197 and 339bdischarges, strong end peak density andb) temperature derived from radial pres-
fields have been applied, using both the end coils and mirrosure balance. These results were obtained from vaBing
coils of Fig. 1, to ensure the axial symmetry of the FRCs. Inand to some degree by changing the puff fill conditions. The
contrast to the highw (2368 discharge which has a lower data are obtained from the steady state phase of the dis-
end bias and no mirror fields to allow the FRC to extendcharges with the RMF operated at both®and 0.5<10°
axially beyond the RMF antennas, in both the reduaed rad/s. It is evident thaf increases at lowew for a given
discharges the FRCs appear to be restricted axially primarilgensity, but the primary effect of halvingwas to double the
to the region under the RMF antennas. Thus, it might belensity and maintain a simild@t An obvious way to increase
difficult to establish a swirling flow around the FRC ends to { and the RMF current drive efficiency would be to raise the
sustain the inward velocity required to reverse the axial fieldplasma temperature. This will be done in future experiments
inside the field null. Yet, a fully reversed configuration is with translated the pinch formed FRCs.
obtained and maintained during the entire RMF phase. Such Figure 13 plot8B., which can be sustained by the RMF,
an inward flow is therefore most likely sustained by the lo-as a function oB,,. A result from STX* s also shown for
calized ionization of neutrals in the region near the field null,comparison. As can be sed, shows a nearly linear depen-
as mentioned in Ref. 4. High plasma densities in the reducedence on the RMF field, independent @f This is to be
w discharges limit the neutrals to the edge region where thexpected from torque balance considerations since the RMF
strong RMF drive occurs. In the high discharges, plasma force[Eqg. (6)] does not depend o@. The RMF penetration
densities are low, so that neutrals have large mean free patdepth will adjust as needed to carry the FRC current. STX
and are present over the entire volume of the plasma. In thaiperated at the sam@rg as TCS,w=2.2x1 rad/s and
case, the particle source at the edge may not be sufficient Ig=20 cm, but better vacuum conditions led to relatively

RMF current drive efficiency and diffusivity scaling
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025 F——————— T D, ~11.%; ¥ % Y2 is also showA.Not only is the
-7 inferred resistivity higher, at least for low densities, than the
02 ] LSX scaling, but a simplé®, ~1/\n relationship does not
G otsh @ 1 appear to hold. A better result is obtained wiinis plotted
:—:0 : & versus the Bohm value, as shown in Fig(l)4 It is to be
a L F STX % ] noted that the diffusivity obtained for previous hot, translated
' /AAAA FRC¢ was nearly a factor of 10 lower than the data from
0.05 | A&NA o Lowo 1o p_resent R_MF formed _FRCs,_and even fell well bt_alow the
L A Hgho I high density LSX scaling. This suggests that the higher dif-
obks” ! ! ! . i fusivity seen in the present RMF formed FRCs, compared to
9 0 44 €0 £0 180 the conventional FRCs, may be due to a lack of hot ions, or
B,(©G) perhaps to the present operation with relatively lagdB,

values. We are planning to apply RMF current drive at low
%/alues ofB, /B, to the translated hot FRCs to investigate
his.

FIG. 13. B, versusB,, for the discharges obtained with RMF operated at
o=10° and 0.5¢< 1C° rad/s. The data were obtained in the steady state phas
around 500us and are averaged over a time window of 208 An STX
example, although not in steady state, is also included.

C. Internal profiles
higher temperatures, lower densitigs in the transient con-
dition shown on Fig. B and thus highet, yielding better

scaled performance. To further improve performance, at Iol\f]z ?ﬁﬂfnteggﬁnangsr;dggﬁs f)huet ggg?lergarggggﬁrgfrfgﬁ;
given RMF field, it is essential to both increase the plasma ;™ P 9 Y

temperature and reduce the anomalous diffusivity of the internal magnetic fields of the FRC. To illustrate this,
For steady state FRCs, the effective diffusivity can beF|g. 15 shows the time traces of the edge magnetic fields

derived from the approximate/\ relationship of Eq(11). ]?Uts'o,:e t_helfletld gull,tatlondg w;}th the mr:jer ﬂzkz)'a{:ﬁ Clr?nMF ¢
Figure 14a) shows the derived diffusivities for the steady oratypical steady state discharge produced by the a

state discharges with=10° and 0.5¢ 10P rad/s. The predic- ]fr: (:aE:jX 1506arr1?jdt/r?é Ilnnzdadlgtr):’ e':cilgdelrmss'tShoTV\r% tgscfi);?.lgg:%f
tion from conventional high densityLSX) FRC scaling, Ux raciu el veraged density. matl
the edge magnetic fields are significantly reduced, compared

to the FRCs obtained during the highcampaign(Fig. 8).
Detailed radial and axial profiles of boBy and the RMFB,

As expected, reducing the RMF frequency facilitates

800 T ] for such FRCs have been obtained from two moveable mag-
250 | @ & ® lowo netic probes situated at the midplane and the end of TCS.
. ‘ a A Higho ] The probes consist of a series of magnetic pick-up loops
& ‘200F inside a 2 mmdiameter beryllia(BeO) tube. There was no
E sf difference in overall FRC parameters with and without this
o g small internal probe.
100 | Figure 16a) shows the radial profiles of measuréd
£ i andB,, along with the calculated RMF field8, and B,)
b based on Eq94) and(5). The parametea is taken as 01
00' =5 Y v 20 a}nd o =4 cm in.the analytic expressions. The rgdial Ipca—
: '19 4 tion of the axial field null(R=29 cm), the separatrix radius
A0 "™ (r<=39 cm), as well as the radial position of the vacuum
350 P T T T T vessel, are also shown. The data are obtained and averaged
s00E ) 7 B between 600 and 700s during the steady state phase of a
3 ] series of identical discharges. For these experiments the mea-
g F E sured antenna current would producB avalue of 60 G in
“jg 200 F ] vacuum, and this value is nearly doubled at the plasma edge
o' 1s0f E (By~2B,), due to axial screening currents, in accordance
- 3 P ] with Eq. (5).
E Trans -~ ] The B, measurements show that the RMF just penetrates
50 | ,,i/ & -Zz to the field null, about 10 cm inside the separatriy. This
okl W - . . L . i is a natural consequence of steady state RMF current drive of
g =8 e 0 200 250 2000 <30 FRCs in flux conservers, as described in Sec. Il. It can be
DBohm(mzls) seen that current is also maintained on the inner field lines.

Since thed component of the generalized Ohm’s law can be
FIG. 14. Cross field diffusivity based on Ed.1) (a) versusng,,; (b) versus written as

D gohm [ Deonm= 625T o(eV)/B(G)] for different w cases. Conventional high
density FRC scalingdLSX) and data from the translated FRCs obtained ) )
previously in TCS are also showaquare symbgl Ey=7.jstuB,+{j,B/)/ne (15
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FIG. 15. (Color) Time traces of the magnetic field external to the vacuum g 501 T 1
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FIG. 16. (Color Radial profiles of steady state FRCs produced by RMF:
measured axial magnetic fieB, and RMF fieldB,, as well as analytic

and in steady staté, must be equal to zero everywhere, the calculations oB, andB, ; (b) toroidal current , derived from a ninth order

azimuthal current can only be maintained by an inward Vepolynomial fit to theB, data; (c) plasma pressure obtained from radial
Iocity ie pressure balance taking into account RMF contribution. The contribution

from the RMF,Bi/MO—pRMF, is also shown.
Jo=uB/n, . (16)

In this expressiorB, is also negative for the inner field lines. (LFSB) solution!’ while a typical rigid rotor profile would
Actually, u, represents an inward electron velocity and it isyield a poloidal flux:¢p=0.62<szzBe~2 mWh.
not necessary that the ions follow. A swirling flow from the It is interesting to note that the magnitude of axial field
inner field lines to the outer field lines can maintain particlestrength at the center is higher than the strength of the exter-
or current continuity. A swirling current would produce some nal magnetic field, which is measured just outside the quartz
toroidal field, but we have not yet attempted to measure thisvacuum vessel wall. This is simply a consequence of(Bqg.
Swirling particle flow might lead to a significant loss of par- where pgye=0 on the inner field lines. FoB,=60 G, B,
ticles at the ends near thépoint where fields are small and =160 G, the internal field would be about 175 GpifO)
ion gyroradii are larger. In that case, lost particles must be=0.
balanced by ionization of recycling or background neutrals  Using the analytic expression faiye in Eg. (8), the
in the region outside the field null. The consequence of thisadial pressure can be calculated from the measured values
for energy losses is discussed in Sec. IVE. of B,(r) using Eq.(9). The results are shown in Fig. 5.
Figure 16b) shows the FRC current profile derived from In particular, the contributio?/wq— prye from the RMF
a ninth-order polynomial fit to th8, profile data. The FRC confining force, i.e.{j,By), is also shown. As discussed ear-
is abou 2 m long and the total toroidal current driven by the lier, in the presence of a flux conserver, only partial penetra-
RMF is about 50 kA in this particular operating condition. As tion of the RMF (up to the field null will occur. This in-
can be seen, the profile peaks near the edge and requires litteeasesB, above the vacuum value, and can contribute
RMF current drive near the field null. This is a unique fea-significantly to the plasma pressure, and thus confinement.
ture of RMF driven FRCS® As a result, the poloidal flux, From the pressure profile shown in Fig.(&6 we can
¢p=J$B,2mr dr, is reduced compared to that for conven-calculate  the average 8 of the FRC: (B)
tional FRCs produced by the field reversed theta pinch=(2fgspr dr/rﬁ)/((BngZBi)/ZMO)wO.GQ, which is close
(FRTP method. For examplep, calculated from théB(r) to the value derived from the axial force balance between
profile shown in Fig. 1@) is about 1.6 mWhb, which corre- field line tension and plasma pressufg)=1—0.52
sponds to the value given bypz(xgl J2) 2 rR%B,, with =0.6628 It may be noted that, althougB,, is only about
e~0.8, approaching the Lowest Flux Sharp Boundaryone-third of the final external axial fiel@., the RMF azi-
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muthal fieldB4(r) is actually larger thaB,(r) over much of 0 5 10 15 20 25 30 35 40 4
the outer flux surfaces. However, as can be seen from the t (cm)

curve forB,(r) on Fig. 1&a), the radial field, which deter-
FIG. 18. Results from a 2D RMF current drive co®: axial magnetic field

mines the(j,B,) current drive, is very small. A large value of s .
. . . B, and RMFB, ; (b) radially inward flow,u, , predicted by the code.
B,/B,, though beneficial to radial confinement, should thus™* 0: y o P y

not be necessary for RMF flux sustainment. Since one worry
about RMF current drive is that it opens up field lines, everplied by Bohm transportdiscussed in Sec. IV)B Some 3D
if only in a fluctuating manner, it is encouraging that the effects due to limited RMF antennae length, particle recy-
value of B, is only a small fraction of the generated axial cling at the ends, etc., might also be responsible. Detailed
field B,. comparison with experimental data using various model as-
The pressure as a function of the poloidal flux is shownsumptions is a subject for future publication.
in Fig. 17. As can be seen, the pressure on the inner flux Figure 19 shows the on-axi{s=0) axial magnetic fields
surfaces is higher than that on the corresponding outer flugs a function of the distance from the midplane, measured by
surfaces. This cannot be due to local heating since RMfan internal magnetic probe inserted from the end of the TCS
power is predominately deposited in the edge layer outsidehamber(Fig. 1), together with the vacuum bias fields. In the
the field null. This higher pressure on the inner field lines isfigure are also shown the external magnetic fields measured
consistent with numerical models of inwardly driven flow, by two external magnetic loops located at the midplane and
with the pressure difference along flux surfaces resulting irthe end region, outside the quartz vacuum vessel wall. We
an assumed swirling flow. can see that the separatrix locatinris well defined(central
An attempt has been made to reproduce the experimentakial field B, changes sign and is away from the end cone,
results with a 2D RMF current drive code developed byas indicated in the figure.
Milroy. 2! Figure 18 shows the computed radial profiles of the
axial field,B,(r), the RMF field,B,(r), as well as the radial

flow, u,(r), driven by the RMF. The key input parameters 200 ' - - ME Anfenna T

used in the computation are as follows: RMF0.55x 10° 150 E 4

rad/s, B,=60 G; and an anomalous resistivityy, 1Midplane 17

=100 xQ m. & T b )
The code has reproduced the following key features ob- ;.; 50 —é_ : > o g

served in the experimentét) the RMF can produce steady- ° oL e -

state current drive even though barely reaching the field null; 3 i :

(2) the B,(r) profile exhibits a distinctive flat region around & 50! @ External E 7

the field null where little current drive is necessary, or avail-  .100[- ! Sgi::ter E .

able. In addition, the code predicts a steady inward flow of i ! A

about 4 km/s across the field null, which is allowed for by 450_@ E c,o‘fﬂé

stipulating a rate of swirling flow, driven by high pressures A s a7 500 525 ' 550 "”5_;;

on the inner field lines. However, the computed magnetic Z(m)

field profiles appear to be much steeper in the regions just
inside and outside the field null, compared to the experimenElG. 19. Axial profile of the axial magnetic fields a0 (solid squares

; : : : ; nd the external fields at two positiotelid circles, for a series of repeat-
tal data shown in Fig. 16. One pOSSIble eXplanatlon IS tha?ble discharges. The initial axial bias field profile prior to the onset of a

the anomalous r‘?_‘dia_l transport iS_ stronger around the _ﬁelaischarge(open circles is also shown. The positions of the RMF antenna
null where the axial field strength is small, as would be im-and the end cone are indicated.
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g 3t ®0 00 08° ° 9 siongl input from the theta pinch coils, but were primarily
= s b i 1 dominated bydE,/dt. In the present caseE,/dt is small
8 JE i I and the calculation is dominated by the RMF input power.
o E H 18 . s cppr . .
ok e . 8, | , | , 13 This is difficult to ascertain since each of the two antennas
-180 135 90 -45 0 45 90 135 180 (vertical and horizontalis feeding a nearly inductive load.
Phase (degree)

One cannot simply measure the difference in capacitor bank
FIG. 20. Effect of phase shift between horizontal and vertical oscillatings_tjpply voltage decay between a vacuum and plasma shot
magnetic fields. The data shown are exteri) and internal(B,,) mag-  since the presence of a plasma greatly changes the pulser
netic fields, peak plasma density.,) and total temperatur€T,,) derived  tube currents, and hence the tube losses. The technique
from radial pressure balance, energy confinement time=E,/(Pas  adopted was to carefully measure the antenna voltage and
—dE,/dt)], as well as the total input powéP .9, for a series of identical .
discharges except that the phase was varied, current traces and add a time delay so thgt they were exactly
90° out of phase for a vacuum shot. The integral gV ..,

when averaged over many cycles, then gave precisely the
power input to the plasma from each antenna. Since typical
antenna currents and voltages werg: 10 kA and+10 kV, it
To generate and sustain the toroidal current in the FRCé/’vas_wn_portant to determine the phases betwggrandVan

to within one-half a degreél7 ns for the 80 kHz frequengy

the RMF must rotate in the electron diamagnetic direction,

This requires that the phase of the horizontal oscillating magJEO obtain accuracies of under 1 MW. This was less than the

netic field be delayed by 90° with respect of the Verticaltime interval for our 10 MHz digitizers but, using smoothing

magnetic field under the particular magnetic configurationand the above-mentioned time shift techniques we generally

for our RMF experiments. The effect of the phase delay pe2chieved errars, as measured by examining many vacuum

tween the horizontal and the vertical fields is illustrated inShOtS’ of under 0.5 MW. More details can be found in Ref.
Fig. 20 where data was taken during the steady state phase Of"
a series of otherwise identical discharges with the phase var_—0 Ig/lezilggre((jj/absorbed powr:ar, for boéh tdazel= 126h ancti)w bed
ied between 0 and 360 degrees. Best performance was " X rag SI' casEs are shown on Fig. 21. The absorbe
achieved for a 90° phase separation, as expected, but {RQWer per unit lengt

peak is fairly broad making precise phase control unneces- ) o
Pabs nLJ 2mrj,dr

D. Dependence on phase shift between horizontal
and vertical RMF fields

sary. Some current is even produced for zero phase shift as (17)
recently demonstrated by Xet al!® but many nonsimple 2 2

effects could account for this. The power deposited to theShOUId scale ag, BJ/Ar or L Be/{ or 71 ©0NeBe. Th_e ab- .
plasma,P,,., is also shown. There is little variation for the sorbed power due to the axial sgreenlng cgrrents WI|| s_cale in
phase between 0° and 180°, but the absorption is greatlgp_e same manner, as @\528‘0) fAr, and its contribution
reduced for the RMF rotation in the wrong direction, pre- V! d(ta)pend on the relative Vﬁ'“eloﬂ\ an?"nlld. _(A_Ctﬁy 7
sumably due to poor penetration. The derived energy conf'@y b€ a misnomer since the electric field Is in tharec-

finement time is also shown, and displays the same peak nelP": while the axial _f|eld Imes become helical due to the
a phase separation of 90° RMF B,.) The analytic scaling results do not depend on the

ratio of » /»,, but if it is not small, then axial current
dissipation could add to the absorbed power. Since bgth
and B, are both observed to scale approximately linearly
The energy confinement time can be simply defined asvith B,,, the observed linear scaling 8f,,s with n, implies
7e=Ep/(Paps— dE,/dt). Measurements in previous, non- that », sales inversely witmg, in agreement with the scal-
sustained, theta pinch formed FRCs involved some compresag data shown in Fig. 14. The reason the absorbed power is

E. Energy losses and particle confinement
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higher for higher RMF frequency at a given density is that 1.5
the current carrying region is thinng@reducedAr) and the 1 o5l |
FRC is longer. '
There are still some discrepancies between the Fig. 14 10k _
and Fig. 21 inferences about plasma resistivity. By integrat- &
ing Eq. (17) over just the outer field lines, the absorbed = 0.75F .
power per unit length can be written as :if o5k ]
27rg (Be 2 T ZBe)2 o
mka——7n | —| =kam 0 |l — ] 18 0.25} ® lowo |8
abs™ Ma Ay /s “o a(ﬁ)é’ﬂL “o (18 ik &, Highzay |
where Ar/ry is related toZ by Eq. (2). For a rigid rotor O = e o5 o 15 1a5 15 e

density and current profile over a current sheet witiththe
factork,~2 due to current concentration at the higher den-
sity. The numerical calculations, even including the innerg g, 22, Radiative poweP, . versus(ng 2Ty, with Ty, being the pressure
field line losses, yield a factor df,=0.5 due to a wider balance temperature.

current carrying profilgFig. 18. The experimentally mea-

sured profilegFig. 16 are wider still and can be represented

by k,~0.35. Using the numerical value, the resistivity in-

ferred from the absorbed power is about a factor of 2 higher  Pabs= Pit Peonvt Poct Prag: (19)

for the «=0.5x 10° data than inferred from the/N=1/y2 Particle loss through the convection channel should be
scaling. This discrepancy could be due to experimental errorsalanced by the rate of ionization since the total particle
in determining the current profile, to axial current dissipa-inventory is also quasisteady and recombination is only im-

tion, or to the extreme Simplification of the analytical m0d6|.portant when the electron temperature is below 1 eV. Thus,
However, one would expect the analytic scaling to be conwe obtain

servative since the RMF must drive current beyond the ex-
tent of the antennas. Pabs=NeNpSiVo(e;+2.KTigp) +NiNpSe V2. 5K T, + Prag-
In any case, the energy confinement times are typically (20
only on the order of 3Qus. The values of flux confinement n, is the neutral density which exists only in the volume
time given by the rigid rotor 1‘ormulaz¢=r§/16DL careon  Vo=(1—(1—\g/rg)?)Verc Where), is the mean free path
the order of 10Qus for the typical 100 rfis diffusivities(125  of neutrals before ionizatiors; and S, are the rate coeffi-
1 m resistivity). This value is also consistent with the ob- cients for ionization and charge exchange, respectively, and
served flux decay rates after the RMF is shut off. Hopefully,s; is the ionization energy13.6 eV per ionization The neu-
the resistivity will decrease to the low values seen for thetral density,n,, is not measured and is specified as a free
hotter, higher density translated FRCs in future experimentgarameter. In addition, though the total temperafligg is
Since the absorbed power is so high, it is of interest toderived from radial pressure balance, no entirely accurate
determine where it is going. Radiative power has been meamneasurements of eithdr, or T; are presently available. In
sured by a Bolometer viewing across the FRC midplane, anthe calculation, two cases are consider@d:T;=0 and(2)
multiplying the result by the ratio of total FRC volume to Ti=T.. Power losses in each separate channel can then be
viewing volume. These results are shown in Fig. 22 as adentified.
function of nZT. Ty is the total temperature inferred from As an example, Fig. 23 shows the calculated power
the density and pressure balance, and is assumed to be Hisses for a reducea discharge, assuming;=T., along
most completely electron temperature. For a given densityith the measured RMF heating power and the radiative
the radiation power is higher for the higher frequency casepower. In order to match the input RMF heating power, a
perhaps due to a more concentrated deposition volume andrgutral densityn,=0.0é, has to be assumed in EO).
higher level of impurities there. Table | lists the power losses in each channel, together with
Due to lack of detailed profile measurements of FRCthe values for the neutral concentrations required to achieve
density andelectron/ion temperatures, we have developed apower balance at 80@s of the dischargépulse 3179, for
zero-dimensional0OD) model for global particle and power both theT;=0 and theT;=T, cases.
balance. For all the discharges presented in this paper, the The global particle confinement time can be defined as
time scale for changes in the global plasma parameters such N
as density, power, external fields, etc., during the quasisteady NS —gNidp
phase of the discharges, are much longer than the energy and in
flux confinement times. Therefore, the FRCs are simplywhereN is total number of particles in the confined plasma
treated as steady state in the following analysis. Conductiomolume, andl’;,=ngn,SV, is the particle influx. For the
losses are neglected due to the low electron temperature agteady state FRCs, E(R1) can be simply rewritten as
near vacuum separatrix pressure over most of the FRC, and m=1nSfy) (22)
the RMF heating power is assumed to be balanced by ion- ‘N NtV
ization (P;), convection(P,,), charge exchangé.,), and  wheref,=Vy/Vegrc is the fraction of FRC containing neu-
radiation(P,,g. trals. Since the RMF drives plasma inward and produces a

Ne? (1020m3)Tyq (eV)

(21)
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Time (us) FIG. 24. Particle confinement time,, versusr: based on inferred ioniza-

tion rate, for theT; =T, case.

FIG. 23. Power loss in different channels for a discharge with 0.5
x10° radfs,B,=75 G, and(n.~2x10"° m3, including convection,
ionization, and radiation derived from global power balance for a particular

It has been proposed that cold neutrals provide this slow-
case assumin@; =T, . The total RMF input power is also shown.

ing down action by transferring momentum with the iSri8.
Assuming a retarding forcé;,= v;,m,w; due to stationary

. . . .. neutrals, the resultant ion rotational speed fraction is
very low separatrix density, the particle loss balancing ion-

-1

m; Vin)

ization presumably comes from the FRC ends, or radially wj
from the portion outside the RMF antennas. The observed %~  — me v,
time independence dfl could be self-regulating due to the
FRC expanding past the RMF antennas until the outflow jus
balanced the ionization derived inflow.

The calculated values afy for both the low RMF fre- 3l
guency and the high RMF frequency discharges are shown iﬁxchang o . :
Fig. 24 based off,=T,. (AssumingT,=0 leads to some- The experimental data, ob@alngd from mult|c_hannel Dop-
what lower confinement times due to a reduction in chargé)Ier spectroscopy, are shown in Fig.(a5for the discharges
exchange losseslt is interesting to note that the particle conducted W'th the RMF operated at baik=0.5x .106 and
confinement time in these low temperature RMF formed106 rad/s. I_n Fig. 2_53) are shown t_he corresponding neutral
FRCs exhibits a similar size scaling, i.eNocxsri, to that concentrationgsolid symbol$, derived from global power

seen in conventional hot FRCs, albeit at a lower absolut a+lzi1n_ce. It can be seen.tha}t the spin-up pgrameuefr the
value® ions rises as density increases and, indeed, correlates

with a decrease in neutral concentration.

The number of neutrals required to slow down the ions
can be estimated using E@®5). The calculated result is also

In the presence of the RMF, the ions are subject to shown in Fig. 28b) by the open symbols, assumirig
frictional drag force applied by the electrons, given by =T,. This neutral fraction shows a similar decreasing trend

with density as inferred from power balance, but with a
(23 much higher magnitude, especially for the higher low
assuming that electrons rotate synchronously with the RMFensity discharges. Measurement of neutral densities is ob-
and the ions have a rotational frequengy. The ion spin-up  viously a high priority for RMF operation.
time is simply Note that in conventional theta pinch formed FRCs it has
been observed that ions tend to rotate in the ion diamagnetic
direction, i.e., opposite to the RMF rotational direction. The
mechanisms responsible for this, such as particle loss or
end-shortind, may also be active in the RMF formed FRCs,
thus offsetting the ion spin-up rate by the applied RMF.

As can be seen in Fig. 28, the ion spin-up frequency is
higher in the reducedv discharges than for the higher
experiments, despite the lower drive frequency. This usually
results in development of the standard?2 rotational insta-

(25

he ion-neutral momentum transfer collision frequency can
e represented by charge exchanggs= S;,n,, wheren,, is
the neutral density, an8,, is the rate coefficient for charge

F. Effect of neutrals on ion spin up

fsu=v Me(w—wj)r

Teu=Mor/fg,=(m /mg)v, . (24

It would take only~100 us for w; to reachw for the present
RMF formed FRCs due to the elevated resistivity,
=mev, INg€>~100 O m andv, ~50x 10 s 1). This is,
however, not observed in the experiments.

TABLE I. Inferred powers for the shot shown in Fig. 23 at 80§.

Pt Pra P, Poony P, bility, while n=1 modes have been the predominant instabili-

(MW)  (MW)  (MW)  (MW)  (MW)  n,/n, ties present in the previous high discharges. Then=2
T-0 312 14 0.26 15 o 013 mode_s te_nd to develop in the dlscharggs with a low density,
T=T, 312 14 0.15 0.7 0.8 0.06 resulting in a small FRC with short axial length and small

separatrix radius. This is illustrated in Fig. 26, where other-
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g The data shown are the interr(@,,) and externa(B,) magnetic fields, the
00 . -2; excluded flux radiugr, ), and the plasma line averaged densityn)).

FIG. 25. (a) Ratio of the rotation speed of 'C ions, determined from
Doplc;ler shift of CIIII Iline atf464_-7 nT, to th? RMF rotation velocity,  correct range for the expected resistivity, the FRC separatrix
e s s b 18IS Wil xpand t large valles Bf=rs/r since it thi
(open symbolswith an assumption o, =T, . radial expansion inside a flux conserver that provides for
higher axial confinement fields and higher plasma density.
When equilibrium torque balance is reached the RMF will
wise identical discharges, with different puff—fill pressuresnever penetrate much beyond the axial field null as long as
are shown. It is interesting to note that similar performance ishe parametet, equal to the line current needed to reverse
achieved in the lower density case despite the stioAg  the external field divided by the full possible synchronous
oscillations. Operation at stronger bias fields compresses thgyrrent, is less than unity. Best drive efficiency is achieved
FRCs further away from the wall, making them more pronéwhen ¢ is close to unity, and RMF frequencies should be
to thg rotational |nstab|I|t|¢s.As in the hlghdlscharges, the  chosen accordingly. Low and the resultant edge current
rotational modes rotate in the RMF direction with a fre- grive produces pressure profiles inconsistent with FRC axial
quency in the range of tens of kHz, similar to the ion rota-gqyilibrium constraints, and leads to unsteady behavior that
tional frequency. must surely affect confinement. Higher external fields, and
more energetic FRCs could be sustained, even with the
V. SUMMARY AND IMPLICATIONS present high resistivities, if the FRC temperature increased,
FRCs have been sustained in quasi-steady-state for tH@t this has not been possible with moderate power RMF
first time inside a standard flux conserver. Up to 60 kA offormation alone.
toroidal current has been driven by rotating magnetic fields. For the present experiments, better performance has
These RMF driven FRCs behave in accordance with théeen achieved by lowering the RMF frequency to increase
simple analytic scaling laws developed in Ref. 7 and furtherThis allowed higher RMF fields to be produced, resulting in
expanded upon by the numerical calculations of Ref. 11. Th&igher densities and external fields, but brougback below
important parameter governing performance is the cross-fiel@.3. One consequence of reducing the RMF frequency and
resistivity, which is very high~100 uQ) m) for the present increasing its strength was that;=eB,/m; became com-
low temperature, solely RMF formed FRCs. It is probably parable to the RMF frequencw,;/w=0.65 forB,=70 G).
not possible to reach higher temperatures in any high betd had been postulated by early developers of fully penetrated
plasma by slow formation techniques due to radiation barriRMF drive theory that it was necessary to havg<w to
ers at the initial high densities and high-, low-temperatureavoid also driving a synchronous ion current, but HoffAtan
loss rates. Higher temperature RMF drive experiments wilshowed, using particle orbit calculations, that the ions may
have to wait upon more standard FRC formation methods. only achieve rotational speeds equal B),(2B,) w;. In any
In accordance with theory, RMF drive causes FRCs tacase, the physics is very different for the partially penetrated
expand and increase in density until the frictional torque dudRMF that will always occur in flux confined FRCs with
to electron—ion resistivity equals the RMF imposed torque. If<1. No particular problems were encountered with /@
the initial bias field inside the flux conserver is chosen in the=0.65.
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As predicted by many researchers, the ions should spirtribute to current drive. RMF drive has demonstrated the
up in the RMF direction due to electron—ion friction. This ability to counter radial particle diffusion and, in concert
appears inevitable since the RMF applies an actual torque twith edge NB fueling, could have the additional benefit of
the plasma. Either a source of new partiolesling) or the  reducing conduction losses, especially if the raig (and
presence of a neutral background can absorb this torque amgpeciallyB, ) to B, is small. This may be the ideal FRC
lead to a reduced ion rotational speed. Inferences of neutralustainment technology, relieving some of the requirements
density from energy confinement times in the present experien RMF power, whatever the actual plasma resistivity. How-
ments yield neutral fractions in the correct range to limit theever, the next step is to demonstrate RMF current drive in
ion rotational velocities to observed values. Most likely co-hot, lower resistivity FRCs. This program is currently under-
incidently, these speeds are also roughly in agreement wittvay in the TCS theta pinch formed and translated FRC pro-
those predicted from the particle orbit calculations. gram.

Even with partial spin-up the ions are rotating at speeds
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