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The possibility of plasma heating in reversed field pinctiREP by radio-frequency(rf) waves at

o=~ w is studied. A simple cylindrical RFP equilibrium which is symmetric in poloidal and axial
directions is considered. RF fields are excited with given poloidal and axial wave numbers by a
model antenna. The plasma dielectric properties are described by a hot plasma dielectric tensor in
the limit of zero Larmor radius. Collisionless absorption by plasma ions is assumed. The power
deposition distribution in the plasma is examined for different plasma parameters. Results
demonstrate that effective heating of the central part of the plasmea-ai.; is possible for some

range of parameters when tihe=—1 poloidal mode is excited. This is a hot plasma effect; it
disappears in the cold plasma limit. 002 American Institute of Physics.

[DOI: 10.1063/1.1463417

I. INTRODUCTION briefly discussed in the paper. We demonstrate that this prop-

) ) . ) . erty of magnetic field does not lead to the wave-plasma reso-
The heating of fusion plasmas with waves in the ion,,nce and by itself cannot lead to plasma heating.

cyclotron range of frequencies is successfully employed on  the present investigation concentrates on the question

tokamaks and stellarators. Several scenarios are identified fWhether the global properties of the wave struciwvhich is

efficient plasma heating on these machines. They include th§,: resonant ato=w,;) combined with the hot plasma ef-

second or higher harmonic scenario, or the scenario iNVOlNgects can result in effective plasma heating near the location
ing ion—ion hybrid resonanceespecially with a minority  \yhere =, ;. We consider a simple RFP equilibrium in
Species hthat IS fun(rjrgmentally heatedsee reviews by  cyjindrical geometry with poloidal symmetry. Field equa-
Swanso .and by Ada T, see .also Refs. 3, 4 N tions are Fourier analyzed ifandz directions. The model
In this paper we investigate the possibility of plasmagsnienna induces rf fields with the wave numberandk, .

heating in reversed field pinchéRFP) by rf waves at the  ggcayse the higher harmonics effects are not important in
fundamental ion cyclotron resonance. Early experimenty, case, a hot plasma dielectric tensor is derived in the limit
demonstrated that this method of plasma heating is 'neﬁ'bL—>O (wherep, is the Larmor radius We consider colli-
cient in tokamaks; see Ref. 5. Group velocity of the slowgjoniess wave damping by plasma species. The heating effi-
Alfven wave (resonant aw=w.;) is nearly parallel to the  jency is examined for different plasma parameters and dif-

magnetic field for an arbitrary direction of the phase veloCitytarant mode numbers of the wave. Effective heating of the
(see Chap. 2 in Ref.)6Due to this the wave is not accessible

. . S - lasma center is found for some range of parameters in the
radially and its excitation efficiency by an antenna Iocatecﬁ

i ) i ase of then= —1 mode. RFP result may also be applicable
outside the plasma is low. The wave energy supplied by ag,r gther low field configurations such as spherical tokamaks.
antenna goes into the fast Alfwvevave, which is not resonant

h Section Il contains a detailed description of the model
atw=ac;. used and of the approximations made in the analysis. In Sec.

This method of plasma heating is somewhat efficient iny| \he results of the analysis are discussed. We summarize in
stellarators. Plasma was heated efficientlyat wc; on the g v

L-2 Stellarator. Some heating was observed in recent experi-

ments on the large helical devié&his effect is explained by

coupling between fast and slow waves in the stellarator mag; pescrIPTION OF THE MODEL AND FIELD
netic field; see Refs. 9, 10. EQUATIONS

In an RFP the poloidal component of magnetic field is
comparable with the toroidal component. There is a strong \We assume a cylindrical geometry with vessel ragius
variation of the direction of magnetic field with radius. This We consider the Bessel function equilibriufthe Taylor
may result in a significant difference between the rf wavestatg given by**2
structures in RFPs and in tokamaks. Another important dis- B
tinctive feature of an RFP is that it operates at low magnetic B—;:Jo(ur), B—(;:Jl(ﬂf), B,=0, (D)
field.

A simple analysis with a cold plasma model in planewhereBy is the toroidal field on axis), andJ; are Bessel
geometry is made to study whether the rapid change of th&unctions. For this stat®, reverses direction with radius if
magnetic field direction leads to a resonant wave-plasma inea>2.4. The plasma density profile is of general form
teraction at the location of the resonance. This result is=ng-n(r), whereng is the density on axis.
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This equilibrium is symmetric irg andz directions. In where « corresponds to ions and electrons,
RFP experiments the nonuniformity of magnetic field inten-
sity in the poloidal direction is not strong; it is about 30% at ~ , _ w ¢ ®F Weq pe = 2T 5)
r/a=0.6 in Madison Symmetric TorudST) experiment: “lklore” 2 T m,’
Also we concentrate on heating near magnetic axis where ths w,, are the plasma and cyclotron frequenzyis the
fraction of trapped particles is minimal. Thus the results Ofplzas’macéispersion function and
the rf study found in our 1-D model should be applicable to
the real toroidal experiments. msin 6,

We perform Fourier transform of andz coordinates of Kj=————*k,Cosbp. ©)
Maxwell equations in cylindrical coordinates. We study ) ] ]
plasma heating ab~ w,; but not at the harmonics of this Equathns(4) are the components of hot plasma 'dlelectrlc
frequency, so that the limit of zero ion Larmor radjug is tensor in a uniform magnetic fieltsee, e.g., Ref.)6in the
considered. In this limit the relation between the Fourierimit p.—0 in whichk; of Eq. (6) is used in place ok, .
components of rf current and electric field is local with re- ~ Similar description involving of Eq. (6) is often used

spect tor. Assuming time dependeneeexp(—iwt) the Max- for the rf analysis in tokamaks when the poloidal component
well equations are of equilibrium magnetic field is included in the modél.

Equations(3)—(6) provide an accurate description for-a.

kgl

2

m? 2 im(_, Ep| . _, @ One can see, however, that these equations are not accurate
Z TG | Bt 1| Bot ) HikE = (TB),, nearr =0. Atr =0 the magnetic field is parallel to tzeaxis,
im 1 1 mk, 6p=0. In this case the dielectric tensor is correctly Qegcribed
r_Z[_ (rE,) +2E,]+E)+ FE‘;_ ot kg) E,+ —E, by Eqgs.(3)—(5) Wlth _kH_ k,. If r—.>0. then for magnetic field
of Eq. (1) the ratio singy/r has a finite value ank given by
w2 Eq. (6) is not equal td,. This discrepancy is due to the fact
=— EZ—(TE)(,, (2)  that in the derivation of the dielectric tensor the anglén
the velocity space is measured from the local radial direction
ik, k, . m? 1, w? e at a point in which particle is located. This direction
— L (FE)'+ ——EytE;— 2B+ E;=— 2 (TE),, changes rapidly when the particle moves along field line at

. ~ smallr which leads to an inappropriate description of the
whereE, , E,, E, are the Fourier components of rf electric particle motion.

fields with the azimuthal and axial wave numbarsand kz, The rate of absorption of rf energy in a hot p|asma is

and the dielectric tensor is calculated in cylindrical coor- gensitive to the value of in Egs. (5). It appears that the
dinates. In the above equations the derivatives are with resxact calculation of the dielectric tensor even with the simple
spect tor. motion of particles and in the limit of zero Larmor radius
The hot plasma dielectric tensor in E¢8) is calculated  \ould require additional numerical treatment which is be-
from linearized Vlasov equation by integrating along unper-yond the scope of our analysis. This necessity of an accurate
turbed particle trajectories in a Maxwellian plasma With  treatment of the particle’s trajectory in our simple model
=T; in the limit p.—0. We consider simple trajectories indirectly supports the statement made in Ref. 15 that such
along the magnetic field lines without drifts in which the exact calculation is necessary for a proper description of the
Components of the ion VeIOCity in Cylindrical coordinates p|asma dielectric properties in the resonance region_
with respeCt to the direction of the local magnetic field are For a more accurate description we modqyby intro-

v|=const,v, =const,¢=—w.t. The angle¢ is measured qycing the multiplyer sihg, in the first term in Eq(6):
from the local radial directiorg, . This calculation leads to

msin 6
the expected result k= % Sir? 9o+ k, cOSby. (7)

Tll:K]J T12: COSHOKZ, T13: _S|n 00K2,
When thisk; is used in Egs(5) it gives the correct result for

Tor=—Tiz,  T3r=00S 6Ky -+ i ok, r~0 at whichf,~0 and forr~a at which 6y~ /2. From

T,3= 0S8, Sin (K3 — K1), (3)  this point of view the use ok, given by Eq.(7) is adequate
) for the analysis of absorption rates near the @xisich is the
Tor=—Tia, Ta=Tas, Taz=CoS OpKa+sirt 6K, region of our interestin our simple model. Some inaccuracy

whered, is the angle between the magnetic field anakis, in the dielectric tensor for the intermediate should not
change the conclusions of our study. Similar results are ob-

1 Y . L
K. =1+ = pa +Z(0.)1, tained from a collisional cold plasma model. We assume a
! 2 % w? Lol 2(Las) +2(Le-)] uniform temperature distribution in the plasma and find the
power absorbed per unit volume Bs-(j - E), wherej is the

. 2
i ® ; ; ;
K= — — Pa 1> —7(2.1, 4 wave-induced plasma current density calculated using the

22 ; 2 Lol 2(Las) = 2(L0-)] @ dielectric tensofT. Because of the high thermal conductivity
5 of the plasma along the magnetic field lines, the absorbed
w « , H .
Ky= 1_2 p Ziz (), power should be averaged over a m_agnetlc surface; see Sec.
a 2 38 in Ref. 16. In our simple analysis the antenna drives rf
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this model the magnetic field intensity and its direction are
allowed to change along the direction of wave propagation.

08 bL The result of this analysis is that neither a strong gradient of
the magnetic field intensity nor a rapid change of the mag-
netic field direction(field rotation of w/2 over one wave

0.6 - length result in the wave resonancea@at= w.;. The wave is

right-handed at the location of the resonance.
0.4 i Absence of the resonance in the magnetic field with a
spatial gradient relates to a poor heating efficiency of toka-
maks atw= w.;. An initial motivation for this research was
to see whether there is a resonance in the case of a rapid
change of the direction of magnetic field. This rapid change
0 ' ' ' ' takes place in an RFP in which the magnetic field is toroidal
0 0.2 04 0.6 08 1 on axis and is poloidal near the edge. The absence of a reso-
nance in this simple analysis leads to the similar conclusion
FIG. 1. w¢i/wci(0) vsr/a. about poor heating efficiency of an RERith a cold plasma
at w=wg;j-
Now we consider the problem of plasma heating from a
fields with uniform amplitudes ird and z directions. Thus different perspective. In the cold plasma limit the polariza-

the powerP defined by the above equation is a surface avtion is right-handed at the location of the resonance. If the
eraged quantity. global mode structure is such that in the vicinity of the reso-

For simplicity we assume that the antenna induces aff@nce there is some amount of left-handed polarization then
electric field of a unit amplitude with time dependencei” the case of a hot plasma when the resonance is broadened

xexp(—iwt) and wave numbems, k, on the inner surface of heating is possible near the location where w.;. We ex-

0.2 N

the vessel parallel to the direction so that amine the heating efficiency for a hot plasma using the equa-
a im0t ikes tions of the previous section.
Ef=ee . The plasma density profile used in our calculations is

As a particular equilibrium we consider the equilibrium
without field reversal. We takB,(a) =0 which corresponds
to ua=2.4 in Eq.(1). For this equilibrium the antenna elec-
tric field is perpendicular to the equilibrium magnetic field.
In real experiments there is some, typically small, reversal ofirst we fix the parameters in the model as 50 cm, By
the B, component near the edge. Our calculations show that 1 kG, no=10" cm™* and we consider a hydrogen plasma.
such a reversal does not change the conclusions of our analyhese parameters are not far from the parameters of the MST
sis. experiment.

Equations(2) in which k| is given by Eq.(7) are solved The electric field on axis is represented as a sum of left
numerically by a finite difference method. The condition and right-handed polarizatioriaith respect to the direction
-TE=0 is included in the difference equations for the con-of magnetic field E=E_ +Eg. Let Ey, be the maximum
sistency of the method. absolute value of the amplitude of electric field in the cross-

section. Then we find the ratj&, (0)|/Enax as a function of

k, for the modes withm=1 andm= —1 for the frequencies
lIl. RESULTS AND DISCUSSION close tow.; on axis. The result shows that this ratio is prac-

tically zero for them=1 mode for the parameters of interest.

Our goal is to examine plasma heating efficiency neaiThis means that thex=1 mode is not appropriate for heat-
the axis by the excited antenna fields with different waveing at the plasma center.
numbersm and k,. Heating is due to the presence of ion Figure 2 shows the dependence|Bf (0)|/Emax VS k,a
cyclotron resonance near the axis. The radial profile of norfor them= —1 mode for the temperaturds=200, 300, 500
malized w¢; found using Eq.(1) is shown in Fig. 1. lon eV. On this figure the rf frequency i®/w:;(0)=0.89. One
heating arises from a finite amount of the left-handed polarean see that the amount of left-handed component on axis is
ization (which coincides with the ion gyromotiomear the  substantialfor heating purposedor a range of wave num-
resonance. The only modes for whih, E, are nonzero at bersk,. It is not strongly dependent on plasma temperature
r=0 are withm==1 (it is a general property of fields in and can be considered as a property of the particular mode. A
cylindrical coordinatels We consider rf fields only with these similar amount of left-handed component is obtained with a
wave numbers. cold plasma dielectric tensor. Therefore if there is a left-

First we examined a simple model of a plane geometryhanded component near the resonance in the cold plasma
(with a cold plasmpanalytically to see whether there is a limit then this property does not change in the hot plasma
resonant interaction of the wave and plasmaatw:; when  when the resonance is broadened. For the heating on axis to
the wave is launched away from the resonance and is prop&ie strong at this frequency, the resonance should be broad
gating in the direction perpendicular to the magnetic field. Inenough:

1
n(r)=4 0.1+ §[1+cos(wr/a)] /1.1.
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FIG. 2. Dependence of (0)/E, . VS ka for three temperatures.

m=—1, w/w:(0)=0.89.

0—w:(0)
K 7i

|i-|= ‘51. (8)

For k,a=1.5 andT=300 eV, |{;_|=1.5. This value is
approximately in the range defined in E§). For these pa-

rameters the radial profile of the power absorbed per unit

volume P (in arbitrary unitg is shown in Fig. 8a) and the

0.2 .

|
O0 0.2 0.4 0.6

|
0.8 'r/a 1

FIG. 3. Radial profiles ofa) P; (b) E,, Ey; (c) E_/(E_.+Eg). m=—1,
k,a=1.5, T=300 eV, o/ w(0)=0.89.
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FIG. 4. Radial profiles ofa) P; (b) E,, Ey; (¢) E_ /(E_+EgR). m=1,
k,a=1.5, T=300 eV, o/ w(0)=0.89.

profile of the componentk,, E, is presented in Fig. (8).

The heating on axis is much stronger than it is near the
plasma edgéeven with the assumption of a hot plasma near
the edge At the center the power is absorbed by ions and
the electron heating is negligible. Near the edge the power is
absorbed mostly by electrons. From Fighj3one can see
that there is a good penetration of the wave into the plasma
with some finite wave amplitude near the plasma center. The
wave amplitude on axis is relatively small, however, its po-
larization there is purely left-handed. FigureBshows the
radial profile of the raticE, /(E, +Eg) (E_ r are the abso-
lute values of the corresponding amplitudest the location

of the cold plasma resonance € w.;,r/a~0.4) the wave is
right-handed.

One should note that the use of E§) for the calcula-
tion of k| instead of the corrected E(¥) would not result in
significant change of the wave polarization profile but it
would result in the suppression of the central heating in this
particular example.

We compare the results of Figs(@B-3(c) obtained for
the m= —1 mode with the results for the=1 mode. Fig-
ures 4a)—4(c) show the corresponding profiles for tme
=1 mode for the same parameters as on Fig®-3(c). One
can see that despite a good penetration of the wave into the
plasma, the wave polarization is right-handed near the axis
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FIG. 5. Pt VS k,a, m=—1, T=300 eV, o/ w(0)=0.89.
FIG. 6. P vsr/a. ng=5x10" cm™3, k,a=3.5, a=50 cm,By=1kG, T

=300 eV, w/w=0.9.

and there is no heating of the plasma center. The electron
heating is now comparable with the ion heating. The power
P in Fig. 4(a) is in the same scale as in FigaB In Fig. 3a)  can be used for an effective heating of the central part of the
the absorbed power is much higher than that in Fig).4 plasma. This result is supported by calculations using the
This is partially because the= — 1 harmonic is left-handed cold plasma dielectric tensor with the resonance resolved by
in the vicinity of the resonance and is partially because arartificially enhanced collision rates.
eigenmode of the cylindrical RFP plasma is excited for the  For the parameters chosen in the above analysis the rf
conditions of Figs. Jthe wave amplitudes on Fig(l3 are field profiles correspond to the excitation of the lowest radial
significantly larger than those on Fig(b4]. wave numbers. For higher plasma densities or larger radius
Figure 5 shows the dependence of the total power abef the vessel wave fields with higher radial wave numbers
sorbed in the plasmB,,; (per unit length of the cylinder, in are excited. In this case the favorable property of ithe
arbitrary unit$ vs k,a for the m=—-1 mode and forT =—1 mode remains. It is left-handed on the axis. Figure 6
=300 eV andw/w.;(0)=0.89. The two peaks &,a~0.3  shows the radial profile of the power absorbed per unit vol-
andk,a~ 1.5 correspond to the excitation of the eigenmodesume P (in arbitrary unit$ for higher density ng=5
of the cylindrical RFP plasmé,a is relatively small at the <10 cm 2 and k,a=3.5. On this figurea=50 cm, By
first (narrow) peak, the condition of Eq@8) is not satisfied =1kG, T=300 eV, w/w.;(0)=0.9. Because of the excita-
near axis so that mostly the edge plastakectron compo- tion of a higher radial wave number the absorbed power has
nen) is heated for these parameters. The large absorption &n oscillatory behavior. The most power is absorbed near the
due to a very large excited wave amplitude. Near the seconcenter. For higher density the valkga is larger and Eq(8)
(broad maximum the condition of Eq8) is approximately is better satisfied. These valueslgh are feasible for real
satisfied and the plasma center is heated. Because the maantennas.
mum is broad, it is feasible to excite such wave fields by an  The value of magnetic fiel8, which we used to dem-
antenna. From Fig. 5 one can expect that for these plasmanstrate effective heating of the plasma center was chosen to
parameters the most efficient heating is for a directional anbe relatively small in order to satisfy the condition of E8).
tenna which excites them=—1 mode with the wave num- For a fixed value ofw/w.;(0) the mode dispersion relation
bers corresponding to this maximum. Analysis of differentand polarization profile is weakly dependent on the value of
ranges of plasma parameters shows, however, that generaBy while with the increase oB, the absolute value of the
there is no favorable direction of wave excitation for effec-difference w— w;(0) in Eq. (8) increases. Thus for higher
tive heating. Excitation of the eigenmode of the RFP plasmamnagnetic fields the amount of left-handed field component in
is preferable from the antenna loading considerations. Howthe center is substantial but the condition of E8). is not
ever, the plasma center is heated effectively also in casestisfied and there is no central heating of the plasma. This
when no eigenmode is excited. conclusion is supported by our numerical analysis.
For a given distribution of em fields we have estimated In Eqg. (8) for a fixed w/w.;(0) (which approximately
the power dissipated in aluminum walls and in a cold colli-fixes the relative amount of the left-handed field component
sional edge plasma. Results indicate that for the —1 in the center the differencew— w;(0) is proportional to
mode the power absorbed in the hot plasma is usually sever8l,, while k, found from a dispersion relation is approxi-
orders of magnitude higher than the power absorbed becauseately proportional toJn,. Thus the condition of Eq(8)
of the other mechanisms. In the case oftire 1 mode both  separates plasma parameters into regions where the heating
rates can be comparable. is effective and ineffective. These two regions are presented
Our analysis shows that tme= —1 mode launched with approximately in Fig. 7 foa=50 cm andTl =200, 400, 800
the wave numbek, satisfying the condition of Eq8) and eV for a hydrogen plasma. For highBg (region above sepa-
for which the wave energy penetrates deeply into the plasmaation ling the heating is ineffective and for higher densities
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' L T left-hand polarization to the plasma center is better, however,

20 T = 200eV S for the radial profile of the magnetic field intensity of an RFP
Bo,kG — — — T =400eV t
------ T = 800eV - YPE. o : ;
151 | In tokamaks the magnetic field is stronger than in RFPs
e so that it is harder to satisfy the condition of E8). This,
.7 when combined with the smaller accessibility of the left-

handed field component to the plasma center, makes this
method of plasma heating ineffective for tokamaks.

IV. SUMMARY

The plasma heating efficiency in the reversed field pinch
I B by excited rf waves with the frequency in the vicinity of the

2 4 6 8 10 12 14 16 fundamental ion cyclotron resonance is examined. For this,

7o, 10 em appropriate treatment of the dielectric properties of the hot
FIG. 7. Approximate separation of parameter ranges with effective andNagnetized plasma is required.
ineffective heating for three ion temperatures= — 1, a=50 cm. Results showed that the effective central heating of ions
is possible for some range of parameters whenntive— 1
mode with the appropriate wave numbderis excited. The

no (region below separation linghe heating is effective. m=21 mode is not suitable for the heating. This effect is due

This chart is found from a visual analysis of the power depoto a thermal broadening of the ion cyclotron resonance in a

sition and polarization profiles for differeat/ w.;(0) andk,  hot plasma; it disappears in the cold plasma limit in which

and should be considered as an approximate one. There is fige resonance is narrow. Heating is due to a general property

sharp separation of the two regions. The separation lines oof the m= —1 mode which has a substantial amount of left-

this figure approximately satisf,c \/n, andBy\T. This  handed polarization on axis when the wave frequency is

chart should not change significantly with the change of theslose to the ion cyclotron frequency at the center. The

vessel radiuss. To ensure an effective plasma heating onemethod is effective in a low magnetic field. Analysis indi-

should operate at some distance below the specified line. cates that the effect is substantial in an RFP configuration

The separation lines in Fig. 7 are in the range of paramrather than in tokamaks.

eters of modern RFP experiments. One can use this chart to Plasma heating in spherical tokamaks and in other low

determine whether this heating method is effective for parfield configurations by this method can be effective also. A

ticular operating conditions. separate analysis for these configurations is encouraged by

The possibility of plasma heating in the RFP near thethe results of our studly.

fundamental ion cyclotron resonance is an important finding.
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