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Increased Confinement andB by Inductive Poloidal Current Drive in the Reversed Field Pinch
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With the addition of inductive poloidal current drive for current profile control in the Madison
Symmetric Torus (MST) reversed field pinch, the magnetic fluctuation amplitude halves, leading to
reduced energy and particle transport. A four- to five-fold increase in the energy confinement time to
7¢ ~ 5 ms with both decreased Ohmic input power and increased stored thermal energy coincides
with record low fluctuation amplitude and record high electron temperatus@0 eV (for MST).

B [= 2u.{p)/B(a)?*] increases from 6% to 8%. Other improvements include reduced electrostatic
edge turbulence and plasma impurity content. [S0031-9007(96)02046-7]

PACS numbers: 52.55.Hc, 52.25.Fi, 52.25.Gj, 52.35.Py

A growing understanding of the turbulence in reversedcreases from 6% to 8%. In conventional RFP operation,
field pinch (RFP) plasmas has inspired recent proposals t@n inductive toroidal electric field drives the plasma cur-
reduce magnetic fluctuations and associated transport lgnt. With the addition of a poloidal component, the elec-
the application of current density profile control. The ma-tric field parallel toB is increased in the outer region of
jority of the energy loss in an RFP plasma occurs througlhe plasma (where the magnetic field is mostly poloidally
transport in a stochastic magnetic field generated by magtirected) to facilitate current profile flattening for fluctu-
netic fluctuations. Most of these fluctuations result fromation suppression. Unlike the proposed electrostatic, ff,
several poloidal mode number = 1, toroidal mode num- or neutral beam current drive, inductive poloidal current
bern ~ 2R/a, magnetohydrodynamic (MHD) tearing in- drive is inherently transient since it produces a chang-
stabilities [1] resonant in the core of the plasma and driveiing toroidal flux in the plasma volume. The observed
by the current density gradient. Direct measurements amprovements last as long as poloidal current drive is
the magnetic-fluctuation-induced particle [2] and heat [3]present. We hereafter refer to this technique as pulsed
losses in the Madison Symmetric Torus (MST) identify poloidal current drive (PPCD).
large transport associated with these fluctuations. In other The PPCD experiment is performed in MST [12], a
RFP experiments [4] the estimated magnetic-fluctuationtarge reversed field pinch with major radigs= 1.5 m,
induced heat flux can account for the observed volumeninor radiusa = 0.52 m, toroidal plasma current, =
averaged heat flux. The fluxes measured in MST agreg00 kA, and beta8 = 2u,(p)/B(a)*> = 10%. The wave
with expectations [5] for stochastic magnetic field diffu- forms of the toroidal and poloidal components of the elec-
sion, except the electron heat loss in the outer region of theic field E4 = V4 /27R and Eg = Vy/2ma (measured
plasma occurs at the ion rate [6]. Since tearing instabilityoy loops at the plasma surface), the toroidal curignt
results from the current density gradient, the proposals fothe average toroidal magnetic fie{#;) = ®/7a?, and
current profile control employ auxiliary electrostatic [7], rf the toroidal field at the surfac®y(a) during a PPCD ex-
[8,9], or neutral beam [10] current drive in the outer regionperiment are shown in Fig. 1. The shaded region indi-
of the plasma. In a conventional RFP plasma, the tearates the time during which PPCD is applied. In the first
ing fluctuations drive current in the outer region through aPPCD experiment [13] th&, drive was a single, trian-

(V x B) motional emf or “dynamo” effect [11], establish- gular shaped pulse. Figure 1 illustrates improved PPCD
ing a self-consistent current profile. The auxiliary currentthat provides a series of four smaller pulses. Improved
drive, aimed to reduce the current density gradient, may bBPCD drives poloidal current more uniformly through-
viewed as a replacement for dynamo current drive, redumut the PPCD phase and reduces the plasma-wall inter-
ing the fluctuations otherwise essential to sustain the RFBction since the peak, amplitude of the four pulses is
magnetic equilibrium. smaller. Also PPCD lasts longer, maintaining the bene-

In this Letter we describe the observation of reducedicial effects observed in the first experiment for a longer
magnetic fluctuations and transport resulting from inducperiod of time. Most importantly, improved PPCD leads
tive poloidal current drive in an RFP. With poloidal cur- to a greater reduction in the magnetic fluctuation ampli-
rent drive the magnetic fluctuation amplitude reaches @&ude and an increase of the stored thermal energy, en-
record low value for MST. The global energy confine-ergy confinement, and beta. The sharp negative spikes
ment time increases four- to five-fold with both dramati-in E4 both before and after PPCD are associated with
cally decreased Ohmic input power and increased storgolasma-generated toroidal flux in spontaneous sawtooth
thermal energy. A record high (for MST) electron tem- (dynamo) events [Fig. 1(d)]. The negatifig spikes rep-
perature ~600 eV is achieved, and the beta value in-resent the toroidal field magnet circuit’'s inductive back
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10 ~ sawteeth is evidenced through the negathjespike at
E, § \\ﬂm, | t = 16 ms during PPCD and by the series of negative
(Vim) I8 spikes that immediately follow PPCD. The transition of
] e, W] the fluctuation to its low value coincides with a small saw-
; g e AN tooth in this and many improved PPCD plasmas. This is
) wm I K '} i | pr(_)bably related to an aprupt but modest current profile
(W/im) =5 b adjustment associated with the small sawtooth crash, but
;53 T the current drive provided by an improved PPCD appears
I ~ i necessary as well. Periods of very low fluctuation are not
(kA) 200 / 1 observed when duplicating the original single pulBg
ol (e) programming. The details of the current penetration into
By Y ] CEy the plasma (and therefore the current profile modification)
B () ] -(—1—[_ s dppend on the time variation of the applied 'surface electric
+G) 1 Tt et SR fleI(_j. _Improyed PRCD resul.teq from ongoing attempts to
=0 10 20 30 40 opt|m|ze_t_he inductive eIectrlc fleld programming.
Time (ms) In addition to the magnetic field, many quantities show

FIG. 1. Wave forms of the (a) surface toroidal electric field, reduced fluctuations during PPCD. ~For example, the

(b) surface poloidal electric field, (c) toroidal plasma current,VOlt@g€¢rioa: in Fig. 2(b) from a floating Langmuir probe
and (d) average and surface toroidal magnetic field. located at the edge of the plasma shows a reduction

in fluctuations similar to that in Fig. 2(a). [Note that
Fig. 2(a) is a processed rms amplitude and Fig. 2(b) is a
reaction to dynamo flux generation within the plasma vol-‘raw” measurement.] Electrostatic fluctuations have been
ume, and they oppose the dynamo-driven emf [14]. Iridentified as the most likely cause of particle transport in
contrast, PPCD is a controlled increase in the poloidathe edge of MST [16] and other RFP experiments. A
current through application of positive,. possible connection between the reduction of magnetic
A new result of improved PPCD is the reduction of thefluctuations in the core and electrostatic fluctuations in
magnetic fluctuation amplitude to a record low value. Thethe edge is an exciting prospect. Current profile control
spatial root-mean-square magnetic field fluctuatigy, ~ may have a more general consequence than the targeted
measured in an improved PPCD discharge by a 32-statioreduction of global magnetic fluctuations.
toroidal array of pickup coils on the plasma surface is The global energy confinement time increases up to
shown in Fig. 2(a), normalized to the equilibrium field five-fold during PPCD with both increased stored ther-
strengthB(a). The dominant wavelengths that composemal energy and decreased Ohmic input PO mic-
this fluctuation arem = 1, n = 6—10 modes, although The shot-averaged [17] line densif, central electron
them = 1, n = 6 mode alone accounts for most of the pressurei,,kT.,, Ponmic, Mean-squared magnetic fluctu-
fluctuation during PPCD. Before PPCD is applied, theation 5%, and H,, radiation for 100 PPCD plasmas with
fluctuation amplitude cycles with the sawtooth oscillation
at a cycle-averaged amplitude bf,;/B(a) = 1.5% typi-

cal of conventional RFP plasmas. PPCD suppresses saw- I ‘ PR r’
toothing, and the fluctuation amplitude first grows slowly b 3 ;| | ]
and then decreases. Large sawteeth are suppressed in {;i] e ' '|'l| W
virtually all PPCD discharges, but the fluctuation ampli- 1T L ”‘r’\\——- @ |
tude in the first PPCD experiment [13] was held at the 53

“between sawtooth crash” value. With improved PPCD o ‘ | *

the fluctuation in some discharges (like that of Fig. 2) is {I*-"J gm

reducedbelow the sawtooth cycle minimum value to a I

record low valueb,,,/B(a) = 0.8%. During these pe- —50 ib)
riods of very low fluctuation the improvements in the 5 '

plasma are most dramatic. The parallel electric field Ei(a) 0= TS o CRLARL
E| =E - B/B = E, measured at the plasma surface is (V/m) 5'|.| [ I |
shown in Fig. 2(c) to emphasize the relationship of re- \ ”
duced magnetic fluctuation and poloidal current drive. =10z 10 15 20 o5
While poloidal current is driven by PPCD, the fluctu- Time (ms)

ation ampl(;tut()je IIDSPérSa”' AIth(?{UQh Ia;rge SﬁWteet\Tnart IG. 2. The (a) spatial root-mean-square magnetic fluctuation,
Suppressed by » @ New lype of smaller sawloo ) edge floating Langmuir probe voltage, and (c) parallel

phenomenon [15]'occurs during and immediately follow-gjectric field measured at the plasma surface during improved
ing PPCD. In Fig. 2(c) the presence of these smallePPCD.
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I4 = 340 kA are shown in Fig. 3. The shot averagesPPCD plasmas with higher curredg = 440 kA with

of the same quantities for 60 conventional RFP plasmas ~ 1 X 10! m~3, although with smallei8 =~ 7% but

are overlaid for comparison. For purposes of comparisimilar 7z = 5 ms.

son, the gas fueling was adjusted for matched density Although the increase in stored thermal energy is
evolution. The central electron pressure is measuredubstantial, most of the increase irp results from
with a single point (time and space) Thomson scatterdecreased transport, indicated by decred&ggh;.. Since

ing diagnostic, varied in time shot by shot. In estimat-PPCD is transient, accurate time-dependent equilibrium
ing 7z and B, the n(T, + T;) radial profile is assumed modeling is required to derive

to behave ad — (r/a)>. (An 11-chord interferometer 9

indicates the density profile is centrally peaked, but the  Ponmic = 1sVe + IsVs — —= [Bde/2M0~ (1)
temperature profiles are not measured.) The ion tem- ) )
perature measured by charge exchang&:is=~ 0.5T,, To e\{aluate the volume integrated (storgd) magnetic en-
in conventional discharges at this density but remain§"9y in Eq. (1), the three-parameter cylindrical equilib-
roughly constant whild,, increases by as much as 709% fium model [18]

compared with conventional RFP plasmas. The Ohmic VvV X B = A,(1 — r*)B + (8,/2B>)B X Vp  (2)
input power is derived from the measured total inputis used to estimatB(r, ¢) in lieu of direct magnetic pro-
power (Poynting flux) at the plasma surface by subtract; ’

! . - file measurements. The parallel[®Bocurrent in Eq. (2)
ing the rate of change of stored magnetic energy using specified by shape and amplitude parameterand
equilibrium modeling (described in the next paragraph)

The calculation includes input power from bofl, and t);oal zg?athzrg?nrgtea%dlczulgr curr(/egtz |Zns(§) Zmﬂreedsga/nteherg_en-
Eg. The PPCD plasmas in this ensemble, chosen onl P 0 MoPo/B, P P

i _ 42
for the same density, have increasedfrom 1 to ~4 ms ﬁlﬁ 4 [ZS?tL;me;ratr%e?gr)s(r ;:; la d'urs, t]é q Ttgemaa(ttc)ﬁ /:ﬁt(et;:s,ure q
and increaseB from 6% to ~7% compared with con- o\l) P )

ventional RFP plasmas at a time near the end of ppciy () (Bs(1), Bgla,1), and 'B(f_)' As a test of Et_1e
(t = 17 ms. [The poloidal betaBy = 2u,(p)/By(a)’ mod%l accuracy, the predicted “internal inductante*
increases f'rom 6% to-8%.] A semaller Oensemeble of 2 [ Byrdr/a’By(a)® is compared with the internal in-

25 plasmas which exhibit the exceptionally low mag_ductance derived from the poloidal asymmetryHp at

netic fluctuation level features illustrated in Fig. 2(a) havel'€ Plasma surfac@y(¢) ~ By(a)[1 + gAcosf] mea-

75 ~5ms andB ~ 8% (Bs ~ 9%). Table | summa- sured by a 16-station poloidal array of magnetic sensors.

rizes improved PPCD confinement (coincident with theThe_ asymmeiry factor’A IS related 1o, an_d Bo by
A =1;/2 + By — 1 for a circular cross-section plasma

lowest magnetic fluctuation) in 340 kA plasmas. An MST[lg]. The comparison is shown in Fig. 4, where super-

recardT,, = 615 eV was measured for similar improved script “a” identifies equilibrium model results. The “total

inductance”Ly/u,R, Which includes the toroidal field
contribution to the total magnetic energy, is also shown in

o 1.5 '__ _‘_____:':___d._d'_:-?_—'q______ Fig. 4 to illustrate that-2/3 of the magnetic energy in an
lm,am_a,]l:z.?'s-___-——‘“._,,,J,G[:,_,. 1 RFP is in the poloidal component (measured/fy The
' o : : : : ) good agreement betweéndetermined from\ and!; pre-
Mok Ty T . dicted by Eqg. (2) bolsters confidence in the calculation of
Py H00F S T L T Ponmic. The energy confinement time (quoted above) is
— ; SE— defined as
S S
B fimic 'L ™, o f . I'L é .
_:i;w:l 5_II:I U\"._-"I I"\-“'.‘-'\:' i \; ...;_,_-IN"-. 11t _\ﬂp- TE = f 2n;€(TeS + Tl) av ) (3)
0 TR | L@ Ponmic — 37 J 5nk(T, + T:)dV
, 120 - ; - I
IJE 60 I ‘L:r_:\t_,_________g_;?_ L e . . .
(G5} 0 i @ TABLE I. MST confinement parameters with and without
2 : : i | PPCD (compared at the same current and density near the end
Hy voa oo R of the PPCD phase).
@ IVNTEEY oA
o ; =R L el PPCD Conventional RFP
% 16 192 23 3 Current, I, 340 kA 340 kA
Time (ms) . 19 3 19 3
Density,n, 1.0 X 10" m™ 1.0 X 10" m
FIG. 3. Shot-averaged wave forms of (a) the central chord Temperature7,, 390 eV 230 eV
line density, (b) central electron pressure from Thomson Poloidal beta,y 9% 6%
scattering, (c) Ohmic input power, (d) mean-squared fluctuation |nput power,Ponmic 1.3 MW 4.4 MW
amplitude, and (eyi, radiation. The unbroken lines are for g, ctuation b /B(a) 0.8% 1.5%
PPCD plasmas, and the broken lines are for conventional RF ConfinerhénljlstrE 5ms 1ms

plasmas.
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FIG. 4. Normalized inductances for ensemble data of Fig. 3
Superscript &” indicates equilibrium model predictions
[Eq. (2)]. For better illustration of the time evolution, this
comparison is shown for fixegB, = 10%. [The temporal

resolution of 3(¢) is coarse.]

Although thermal energy increasing during PPCD tends
to decrease the denominator in Eq. (3), the impact of

dB/at > 0 on the equilibrium modeling increas®snmic
by a slightly larger amount, and the net effect isa ms
decrease inrg relative to a constang calculation.

The global particle confinement time, also increases
during PPCD. This is indicated by the decreaseHin
emission (ionization source) while, increases. Par-
ticle transport modeling estimates increases by a factor
similar to the increase img. Also the plasma is cleaner,

as evidenced by reductions in the total radiated power, in-

cluding visible impurity line radiation and bremsstrahlung
radiation. Higher energy soft x-ray radiation increases

consistent with the higher electron temperature. Although

Although PPCD does not eliminate tearing fluctuations,
a clear correlation exists between improved confinement,
poloidal current drive, and fluctuation reduction. If the
transported energy loss scales lixkex B2, as expected
for diffusion in a stochastic magnetic field [5], then the
50% reduction in the fluctuation amplitude predicts a four-
fold decrease in energy transport. The observed four- to
five-fold increase of the confinement time is consistent
with this expectation.
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