Electron Cyclotron Heating in RFP plasmas
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Abstract. Reversed field pinches (RFP) plasmas are typically oveedegs > Qce) and thus not
suitable for conventional electron cyclotron (EC) heatamgl current drive. In recent high plasma
current discharges {I> 1.5 MA), however, the RFX-mod device was operated in undereens
conditions (ue < Qce) for the first time in an RFP. Thus, it is now possible to engesaeating
the RFP plasma core by conventional EC at the 2nd harmoniteirordinary or extraordinary
mode. We present a preliminary study of EC-heating feassiliil RFX-mod with the use of beam-
tracing and full-wave codes. Although not competitive — dseating system — with multi-MW
Ohmic heating in an RFP, EC might be useful for perturbati@adport studies, even at moderate
power (hundreds of kW), and, more generally, for applicaieequiring localized power deposition.
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1 - Introduction. There is an ongoing interest in using radio-frequency (dv@s in
RFPs in order to control the current density profile in thespia periphery. Since RFPs
typically operate with overdense plasmasd/Qce > 1, with wpe = (€2 N/ (€9me) ) Y/?
the electron plasma angular frequency &d = e B/me the electron cyclotron angular
frequency), except for a thin layer at the edge, the effoatgetbeen oriented to lower
hybrid and electron Bernstein waves [1, 2]. However, nonghefusual rf schemes
can access the plasma core of typical RFP plasmas, exceptgiorplasma current
discharges > 1.5 MA) recently obtained in the RFX-mod device with an extehde
set of active control coils [3].

The confining magnetic field on axis scales with the plasmeeotfy like By ~
Od - Holp/2ma= 0.44 94 | ypya), With a= 0.46 m the RFX-mod minor radius arig the
RFP paramagnetic amplification factor. According to ti&p model (see Eq.(6) of [2]
for a simplified version), for typical RFX-mod equilibria2< &y < 2.6. Hereatfter,
we assumeéy = 2.3, which impliesBg ) ~ Ip[MA%. Consequently, the nth EC harmonic
frequency on the plasma axis scales witike figy =28n Iyya). Forlp > 1.5 MA
the 2nd EC (i.en = 2) harmonic in the plasma core is above 80 GHz. At this range of
frequencies, the wave accessibility constraint on thenpdadensity is not particularly
severe. In fact, if we make use of the dimensionless deDLsit:nge/wz and magnetic
field Y = Qce/w, wherew = 2mtf is the angular frequency of the injected waves,
the cutoffs of O- and X-mode aré¢ =1 andX = (1-Y)(1— NHZ) =(n-1)/n(1-

NHZ), respectively, wittN the parallel component of the refractive index. Hereafter w



consider almost perpendicular incidence, Ne.~ 0. The O- and X-mode can be re-
written asng ;g -3 = N _IS[MA] andne;gio -3 = N(N—1) |2 ma)- Table (1) shows the
values of the cutoff densities for two suitable commeraiefjtiencies together with the
corresponding minimurty, values in order to have the 2nd harmonic in the plasma
center. We also report the corresponding
values of the operation parametgyN, i.e. | fiohz | lpma] | Neozotsm-3) | 1p/Njzo-14am) |
the ratio between the plasma current and \the | | O X | O X |
| 9 |
| |

line-averaged density = ma® <n>:1p/N |55 25 3 6
amounts to the ratio of Greenwald limit t o5 | 12 6| 25 5
the line density< n >. In the following, we . — :

consider 84 GHz, a compromise betwee ble 1: Cutoff densities for the O and X2
the density limit and RFX-mod operation S¢€mes

space. At this frequency, can range from about.8 MA (2Qce on axis) up to the
maximum forseen 2 MA (e at about half of the minor radius), and beyond. However,
for a given frequency, highdr, values have lower cutoff densities. This is partially
compensated by the fact that by increasipghe 2nd EC resonance moves towards
the plasma periphery, where the density decreases. Tosaeicgser densities, one has
to launch the O-mode, which has a much higher density limiweler, O2 scheme
suffers form a very low single-pass absorption.
One peculiar feature of RFP plasmasis .
the almost poloidally symmetric confin- ~[ X cutoff
ing magnetic field, which means almost 0.4~
poloidal EC resonance surface, as shown | /X7
in Fig (1). As a consequence, the radial ®2[/
position of the hf-power deposition pre& 0_0”"““*
file cannot be controlled with the verticall TN
launch angle, as in tokamaks. Moreover, theo.2|- \ "'
EC resonance is reachable only for a lim-
ited range of the vertical tilt angle, i.e. too '0'4f
tilted beams miss the EC resonance. Ontheest.. . . .. . .. . ]
other hand, the beam along its single tran- 1.6 18 20 22 24 26 28
sit encounters the EC resonance twice, in- X [m]

creasing the single-pass absorption, particu-Figure 1. Beam launch geometry in
larly favourable for the O2. Concerning X2 RFX-mod. The dotted lines are the
scheme, if the wave encounters the EC reso-magnetic flux surfaces. The star shows
nance before the X-mode cutoff, the absorp- the position of the waist.

tion of the X-mode is almost complete.

In the next section we discuss the EC launch constraints i¥-RBd and the X2
absorption for three plasma currents. We also evaluateitiggespass absorption of
02 mode. In the last section, we address the issue of how nmavebrpne needs to have
measurable effects on the electron temperature.

2 - Launch geometry and EC absorption in RFX-mod. The largest ports in
RFX-mod for EC access are the equatorial pumping ports. iBecaf the lack
of space inside the vessel, the control of the beam incidearggles must be
done remotely. Fig.(1) shows the direct way of externallytoalling the beam.
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The maximum tilting angle and the beam focusing are comsdhimainly by
the diameter and length of the cylindrical ports. Fig. (2pbwhk that the range
of angular adjustment in the vertical directiom (and, by symmetry, in the
horizontal direction as wellB3) decreases
when the beam waist is increased from '}
Wo = 3A to 51, with A = c/v the vac- o
uum wavelength. On the other hand a nar- |
row waistwg implies more rapid beam di- o
vergence. A fair compromise iap = 4A ’
and the waist slightly inside the pumping i
port (xy = 55 cm). Alternatively, it might of
be possible to use the remotely steering sys- !
tem initially designed for ITER [4]. We cal- Ty 5‘0 o
culate the wave propagation and absorption e

with the beam tracing TORBEAM code [5]. Figure 2: Maximum tilting angle as function
For the density profile we assunmg(x) =  Of Xw for wo = 3 (solid), 4 (dashed), 5 (dot-
Neo (1—X8) + NeggeWith < n>=0.86-ngg ~ dashedp waists.

andneqge/Neo = 0.05. The electron temperature profileTigy(X) = To (1 —X3) + Tedge
with To = 1.2keV andTeqge/ To = 0.05. We consider three plasma currents with the same
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Figure 3: X2 scheme: EC deposited power (a) and driven current (b)lpsafi correspondence of
the optimal angles for highest power absorption (a) andedrourrent (b) peaks.

density profile and density on axisep = 4- 10°m~3), preciselyl, = 1.6, 1.8, 2.0 MA
with 1p/N = 6.5, 7.3, 8.1 respectively. For all these currents we have done a scan in
poloidal and toroidal launch angles to find the optimal abedmpower conditions for the
X2 scheme. There is a wide range of launch angles around tpenmicular injection
with complete power absorption. Fig. (3.a) shows the alessbgower density profiles
in correspondence of launch angles with the highest alisarpeak. These values are
for 1 MW of absorbed power and they scale linearly with theltaibsorbed power.
The width of the deposition profile depends mainly on the mjgeace of the beam
which increases towards the plasma center (see Fig. (1¥.hBight depends both
on the width and on the specific volume around the resonaniehvincreases with
increasingx. Fig. (3.b) shows the EC driven current density profiles fog bptimal
launch angles, which are not the same for the three cases.ddls to the almost
perpendicular launch (not optimal for CD), the EC drivenrent densities are much
smaller than the corresponding local plasma poloidal araldal current densities.



Finally, in optimized scenarios withy/N < 6, the same system can be used to launch
the O mode. Fig. (4) shows the EC single

pass as function of the launching angles f

Ip = 1.8 MA, and I,/N = 6. Because of  *

the low electron temperature and the rel

tive high densities, the single-pass absor ’

tion for the O-mode is less than 30%, an

for injection angles beyond the limit reach *°

able with the direct launch system. It migr

be that multi-reflections from the graphit

wall increase the total fraction of the ab .,

sorbed power. However, in order to reac

. . -5 N gta 5 10 P, [%)]

the angles of highest driven currents and _

best O-mode absorption, it is necessary torigure 4: Single pass absorption for O2
foresee a remotely steering system. scheme.

3 - Discussion. Finally, we compare the EC deposited power density withldizal
Ohmic one. The latter is estimated with the neoclassicaiz8presistivity, corrected
S0 as to have the total Ohmic power equal to the V loe20 Volt) times the plasma
current. From this analysis, the local Ohmic power dendittha maxima of the EC
deposition profiles for the three plasma currents are réispc3.8, 4.5, and 5.0 and
MW/m3. These values are comparable with the local maximum EC bbdopower
density already for 500 kW of absorbed power. In additiomjuantify the effects of EC
heating onle, we consider a simplified version of the heat diffusion emunat
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where the density is assumed to evolve on a much longer tiale $@an the temperature.
The diffusion coefficienly is evaluated from the steady-state solution Ter= Teg(X)
and with only Ohmic heating. The temperature dependencesidtivity is taken into
account with the factor in front d?onm. According to this simplified model, for 1 MW
of EC coupled power the variations of tligon axis are about 5%. This rough analysis
shows that EC heating might be suited for studies of RFX-nnadsport, but less for
additional heating.
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