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Current profile control by alternating current magnetic helicity injection
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Current profile control by ac magnetic helicity injection is computationally investigated in a
reversed field pinch (RFP. Three-dimensional resistive magnetohydrodynami®dHD)
computation is employed to study the nonlinear MHD. During ac helicity injection, when toroidal
and poloidal surface voltages are oscillated out of phase, the parallel electric field is maintained
positive over a majority of the cycle leading to current density profile flattening. The total
time-averaged magnetic fluctuations are reduced and the magnetic surfaces are nonstochastic for
much of the cycle. The steady-state nature of this technique could make it useful for improving RFP
performance. ©2004 American Institute of Physic§DOI: 10.1063/1.1690304

I. INTRODUCTION K
r =2(¢zvz)—2f E-Bdv, (1)
In the conventional reversed field pin€RFP configu-
ration, the plasma current is driven and sustained by a torowhere magnetic helicity, a measure of the knottedness of the
dal inductive electric field. The resulting electric field com- magnetic field lines, is defined &= [A-Bdv—¢,¢;, ¢, is
ponent parallel to the magnetic field is centrally peakedthe poloidal flux passing through the center of the tokfis,
leading to a current density profile unstable to tearing moded$ the axial flux within the plasma, and, is the loop
Energy confinement is consequently reduced. In recent year¥0ltage® For OFCD, the helicity injection ratg,v, on the
energy confinement has been greatly improved through teaRHS ©f Ed.(1) consists of the contribution from both the
ing mode reduction by control of the radial profile of the ©hmic helicity injection rate ¢,v,)q. and the ac helicity
current density. The technique applied successfully in experilnjection rate,v, (the “hat” denotes an oscillating quan-
ment is control of the inductive current density profile. A fity). In steady-state, the dissipation rétiee second term on
surface poloidal inductive electric field has been applied tgh€ RHS balances the helicity injection rate. Electrostatic
drive edge poloidal current, which in the RFP edge is mainlyhel'c't_y |nject_|on, WhICh requires the intersection of magnetl_c
in the parallel directiot.Most recently, further refinement of field lines with b|a_s_ed elec_trodes, has been studied earlier
the current density profile is obtained by the addition of pro-2nd Shown to stabilize tearing modes. _
gramming of the toroidal electric fiefdAlthough successful The_ numerical model and the_ basic equations are pre-
at demonstrating confinement improvement, the technique ige_nted n Sec. Il In .Sec. Il the t|me-a\{erages O.f both the
limited in its utility since it is transient. Application of a axisymmetric quantities and the non-axisymmetric fluctua-
unidirectional poloidal electric field causes the toroidal mag-}!ons are presented. The Flme vana‘qons of bo_th axisymmetric
netic flux to decay in time. To circumvent this problem, we ;ildosF?:ng é;((e:l:z?rgiitcr:]csgzgizeggglulsltu_?ct)lounns dg;;?:r?g?ﬁé
esigns v curendesty ot cont by s a5 G oo e o, e et e
. oscillating poloidal current drivé€OPCD) in which only the
C|Ilat0ry.stelady-fstate. , , poloidal surface electric field is oscillated, then oscillating
Oscillating field current drivdOFCD) is a form of ac  6iga current drivOTCD) in which only the surface to-
helicity injection first proposed in the RFP in Ref. 3. In \qiqa electric field is oscillated. The fluctuation level oscil-
OFCD, poloidal and toroidal surface voltages are oscillateqyeq in hoth cases, but the net decrease is minor. OPCD has
90 deg out of ph_ase to inject magnetic helicity into theeen enacted in experiméhwith only modest gain in con-
plasma and sustain steady-state current. Recently, we hay@ement. The detailed dynamics of OPCD and OTCD are
investigated the three-dimension@ D) nonlinear MHD of  presented in Secs. IV A and B. Significant reduction of tear-
full current sustainment by OFCD. While OFCD sustains theing fluctuations requires the oscillation of both poloidal and
current, it also leads to the excitation of edge-resonant modegroidal voltages—OFCD. Only then is the parallel electric
with large amplitudes. The core-resonant tearing modes afgeld profile sufficiently flattened. The dynamics of OFCD
not strongly affected Here we computationally study OFCD are described in Sec. IV C. The ac helicity injection rate de-
for the different purpose of current density profile control. creases with oscillation frequency. However, the frequency
Although a portion of the total current is sustained steadilyshould be low enough that edge OFCD-driven current can be
the key effect of interest is the reduction of magnetic fluc-relaxed by the tearing fluctuations into the plasma core to

tuations. result in current modification, but high enough to avoid cur-
Using the concept of magnetic helicity balance, the rataent reversal. The optimum balance between these two ef-

of change of magnetic helicity is fects is the topic of Sec. V. We conclude in Sec. VI.
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Il. NUMERICAL MODEL o AR B B B

We study the full dynamics of fluctuation reduction by
OFCD with 3-D MHD computations, capable of tracking
changes in the tearing fluctuations. The 3-D resistive MHD :
code, DEBS is employed to solve the compressible resis- 3F
tive MHD equations in periodic cylindrical geometry, - -]

A sVxB- 3 - _:

it s :
N , "

pﬁ =—-SpV-VV+SIXB+ VeV, : . cycle—averaged with OFCD 1

. @) O - - without OFCD '
= X 1 E

J _ V >< B - 1 ; | | | | |

where time and radius are normalized to the resistive diffu- 06 08 10 12 1.4 16 18

sion time 7r=4ma?/c?75, and the minor radiug, velocity t/7

to t_he Alfven Velo?ltyVA’ and magngtlc field to the mag- FIG. 1. Total axial current with partial OFCD at the frequengy,=0.16

netic field on axisBy. The Lundquist numbeS= 7g/7s  versus time. The cycle-averaged current with OF@Be with diamonds

(wherera=alV,), andv is the viscosity coefficient, which shows about 15% boost. The dashed line shows the current without OFCD

measures the ratio of characteristic viscosity to resistivityStandard

(the magnetic Prandtl numberThe mass density is as-

sumed to be uniform in space and time. The resistivity pro-

file increases near the plasma edge; (1+9(r/a)*)% Os- injtial target RFP plasma used in the simulations presented in

ciIIatirlg axial and aziAmuthaI electric fields are imposed at thepjs section has a pinch paramet€&r=1.68, where ®

wall, E,=¢,sin(wt), Ey=g4sin(wt+7/2), wheree, ande,  =1,/2¢,, at aspect ratidcR/a=1.66. The oscillating fields

are the axial and azimuthal ac amplitudes, respectively. Fasre then imposed on the target relaxed RFP plasma.

sufficient relaxation, the oscillation period should be long  The ac helicity injection rateij=6Zz‘z,,/2w=19, is

compared to the plasma relaxation tirfiee hybrid tearing  apout 50%-60% that of the ohmic dc helicity. We choose an

time scalery~ J7r7a). To avoid large current modulations, orcp frequencywry=0.16 (r,=12000r,), which is low

this period should be short compared to resistive diffusionenough for both the relaxation and modification of the cur-

time 7g (T4<7,<7g). . _ __rent density. The total axial current is shown in Fig. 1. Be-
To inject ac magnetic helicity, we impose oscillating cayse of the low frequency, the modulation amplitudes for

fields on a relaxed plasmatandard RFPwhich is ohmically  this case are largéabout 75% of the meanThe time-

sustained by an axial time-independent electric field. In thgyeraged(over an OFCD periodtotal axial current is in-
present simulations about 50% of the dc magnetic helicityreased by 10%—15%.

tations are at Lundquist numb&=10°, magnetic Prandtl 55 shown in Fig. @). The modification of the cycle-
numberPm=10, and aspect ratidd/a=2.88 (MST aspect  ayeraged\ =J, /B profile with the partial OFCD can be seen
ratio) and R/a=1.66. For high aspect rati®/a=2.88, we i Fig. 2b). OFCD makes thex profile flatter aroundr
have used resolution of 220 radial mesh points, 41 axiak g.g with the reduction of the gradient startingrat0.5.

modes (-41<n<41), and 5 azimuthal modes €n<5). The dynamics of current sustainment can be investigated
Lower resolution is sufficient for aspect rafftia=1.66. using the cycle-averaged Ohm’s law,
E+ (VooX Boo)y + (VX B) =73, Q)

IIl. TIME-AVERAGED QUANTITIES

- whereVy and By are the oscillating velocity and magnetic
To form the initial standard RFP plasma, the computa- 00 00 g y g

tions are started with a specified time-independent axial elegle'ds with poloidal and toroidal mode numbers=n=0, v

tric field at the wall,E,(r=1). In the standard RFP simula- andB are the fields wittm, n#0, and() denotes an average
tions, the nonlinear resistive MHD equations are evolvedover a magnetic surfacg(),=()-B/B, where B is the
with nonzero initial asymmetric fluctuations which affect the cycle-averaged meai®,0) magnetic field. The over-bar in-
axisymmetric profiles. The resulting parallel electric field isdicates a time-averagée., cycle-averagevalue. The sec-
peaked in the plasma core and generates a current profi@d and third terms are the dynamo terms generated by the
which is linearly unstable against current-driven resistiveaxisymmetric oscillations and the non-axisymmetric tearing
MHD instabilities. The resulting tearing fluctuations grow instabilities, respectively. The first terf is the ohmic tor-
and through nonlinear mode coupling a quasi stationary-stateidal electric field which is zero for the full current sustain-
relaxed RFP plasma is formed. The tearing fluctuations disment by OFCD in the absence of a dc loop voltAgghe
tribute the plasma current through the dynamo process. Theecond term is the OFCD dynamo, current driven directly by
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(a) r FIG. 3. The radial component of the magnetic fluctuation amplitude
[rms(®/B)] with and without OFCD.
4t
zE N ] served. The axisymmetric magnetic and velocity fields also
E Y ] exhibit large variations. Therefore, in this section we study
5 | ] the detailed dynamics of profile variations and magnetic
< F | ] fluctuations throughout a cycle. The time-averaged magnetic
; : ] fluctuations exhibit a reduction by a factor of 2 by applying
Y OFCD. The physics behind the modified current profile and
F with OFCD ' ] f[he suppression of the magnetic fluctuati(_)ns can t_)e explained
E N ] in part through detailed study of the profile variations of the
L — — without OFCD A\ three terms in parallel Ohm’s law: the current density, the
0 F “\J electric field and the fluctuation-induced dynamo terms.
T 4‘ B 41 To elucidate the ingredients of OFCD for current profile
(b) 0.0 02 O 0.6 08 0 control, we first investigate oscillating poloidal current drive
.

(OPCD and oscillating toroidal current drivie@TCD) sepa-

FIG. 2. Radial profiles of the cycle-average parallel current density, rately. We study the separate effect of OPCD and OTCD on
and(b) the A =J, /B profiles. The dashed lines denote the same profiles forboth current profile and magnetic fluctuations. Then, we
standard RFRwithout OFCD). present the OFCD dynamics in which both toroidal and po-
loidal electric fields are oscillated out of phase to inject a
time-averaged magnetic helicity and to modify the current

the OFCD fields. Using/oo=Eqox B/B?, the first and sec- - ofije.

ond terms can be combined and written (&o- Bog)/B. o ) )
Therefore, we can consider the first two terms on the LHS of*- Oscillating poloidal current drive  (OPCD)

Eq. (3 as the time-averaged pz_irall_el component of electric  5p, oscillating poloidal electric field &,= &, sin(wt
field which has both dc and oscillatifgc components. We +/2) & ,=2.4,,=0.126r%) is imposed at the plasma wall

see that the cycle-averaged parallel current is sustained by g}, 5 target standard plasma at titve0.77. The poloidal

the three term on the LHS of E(B). However, as we will  gjecyric field oscillates around a mean zero value, causing the
discuss in more detail later, the time variation of the currenfy,5jiel electric field to become both positive and negative
density profile during a cycle is substantial. The cyclic varia-g,ring a cycle. This is different from the pulsed poloidal

tions of the electric field and the resulting parallel current, . -ant drive(PPCD technique for current profile control in
gradients affect the resistive MHD instabilities and the teary hich the parallel electric field is experimentally pro-

ing flugtuation amplitudes. Thus, the s_ignificant gff_ect is thegrammed to always remain positive. The radial component
reduction of the total fluctuation amplitudes. As it is shown

in Fig. 3 the fluctuation amplitude becomes zero during parf)]c the total magnetic fluctuatior8/B and field reversal pa-

of the OFCD cycle. The time-average of the total rms fluc'aaer:;s:‘?urgtfa:ﬁoihg:c/:ri]lIgle?g\;ié. tﬁz (Ijtr;\slir?e?rné thﬂLOtaE)LT?]g'
tuation amplitudes decreases by a factor of 2—2.5. Below we g 'rea Y- 9

present the detailed analysis of this case during a cycle part of the cycle, the magnetic fluctuation level is higher than
" the standard case, while it is lower during the other part of

the cycle[see Fig. 4a)]. Thus, the time-averaged magnetic
fluctuation level remains roughly unchanged. Since the fre-
A salient feature of OFCD sustainment is the large varia-quency is low, the modulation amplitude of the symmetric
tion of the axisymmetric profiles during a cycle. As shown quantities is large, as seen for tRg Fig. 4(b)]. Mean helic-
above, large oscillations of the total axial current are ob-ty is not injected by the oscillating poloidal electric field

IV. TIME DEPENDENCE
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FIG. 4. () Radial component of the total magnetic field fluctuati@s. SZE : A -
(b) Field reversal parameteF,. At time t=0.77z an oscillating poloidal w :g~§§: \/ 7 (3
field is imposed on a standard plasma. The period of the poloidal electric :8'_82— | : : —
field is 7,,=0.126rg. .10 115 1.20 1.25 1.30

i FIG. 6. Oscillating poloidal loop voltage,, magnetic modal energy
(Kopcp= &,0,=0); however, because of the change of theWm,n=1/2/B7 ,,d°r for the (0,1) mode and the core modes ¢13), (1,
axisymmetric profiles and the reduction of helicity dissipa-~4) and field reversal parameterversus time.

tion, there is a slight increase in the time-averaged axial cur-

rent and helicity. The time-averaged parallel current density
J, and A (r)=J,/B profiles are shown in Fig. 5, indicating fields is insignificant, OPCD does affect the radial profiles

that the total current does not change significaidysmall ~ during a cycle. Figure 6 shows the temporal variations of the
amount of current is driven near the plasma edge and thBodal magnetic energies\(,), poloidal loop voltage ;)
current on axis is reduceédHowever, the current density @ndF. Itis seen that the core mode magnetic fluctuations are
gradient is reduced with OPCD from=0.6 to the plasma reduced during the positive phase of poloidal electric field
edge. (v,>0) and enhanced during the negative phasg<0).
Although, the time-averaged effect of the oscillating pO_The cause of the fluctuation behavior is revealed by observ-
loidal electric field on both axisymmetric and asymmetricing the three terms in parallel Ohm’s law at three times dur-
ing a cycle(Fig. 7). The parallel electric field&,=E,- B,
+E4By) is positive everywhere at timg (while v,>0, F
A <0) and a more stable current density profile with smaller
gradient is formedFig. 7(a)]. The current is sustained by the
positive electric field (VxB),=0). Because the magnetic
field is mainly poloidal near the edge, during the negative
phase withv ;<0 (att,), the parallel electric field becomes
peaked in the core and negative near the plasma sige
Fig. 7(b)]. Thus, the current density gradient becomes large
. . ‘ , E which leads to the growth of core resonant modés,
0 02 04 06 08 1.0 —4),(1,-3)] shown in Fig. 6 fort,. The dynamo term
becomes largéboth in the core and at the edge relax the
unstable current density profile gt [see Fig. T)]. As the
. poloidal loop voltage changes sign, a positive parallel elec-
— OPCD tric field and consequently positive current density is gener-
—SID _ ated over the entire plasma radius as seen in Rig. The
positive poloidal electric field modifies the current density
profile. As a result the tearing fluctuations are reduced and
the cycle repeats. The modification of theorofile is shown
in Fig. 8. The\ profile is flattened in the core &t during the
positive phaséedge drive phase,>0) and has larger gra-
0 0.2 0.4 0.6 0.8 1.0 dient during the negative phagedge counter-current drive
r phasev,<0).
FIG. 5. Time-averaged (r) andJ, profiles for OPCD and standat§TD) Figure 9 illustrates the variation of thee profile for the
cases. three times. The modal magnetic energies shown in Fig. 10

— OPCD ]
— ST 3

o — O = N Wb
. LLIALRRRL] LLLALLL LR L TTIT
|

O —O = N WA
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00 02 04 06 08 10
r

FIG. 8. Thex(r) profile during the edge co-current drive phasggndts)
and edge counter-current drive phasg for OPCD.

same initial conditions as for the OPCD case presented
above. The axial electric field oscillates with large modula-
tions; its time-averaged value is the standard axial electric
field (loop voltage. During the part of the cycle with large
negative electric field, the axial current decreases and the
fluctuation amplitude increases. Since the axial flux is time-
independen_tE,,=0), OTCD does not inject mean helicity
(Kotcp= ¢,0,=0,$,=0) and consequently does not drive
mean current. However, the time-averaged helicity and axial
current are reduced with OTCD as shown in Table I. The
time-averaged parallel current densily and \(r) are re-
duced in the plasma core as shown in Fig. 11.

The time-dependent axial electric field at the boundary
causes a large variation in the current profile and magnetic
fluctuations. The temporal behavior Bf B/B, andv, are
shown in Fig. 12. The modal magnetic energi&¥,, ,
=1/2[B} (nd°r, for the core modes (%3), (1,-4) and

06||||

oscillate with the driving frequency and have large modula-
tions, but the time-averaged modal energies are comparable
to the standard modal energies. The temporal variations of
the total magnetic fluctuations is mainly in phase with varia-
tions of the core modal energig¢él,—3),(1,—4)], and the
m=0 mode nonlinear growth follows after the rapid growth
of the dominant core mode@-ig. 10. We conclude that
OPCD drives an edge current during the positive phase with
vp>0 and suppresses the magnetic fluctuations, while it gen-
erates a counter-current near the edge during the negative
phase withv ;<0 and enhances core modal amplitudes.

B. Oscillating toroidal current drive (OTCD)

For OTCD, an oscillating axial electric fieldE,

0.4F

0.2}

0.0}

—0.2f

—-0.40. ..

0.0

.2 0. 06 08 1.0
r

=g, Sin(wt),e,=15] is imposed on the plasma wall with the FIG. 9. Theq profile at the three different times, t,, andts for OPCD.
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FIG. 10. Magnetic modal energy for the modes«38), (1,—4), and (0,1), 2 _ _
without (standard cageand with OPCD versus time. 1 3
0
-1 . . . ‘
(1,—2) and them=0 mode (0,1) are shown in Fig. 13. 00 02 04 06 08 10

Similar to OPCD, the time-averaged magnetic fluctuation r
level does not Ch‘_"‘”ge S|gn|f|cantly, but the time variations o‘:IG. 11. Time-averagel(r) andJ, profiles shown for OTCD and standard
the total magnetic fluctuations are larger than for OPCD(stp cases.
Large modulation amplitudes of the axisymmetric fields and
g on axis cause the core mode {B) to become resonant
comparable in amplitude to the dominant core modds the parallel electric fielde,=E,-B, can become positive
—3) and (1;-4)]. The terms in parallel Ohm’s law are again since~ is negative. The positive parallel electric field
shown in Fig. 14 at the four different times marked in Fig. at time t3 is shown in Fig. 14c). The core tearing mode
12. At time t,, v, and F are positive yielding a positive amplitudes decrease &tas seen in Fig. 13 and the dynamo
parallel electric field everywherde(=E,-B,>0E,~0). At  term is weaker due to the positive edge. As the axial
this time core dominant modé¢él,—3),(1,—4)] have small  electric field reaches its minimum negative value, the field
amplitudes(as seen in Fig. )3and the fluctuation induced reversal becomes positive yielding a negative parallel elec-
dynamo term is zero, so th&= »J, [Fig. 14@)]. The core tric field near the plasma edge as shown in FigdL4The
modal energies shown in Fig. 13 start to gronEadecomes dynamo term becomes strong again to relax the current den-
negative near the edge and the fluctuation amplitudes readity. As is seen in Fig. 14), the current density in the core is
their largest level. The current density gradient increases dgirly flat which causes the reduction of core tearing modes
seen in Fig. 1). At time t,, E; becomes negative near the at later times whefk, begins to become positive again near
edge and the dynamo term becomes large to relax the curretite edge. The cycle repeats and returns back to the profiles
profile toward a flatter profile by suppressing the current inshown at timet; .
the core and driving current at the edge, as seen in Fip).14 Thus, the current density profile is strongly modified,
Field reversal is maintained as the tearing fluctuations inand varies significantly in time. During part of the OTCD
crease and energy is transferred to the small-scale fluctuaycle, a positiveE; profile is generated and an edge current
tions and them=0 modes grow through nonlinear mode is driven. OTCD also flattens the current density profile in
coupling (Fig. 13. the core out to the radius=0.9. The latter effect is not
During the second part of the phase wherns negative, produced by OPCD.

TABLE I. Time-averaged quantities.

= o

BBy %) K Ky 1, 2 F Fop
OPCD 1.23 66 474 284 8 ~012 0.9 Fpin=—0.7Fa=0.2)
oTCD 11 51 406 23 60 0.0 2.6 fin=—1. Frua—=1.)
OFCD 0.6 86 72 30 45 ~031 2.0 Fpin=—1.5F ya=0.5)
Standard  1.25 571 41 26 - —012 0.7 Epmin~—0.2F u~0.03)
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electric field is7,=0.126rg .

FIG. 14. The three termgJ, ,E,,(VXB) in parallel Ohm’s law at times
t,—t, during a cycle for OTCD.

C. The combination of the oscillating fields—OFCD

Through the separation of oscillating poloidal field and
oscillating toroidal field, we learned that the time-averagediamics during a cycle, i.e., the effect of the oscillating fields
magnetic fluctuation level remains unchanged in both case§n the axisymmetric profiles and asymmetric fluctuations.
and the parallel electric field tends to modify the current  The toroidal and poloidal loop voltages andv,,, field
density profile toward a more stable profilehenE,>0) or  reversal parametd¥, and the total magnetic fluctuatidiB
toward a more unstable profilevhen E;<0). However, in  are shown in Fig. 15. The variations of current profile and
OFCD by oscillating both poloidal and toroidal electric fields dynamo term with regard to parallel electric field are studied
out of phase, the time-averaged magnetic fluctuations are
reduced; in addition, a time-averaged magnetic helicity is

injected and partial current can be maintained as shown in K<0  _K>0_ _K<0Q

Sec. lll(Fig. 1). Thus, the net effect requires the combination s00F .t‘ :EP f4 :ts

of the two oscillating fields. Here, we study the OFCD dy- v 1%¢ P 5 \"\
—100E

—200E

0.3E
F o3 //\\/{\\
:}g 3 | : : ‘\ I
R l
1 [ | I
_ _I 0 I [ I I
;10 =15 NN |
= —-15 _10:3 o | I
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-20 8— [ | )
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FIG. 15. The toroidal oscillating loop voltage,, the poloidal oscillating
FIG. 13. The modal magnetic energy.,, for (&) (1,—3),(1,—4), and(b) voltagewv,, field reversal parametdf, and the total magnetic fluctuation
(0,1),(1~2) for OTCD. B/B versus time.
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FIG. 16. The three termg,, »J, and S(VxB) in parallel Ohm’s law at
different times during an OFCD cycle marked in Fig. 15.

during a cycle. The three terms in parallel Ohm'’s law are
shown in Fig. 16 at different times marked in Fig. 15. Be-
causev, andF are both negative, the parallel electric fi&ld
is positive over the entire radius at tinigpas shown in Fig.
16(a). As is seen, an edge current is driven By, and the
core current density is still fairly peaked even though it is
partially suppressed by the dynamo term. The magnetic fluc-
tuation level at this time is about the same as standard
plasma without OFCD. As the toroidal field loses reversal
(F>0,p,<0 andv,<0), the parallel electric fieldg,=E,
-B,+E,-B,) becomes negative near the edge, as shown in
Fig. 16b). This causes the magnetic fluctuations to increase
as seen in Fig. 15 at timtg. The dynamo term tends to relax part of the cycle, the injection phase. The helicity injection
the current density profile by suppressing the current in theyie js positive K>0) and the total axial current increases
core and driving current near the edge. The current densityts, t, in Fig. 15. The current profile is mainly sustained by
profile is flat in most of the core region. This current ﬂatte”'positiveE” in the injection phase. However, during the ejec-
ing in the core reduces mode growth, and causes the Cokg)n phase, the gradient in the parallel current density profile
resonant mode amplitudes to reduce datar time when a  grjves the tearing instabilities. The fluctuation induced tear-
positiveE, is generated as the axial voltaggbecomes posi-  jng dynamo term is negative in the core, suppressing the
tive (Fig. 15 att;). The positive parallel electric field is ¢ rrent. Therefore, both the tearing dynamo and the parallel
shown in Fig. 1€c) atts. The dynamo term at this time is  gjectric field shape the profile. Figure 17 shows the modi-
zero andg = 7J;. The current density on axis increases asgication of the\(r) profile att, (during the ejection phase
helicity is injected into the plasma as shown in Fig(@@&t  4nq ¢, (during the injection phageThe current density is
time t, (E, increases an&>0). The current density starts hollow near the edge &t and is flattened at,. The gradient
to peak in the core and the core tearing modes start to growf these profiles changes during a cycle. For example, during
again as seen in Fig. 15 &f and the cycle repeats. the injection phaséafter t;) the current on axis increases
Two phases during a cycle can be distinguished, injecand the\ profile peaks. However, theseprofiles are snap-
tion and ejection. During the ejection phase, the helicity in-shots taken at the time when the OFCD current profile modi-
jection rate is negativeK<0) and the total axial current fication, including current flattening in the core, is maximal.
decreasest(, t, andtg in Fig. 15. The magnetic fluctuation To complete the analysis of the OFCD cycle, we exam-
amplitudes are about equal to or slightly higher than théne the modal activities based on the resonant condition on
standardwithout OFCD fluctuations in this phase. Oscillat- the g profile. As shown before, the time-averaged magnetic
ing fields flatten the current density in the core and the flucfluctuations are reduced by OFCD. In Fig. 18 the effect of
tuation level starts to decrease toward zero during the secorakcillating fields on the mode amplitudes can be seen. The

oL ..

0.0
(b) r

FIG. 17. Thex=J,/B profiles at timega) t; and(b) ts.
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FIG. 18. The volume-averaged mode amplitudes(&rstandard casévithout OFCD and (b) with OFCD.

volume-averaged modal magnetic amplitudBs ( /B) for ~ other modes and a cascading process, the magnetic energy
the dominant modes is zero during part of the OFCD Cydespectrum becomes broad again. The stochasticity of the mag-

and is comparable to the standard mode amplitudes durin@ﬁ
the other part of the cycle. The mode amplitudes for the®
standard case without OFCD are shown for comparison. The

dominant modes without OFCD are (13), (1,—4). Be-
cause of the large variation of the axisymmetric profiles with
OFCD another core mode (12) reaches an amplitude
comparable to the core modes without OFCD.

The magnetic modal activity changes significantly with
the q profile variations during an OFCD cycle. Figure 19
shows theg profiles at timeg,—t,. Theq profile at timet;
is for the standard RFP. At time the q profile is positive
everywhere and then=1, n=—2 andm=1, n=-3 core
modes are dominariFig. 18. At a later time {;) the mode
amplitudes of (1;-3) and (1,-4) are suppressed and the
m=1, n=—2 mode is resonar(Fig. 19. The q profile on
axis drops again at a later timg. The core mode (%}4)
grows linearly when the current density profile peaks in the
core at the time the total fluctuation level is minimum. This
linear growth is seen in the total magnetic fluctuati@is
(Fig. 15 at timets) and in the mode amplitude of (24)
shown in Fig. 18. Thus a single helicity state is forntefter
t4). The single helicity mode grows until it reaches an am-
plitude high enough to cause nonlinear coupling. The field
line trajectory during the single helicity state is shown in Fig.
20(c). Because of the nonlinear coupling of this mode with

tic field lines increases to the level of the standard RFP
own in Fig. 20a). As is seen in Fig. 20, there is a transition

1.0

0.0

—050..

0.0

0.2 04 06 08 1.0

r

FIG. 19. Theq profiles at timed,—t,.
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FIG. 21. (a) The magnetic helicity andb) total axial current at the fre-
quencywry=1.2.

current in the core and driving current near the edge. @he
profile and the modal activity are also similar to the standard
RFP. As the total current decreases, the parallel electric field
is modified in the core and also becomes positive near the
edge. As a result, the current density is relaxed to a flat
profile. The flattening of the current density profile results in
nearly complete suppression of the magnetic fluctuations and
the tearing dynamo term vanishes. The cycle repeats when
04 == the current profile peaks.

r/a

0.2y ] V. THE FREQUENCY DEPENDENCE

ool.m—,... — OFCD depends on the ac helicity injection rate which is
5 -4 -2 0 2 4 g proportional to the ratio of the ac driving voltages and the
(b) z/a oscillation frequency. The penetration of the OFCD-driven
current into the plasma and the OFCD modification of the
current density profile also depends upon the frequency. As
mentioned before, the oscillation frequency should be low
1 enough for sufficient current relaxation by the tearing fluc-
1 tuations, but high enough to avoid current reversal. The fre-
A quency should be selected to result in a flattening of the
current profile by the oscillating fields. Here, the results of
] 3-D MHD computations at different OFCD frequencies are
presented when the helicity injection rate is fixed.
Oscillating fields with frequencieswry=1.2, oty

=4.7, andw7,=9.8 are imposed on a relaxed RFP at aspect
ratio R/a=2.88. The oscillating field with the frequency
R w7y=1.6 (discussed in the previous sectiaand w 7;=0.8

are also imposed on a target plasma with the same current

but with the aspect rati®/a=1.66. Figure 2(a) shows that
FIG. 20. Field line trajectory(Poincare plots at times (@) t,, (b) t,,  the oscillating fields inject helicity into the standard RFP
and(c) ts. plasma at timet=0.34 g with frequencywry=1.2 and

with the helicity injection rate of 50% of the ohmic helicity
rate (Kinj=0,0 4/20=40). As shown in Fig. 2(b), total

axial current is increased by 10%. The peak to peak current

from stochastic |||agnetic field lines to ordered and then to . . . .
0,
it inale heli ity tate. modulation an plltude is about 35% of the mean total axial

A key feature of OFCD is thaE, remains positive for current and it is much smaller than the modulation ampli-

most (~3) of the OFCD cycle. This is in contrast to OPCD tgdes shown in Fig. 1 ab7;=0.16. The mean helicity dis-

and OTCD in whichE,<0 near the edge for almost half of SiPation rate,Kgiss= 7/J-BdV, is increased with OFCD
the cycle. Hence, OFCD is more effective. (Fig. 22 and balances the total helicity injection réée and

In summary, the current profile is altered significantly °hMic injection as the plasma gets close to steady-state.

during an OFCD cycle. During the ejection phase the currentiowever, the fluctuating helicity dissipation ratez/J
profile is peaked in the core and has a hollow shape closer tdBdV, remains small(similar to the standard RFP sur-
the edge because of the oscillations of the OFCD-driven currounded by a conducting wall

rent near the edge region. During this phase the tearing dy- Table Il summarizes the results of the OFCD simulations
namo term distributes the current density by suppressing theith the same helicity injection rate but with different fre-

r/a

(©)
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FIG. 22. The helicity dissipation rat¢yss= 7fJ-B versus time. The total 0.0 0.2 0.4 0.6 0.8 1.0

helicity dissipation rate is balanced by the helicity injection rate as the
plasma gets close to steady-state at ttm®.5 7z . The fluctuating helicity

dissipation rate is almost zero. FIG. 23. The cycle-averaged axisymmetric dynamo-like termwy,(

XBog); , for partial OFCD sustainment at three different frequencies.

quencies. The current modulation amplitude®@l, and the _ _ _ _
peak-to-peak modulation of the field reversal parameeg ~ driven current is further into the plasma. Atry=1.2, J; is
are reduced at higher frequency. The reduction of the moduncreased everywhere, but mainly near the edge region. We
lation amplitudes with frequency obtained here is consisten@lso note that there is an exponentially growing resistivity
with the results from the linear 1-D calculations and theProfile near the plasma edge which causes current dissipation
relaxed-state scaling of full current sustainment by OFCD. hear the plasma edge at high frequencies(>1).
However, a similar frequency-scaling study using numeri-  Figure 25 illustrates the temporal variationlofr) pro-
cally demanding 3-D computations would require more datdiles with oscillating fields for frequencies»r,~1 and
points than what is currently feasible. The time-averaged tow 7> 1. AS is seen the OFCD-driven current is more local-
tal magnetic fluctuations/B, are suppressed by a factor of 12€d near the edge region farr,>1. The modifications of

, = . the time-averaged (r) and q profiles with OFCD at fre-
2 atw7y=0.16 as shown in Sec. lll. Howevd3/B,, is about

h h dard 1 ion level at hiah uencieswty=<1 are shown in Fig. 26. The current density
the same as the standard fluctuation level at higher OFCly., jjent petweem=0.4 andr=0.8 is smaller in thew 7y
frequency(see Table I\.

. . =0.16 case leading to a lower time-averaged magnetic fluc-
The cycle-averageq symmetric OFCD'd“Ven_ dynamotuation level. The field reversal modulations are higher at

term (V.OOX.BOO)”’ a main determman'F of tha proﬂlg, IS" lower frequenciegTable Il) and field reversal is lost during

shown in Fig. 23 for different frequencies. The classical PEMHart of the cycle. Thus, the time-averaggdit the edge is

etration [ 5= (/)] for a fixed helicity input rate in- o0 forwry=0.16 than foro7,=0.8 as shown in Fig.
creases with the OFCD period. At lower frequenayry 26(b)

~1, the OFCD-driven current penetration is deeper into the

plas.ma. F|ggre 24 shows th_e cycle-averaged current der}s@/l_ CONCLUSIONS

profile for different frequencies. The ohmic current density

profile is modified by OFCD. At higher frequencies,r We have examined current profile control by OFCD us-
>1, the OFCD-driven current is mostly peaked near theng 3-D MHD computation. We find that OFCD can control
plasma edge, but at lower frequenay;~1) the OFCD- the current density profile in an oscillatory steady-state, lead-

TABLE II. OFCD simulation results for different frequencies.

I,
- _ — _ —= (%)
B/Bo (%) K Kaiss I z p—p
Case | Standard (R#al.66) 1.25 5.71 41 2.6 0.17
wTy=0.16 0.6 8.6 72 3.0 45 2.0
wry=0.8 15 7.3 71 2.82 21 1.58
Case Il Standard (R#a2.88) 1.27 9.8 70 2.6 0.09
wry=1.2 1.0 12.2 120 2.8 16 1.4
wTy=4.7 1.44 10.2 112 2.6 11 0.95
wTy=9.8 1.46 9.8 111 2.6 8 0.9

Downloaded 10 Oct 2005 to 128.104.165.96. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



Phys. Plasmas, Vol. 11, No. 5, May 2004

SETTT T
__ without OFCD
4F-~. — om=2
______ -+ wT7=98
3t ]
> z
2f ]
TE :
b, 3

00 02 04 06

Current profile control by ac magnetic helicity injection 2025

9
4 T T T 0.4 T T

T
__ without OFCD

03k --@ T, =0.16]
'\.\ -+ wTy=08

0.2
__ without OFCD

2t -- @ T7=0.16 ARE 0t
-+ wT=08

0.0

-0.1F h

-0.2 I I L
00 02 04 06 08 10

FIG. 26. The cycle-averagdd) \(r) profile and(b) q profile for standard
case and OFCD witlw ry<1.

cycle. Hence, the time-averaged magnetic fluctuations are
halved. During about half of the cycle the fluctuations are
comparable to that in a standard RFP plasma, while during

FIG. 24. The cycle-averaged parallel current density profiles of standardhe other half the fluctuations are negligible. Moreover, when

RFP (solid), OFCD with the frequencw 7y~ 1 (dashed, and OFCD with

the high frequency» ;> 1 (dash-dotted

the fluctuations are large, part of the time one mode domi-
nates and closed magnetic helical surfaces form. Thus, the
magnetic surface are nonstochastic for much of the cycle.

ing to a significant reduction in magnetic fluctuations. TheThe two phases of the cycle correspond roughly to helicity
detailed dynamics of OFCD is quite complex, owing to the€i€ction, during which the current density profile peaks and
strong time variation of all key quantities, both mean andfluctuations grow, and helicity injection during which the
fluctuating. Thus, to elucidate the key ingredients needed folPfOCESS reverses.

the fluctuation reduction, we separately examine the imposi-
tion of an oscillating poloidal electric field onDPCD and

OFCD current profile control also injects magnetic he-
licity over a cycle and sustains a portion of the total plasma

the imposition of an oscillating toroidal electric field only current. An optimum period is found for fluctuation reduc-

(OTCD).

tion, residing between the reconnection time and the resistive

We find that neither OPCD nor OTCD leads to a reduc-diffusion time. The time-varying nature of the resulting con-

tion in the time-averaged magnetic fluctuation amplitude.ﬁ”eme”t might present some practical difficulties for a reac-
The current density profile is more stable during the phas&r of Ion_g-pulse_ experiment, but the steady-state aspect of
when the parallel electric in the edge is positive, and leséh€ technique might provide an advantage over transient in-

stable when the parallel electric field is negative, leading to &luctive techniques employed in present experiments.
net effect that is small. However, when both surface voltages

are oscillated simultaneously, but out of phase, the parall
electric field is maintained positive over a majority of the

FIG. 25. The\(r) profile versus timga) wr;=9.8 and(b) w7y=1.2.
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