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Abstract

It is shown that radial profiles of the safety factor q(r), necessary to access
the so-called "second stability" regime in shaped, low aspect ratio tokamaks,
can be achieved via off-axis lower hybrid current drive (LHCD). In order to
accurately model the required current profiles, our previous simulation code
for LHCD has been extended to noncircular equilibria and combined with an
MHD equilibrium solver. As a particular example, results will be presented for
Versator Upgrade tokamak parameters.
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I. Introduction
It has been shown /1,2/ that for low aspect ratio (R./a = 3) shaped, toka-

mak equilibria with safety factor in the range 2 < q(ifb) - 7, a sequence
of MHD equilibria exist which allow a stable path to a high beta operating
regime. Access to this region of the so-called "second stability regime" would
greatly improve the operating space for D-T fusion reactors, and would allow
operation with advanced fuels such as D-3 He /3/. Furthermore, it would make
steady state reactor operation (ITER) more attractive owing to an increase in
the bootstrap current at high values of ep,. In this LETTER, it is shown that
the required q(V;) profiles, in particular q > 1, can be achieved via off-axis
lower hybrid current drive (LHCD). Specifically, it is shown that for parameters
characteristic of the entrance to the second stability regime in the proposed Ver-
sator Upgrade device /4/ [R 0/a = 3, elongation ne = 1.4, triangularity 6 = 0.3,
neo = 3 x 10 7m3 , BO = 1 T, I = 150 kA, Teo ~ Tio - 2 keV], the required
profiles of the safety factor with q. > 2, q(a) ~ 7, q. < q(4) < q(a), can easily
be achieved via LHRF current generation combined with ohmic currents. The
required RF power is PLH Z 0.3 MW at f. = 2.45 GHz and Ipp ~ 75 kA, while
IOH ~ 75 kA. The combined ohmic-LHRF currents give the required q('b) pro-
files to enter the second staLility regime. These results can easily be extended
for a completely RF driven operation using additional RF systems and anten-
nas, and for combined neutral beam injection(NBI)-RF systems for steady state
reactor operation in the second stability regime. In order to accurately model
this RF current generation, our previous LHCD simulation model /5/ has been
modified for noncircular equilibria and added to a code which self-consistently
computes free or fixed boundary MHD equilibria /6/ and current generated by
neutral beams /7/, ohmic electric fields and bootstrap effects /8,9/.

The plan of this paper is as follows. The combined MHD solver and LHCD
package is described in Sec. II, model results are presented in Sec. III, and
conclusions are given in Sec. IV.

II. Model Calculation

Free boundary MHD equilibria are obtained by solving the Grad-Shafranov
equation /10/ using a source term which includes ohmic (JOH), lower hybrid

(JRF), bootstrap (JBS), and neutral beam (JNB) driven currents:

A*V = -poR2 p( ) - F(i) ) (1a)
d#f dO

a / 1 O, 827A*0 = R + (1)
01? \R R / z2' (b
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dF = 2 d 1
F- * A0 ,T-p(') + F(JllB) /(B 2). (1c)

Here, 0 is the poloidal flux function, F = RBt is the toroidal function, Bt is
the toroidal magnetic field, RB = _O x e + Fg, p(O) is a specified pressure
profile, () denotes a flux surface average, R = (x2 + y 2 )1/2 is the major radial
position (measured in the equatorial plane of the tokamak), and Jll = JoH +
JRF + JBS + JNB is the total current density (along B). In the present work
only the ohmic and LHRF current densities are considered (i.e., JNB = JBS =
0). The iteration procedure used to solve Eq. (1) is started by first assuming
that JRF = 0 and the plasma current is purely ohmic, i.e., JOH = E1 711 and
Ell is adjusted so that the total plasma current I, = f J11 ()dA(,O) is equal to a
specified value. Equation (1) is then solved to obtain a first approximation to the
MHD equilibrium and the LHRF current is calculated based on this new MHD
equilibrium. Ell is again adjusted to keep I, constant and the Grad-Shafranov
equation is solved a second time using the new source term. This process is
repeated until the MHD equilibrium and JRF no longer change. Typically, five
to ten iterations between the MHD solver and the LHCD code are required in
order to obtain convergence.

The LHCV) package has been describedl in detail in Ref. 5. The calculation
has been extended to noncircular geometry by integrating the ray equations in
cartesian geometry,

dx 
(2a)

-t &I/ew'

dk 061/ x
dk-, (2b)

where x = (x,yz), k = (k,, ky, ks), (x,y) lie in the equatorial plane of the toka-
mak, and z is perpendicular to the equatorial plane. The LH dispersion relation
[e(j, k, w) = 0] includes electromagnetic and thermal effects. The plasma quan-
tities, neb(), Te(V)), Ti(O), B(R, 0) and their spatial derivatives are given in
cartesian coordinates by a bi-cubic spline interpolation of the equilibrium results
of the MHD solver.

A parallel velocity Fokker Planck calculation /5/ is carried out on each b
surface in the plasma (where O labels a magnetic surface). The calculation is
relativistically correct (i.e., p = -ymevl1), includes the effect of finite electron tail
confinement (rL), an effective perpendicular electron temperature due to pitch
angle scattering (T± ;> Te), but ignores the effect of the parallel DC electric field
(Ell). The quasilinear diffusion coefficient due to the RF waves, DRF(pu,O) is
consistent with the local wave amplitude and spatial damping rates. In the
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calculations presented here, we assume T 5 x T , TL = T 0 y3 , and ro ~ rE

8.1 ms for the parameters given below.

III. Model Results
The parameters used to study LHRF current profile control are typical of

the proposed Versator Upgrade device /4/ where a = 0.3 m, R, = 0.9 m, Bt0
= 1.0 T, Ip = 150 kA, . = 1.4, 6 = 0.3, Zeff = 1.5, hydrogen gas, neo =
3 x 1019m-3 , and Te = Tio = (1.5 - 2.0) keV. The plasma profiles were chosen
to be ne(O) = neo(1 - 02)nI, T.(b) = Tao(1 - On)i't, -Y = 1.0, -Yte = Yti =

1.25, 0. = (0 - ".)/(ko -0.), 0. = O(a), and o =_ 0(0). The pressure profile
is determined from p(#) ne (0)[Te (0)+ T;(0)]. The RF parameters used were

fo = 2.45 GHz, PLH 500 kW, and a superposition of the RF power spectra
shown in Fig. 1 for relative waveguide phasings of AO = 7r/2 and 27r/3. The
relevant parameters for LH wave accessibility are (WP,/Wce) 2 = 3.09 and nIce
= 3.73, where nllacc is the minimum value of parallel refractive index required
for wave accessibility to the plasma center.

The results of LHRF current profile control at different RF powers are
summarized in Table I (Teo = Ti. = 1.5 keV) and in Table II (Te. = Ti.
= 2.0 keV). The current drive figure of merit used in these tables is defined

as 7/CD =ie(102 0 m- 3 )I F(kA)Ro(m)/PLH(kW), where fte is the line-averaged
density, Op = (p())v/((Be) 2 /2p.) is the volume average poloidal beta, and E =
a/R0 is the inverse aspect ratio.

Although q, ~ 2.0 at T,, = 1.5 keV (Table I), the profiles of q(O) are
hollow with minima of q.,i ~ 1.3 - 1.4 at 0,b ~ 0.2. This is to be contrasted
with the results obtained for T,0 = 2.0 keV (Table II) where q > 2 and q(b) >
2 persists for 0 < 4, 1. The reason for q(0) ~ 2 at the higher temperature is

that the RF current profile is broader and peaked farther from the plasma axis

as Te increases (owing to the stronger electron Landau damping of the lower

hybrid waves). Consequently, a "shoulder" is created in the total current density

profile (J11) by adding RF current off-axis. Then, for a fixed total current (I,),
the central values of J1 are constrained to be low, forcing q(0) to remain high.

Acceptable q(0) profiles could be obtained even in the case of T., = 1.5 keV,

however, the nl spectrum of the launchers would have to be increased.

In the cases shown in Tables I and II, about 85% of the injected RF power is
absorbed resonantly due to electron Landau damping. The remaining RF power

at n1| < niacc L 3.7 is not accessible to the plasma core (see Fig. 1), even after

multiple radial reflections at the plasma edge. It is also interesting to note that

the fraction of injected power lost due to electron tail losses (PL) is negligible

in all cases with PL < 0.04PLH. This small tail loss is consistent with the rapid
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thermalization and negligible spatial diffusion of fast electrons. Although the
values of Ep in Table II are rather modest (,Ep, ~ 0.5-0.6), they are very near
the critical value found in Ref. 2 (e3, > 0.6-0.7) for which further increases in
beta will result in entering the second stability regime.

Results from the Teo = 2 keV case in Table II at PLH = 200 kW are shown
in Figs. 2(a)-2(d). Figure 2(a) is a plot of JoH(k) and JRF(0) after the fifth
and final iteration between the current drive code and MHD solver. The LHRF
current in this case was 53 kA and the ohmic current was 97 kA. The peak
in the RF power deposition at 0, ~ 0.325 (Table II) is to be contrasted with
the peak of ,, = 0.1 at Teo = 1.5 keV and PLH = 250 kW (Table I). The
resulting q('O) profile is shown in Fig. 2(b). The ohmic q(?b) profile (PLH = 0)
has also been shown in Fig. 2(b) for comparison (dashed line). We note that the
typical single turn loop voltage required to maintain the ohmic current under
the present conditions is ~ 0.1 volts. The time needed to come to steady state
conditions after application of the RF power is not more than 0.25 sec.

The poloidal projection of a single ray trajectory (initial no = 4.40) for this
case is shown in Fig. 2(c). Each tick mark along the ray path indicates a 20%
decrease in the wave power due to quasilinear electron Landau danping The
electron distribution function on a flux surface near the maximum in the RF
deposition (0,b ~ 0.325) is shown in Fig. 2(d), plotted as a function of parallel
kinetic energy E = mec 2 [nll/(n2 - 1)1/2 - 1]. It should be pointed out that the
slowing down time for the fast electrons in the plateau region of Fig. 2(d) is
approximately r , '~ 2.6 x 10-3 sec (assuming ne ~ 1.8 x 10 11m- and E ~ 31
keV at 0, = 0.325). However, r, < rTL so that electrons would be expected to
thermalize before spatially diffusing an appreciable distance.

IV. Conclusions

In conclusion, a powerful computational tool has been developed to study
lower hybrid current profile control in self-consistent MHD equilibria. Utilizing
this model, it has been shown that the q(,O) profiles [2 ~ q(O) -~ 7] necessary
to access a high poloidal beta operating regime ("second stability regime") in
shaped tokamak equilibria can be achieved, via off-axis LHRF current generation
with IRF < 0.5 x Ip. This model can also be used to study current profile
control and steady state operation with NBI, LH current drive, and bootstrap
current generation in reactor relevant plasma regimes (ne > 1 x 10 20 m~3 and

Te, Ti 5 25 keV). Due to the relatively simple waveguide launcher geometry
chosen here, (eight waveguide grill) a rather crude approximation to the optimal
q(0) profile was obtained. In principle, these results can be refined by using
multiple waveguide launchers with more than eight radiating elements.
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Table I:
(Lower Hybrid Current Drive Parameters for T.0 = 1.5 keV)

PLH(kW)

0
250
375

qo e, IRF(kA)

1.00
1.92
2.15

0.27
0.32
0.32

0
60
91

7 CD

0.043
0.044

Table II:
(Lower Hybrid Current Drive Parameters for Te = 2 keV)

qo eO, IRF(kA)

0.99
2.27
3.14

0.36
0.53
0.60

0
58
64

6

PLH(kW)

0
200
250

77CD

0.048
0.046
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Figure Captions
Fig. 1. RF power spectra for an eight waveguide, 2.45 GHz, LH launcher (grill
dimensions were 0.7cm x 10cm, with adjacent guides separated by 0.1cm). Rel-
ative waveguide phasings are AO = 7r/3,7r/2, and 27r/3. Results were obtained
using an LH coupling code [M. Brambilla, Nucl. Fusion 16 (1976) 47].
Fig. 2. Model results for Versator Upgrade parameters (ne, = 3 x 1019m- 3,
Te. = Ti. =2 keV, Bt. = 1.0 T, I, = 150 kA, and PLH = 200 kW). (a) Current
density vs. b. (b) q vs. 0 for PLH = 200 kW (solid line) and for comparison
PLH = 0 (dash line). (c) Poloidal projection of ray trajectory (no = 4.40). (d)
Electron distribution function versus parallel kinetic energy on a flux surface
(On 2 0.325) near the maximum of the RF deposition profile.
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