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Abstract

It is shown that efficient RF current generation using lower hybrid slow waves is

possible in the presence of fusion generated alpha-particles. Wave accessibility and the

condition for strong quasi-linear electron Landau damping restrict propagation of the slow

wave to r/a 3 0.5 in a thermonuclear plasma. This turns out to be a beneficial effect in

terms of avoiding significant absorption of the injected waves via alpha-particle damping,

because of the spatial peaking of the alpha-particle density profile near the plasma center.

Numerical results for RF current generation and wave absorption, relevant to the reactor

regime, are obtained using a combined Fokker-Planck and toroidal ray tracing calculation.

I. Introduction

Recent studies [1] of lower hybrid (LH) wave absorption in reactor grade plasmas

(T. Z 15keV and ii, > 1 x 10 2 0m-3 ) have shown that damping of the fast and slow

waves will be dominated by absorption on fusion generated alpha-particles. [Here T, is

the electron temperature and i, is the line-average electron density.] This effect would be

deleterious to current drive schemes which utilize the lower hybrid wave. In this Letter, it

is shown that significant alpha-particle damping of the slow wave can be avoided due to the

combined effects of wave accessibility, electron Landau damping, and the peaked nature

of the alpha-particle density profile. The restrictions imposed on the parallel refractive

index (nil) of the injected LH waves by wave accessibility (nl ;> n) 2 and the condition

for strong electron Landau damping (nil < newa) limit wave penetration to r/a , 0.5, for
typical reactor parameters. One beneficial aspect of electron Landau damping at r/a > 0.5
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is the mitigation of the effect of alpha-particle damping due to the drop-off of na(r) with

radius. The LH slow wave would then be useful in applications such as current profile

control, including sawtooth stabilization by broadening of the current density profile and

hence raising q(r) > 1 everywhere, as demonstrated on Asdex [3]. Alternatively, the slow

wave still shows promise in lower temperature reactor applications such as plasma start-

up and/or combining with electron cyclotron resonance (ECR) current drive or fast wave

current drive. A parallel scenario to that proposed in this Letter has been discussed by

Andrews and Bhadra [4] for the LH fast wave. In their work it was shown that owing to the

combined effects of scattering by density fluctuations near the plasma edge and magnetic

shear, the parallel wavenumbers of the injected fast waves would be increased enough so

the waves could be absorbed via electron Landau damping at r/a > 0.5, rather than by

alpha-particle damping.

The calculated values of the current drive "figure of merit" =fi(10 20 m- 3 ) X

Id(MA) x R&(m)/Pi(MW) are found to be quite high [ < 0.4 (A/W/m 2 )] relative to

the existing experiments [5,6] where 1< 0.12(A/W/m 2 ). The higher values of i are due

to two effects. First, the electron temperature is still quite high at r/a > 0.5 where

T, < 10 - 15keV for central T. values of 20-30 keV. Thus LH slow waves with relatively

high parallel phase velocities (which are still accessible at r/a Z 0.5) are strongly absorbed

due to electron Landau damping [n 11 = n,Id , 1.8 - 2.2] on their first pass into the plasma

center, resulting in a narrow-quasi-linear plateau on the electron distribution function. In

present-day experiments, a large 'gap' exists [5,6) in parallel velocity space between the

injected LH waves (n11 < 1.5,V1 l/v, Z 10, and T, ~ 1.5 keV) and the phase velocities

necessary for strong electron Landau damping (vil /v, ~ 2 - 3 and n,1 ~ 5 - 6). Thus a

broad plateau is formed on the electron distribution in these experiments. A consequence

of maintaining this quasi-linear plateau at low parallel phase velocity, via Landau interac-

tion with relatively collisional electrons, is a reduction in the driven RF current. A second

effect contributing to the higher values of i is the pure uni-directionality of the injected

Brambilla spectrum [7] that was assumed in these studies. We note that for present day

waveguide grill launchers phased at 7r/2, approximately 20-30% of the injected power is

coupled in the anticurrent drive direction. Hence, it is of interest to develop improved

wave launchers for current drive in reactor grade tokamaks.

The plan of this Letter is as follows. Section II is a review of the predictions of wave

accessibility and quasi-linear electron Landau damping theory for the reactor scenario
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under consideration. A brief review of the radial dependence of the alpha-particle density

profile and the alpha-particle absorption theory is also given. Section III outlines the

combined Fokker-Planck and toroidal ray tracing model used to calculate the RF current

generation. Finally, numerical results are presented in Section IV and the conclusions are

given in Section V.

II. Slab Analysis and Review:

The penetration and absorption of LH slow waves can be estimated by recalling that

the parallel refractive index of the injected waves must satisfy neld Z n, > na. Here
1

neld ~ 7 /T (keV) is the maximum value of nil possible, before wave power is absorbed

via strong quasi-linear electron Landau damping (i.e., v1l = c/nil ; (2 - 3) x v,, where

v,2 = 2Te/me) [8] and n. is the minimum value of nil the wave must have in order to

propagate to a specified electron density, i.e., [2]

n, c1/2
f. = E1 2 +Wpe/Wee, (1)

E= 1+ (we/wce) 2  (WP/wo) 2.

Here wpe = (47rne2/me)i is the electron plasma frequency, 2* = J (4Jrn~e Z /m 1 ),

is the square of the ion plasma frequency and the summation is over the deuterium (D)

and tritium (T) ion species, Wce = eB,/mec is the electron gyrofrequency, and the range

or 'window' of ni values that satisfies n~ed > nil Z n, becomes quite narrow for the slow

wave in a thermonuclear plasma. This point is illustrated in Fig. 1 where neld and na have

been plotted versus r/a assuming profiles of the form

Te(r) = (To - T,.)(1 - r 2 /a 2 )ft + Tea, (2a)

n,(r) = (ne. - n..)(1 - r 2 /a 2)-y. + ne,. (2b)

Figure 1 was obtained for parameters typical of the TIBER-II ETR scenario [9] with

B= 6T, f, = 4.6GHz, Te = 30keV, Tea = 0.5keV, ne = 1.7 x 10 2 0 m-3 , n,. = 0.1 x n,,,

ne = 1.5 X e, IN = 1.21, -yt = 1.0, 50% deuterium and 50% tritium mixture. Wave

propagtion without severe electron Landau damping is only possible for r/a Z, 0.6.

The strength of the alpha-particle damping of LH slow waves as a function of plasma

minor radius can be estimated by first considering the alpha-particle density function.
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Following the treatment of Ref. [1], the alpha-particle production rate can be balanced

against the slowing down of alphas due to electron drag to obtain,

n,(r) = ir-"/*)nDnT(cO)rDT, (3a)

where the reaction rate is given by [10]

()DT = 3.68 x 10-12 exp 20 cm 3 /sec()DT 2/. (3)
TD 3 D3

Here TD is the deuterium temperature expressed in units of keV. The radial peaking of

n,(r) is a consequence of the exponential factor in (av)DT. It is important to remember

this form for nc(r) was derived assuming the slowing down of alpha-particles is dominated

by electron drag and the r,"I/) is therefore independent of alpha-particle energy (E,), i.e.,

-r./e) = 1.98 x 10 13A. T3/2/(neZe (4)

Here, A. = ma/mp, Aie is the Coulomb logarithm, T = Te(keV), and n, = ne(cm- 3).

Equation (4) is appropriate provided E , Ec, where [11]

Ec = 14.68AaT,([Z])2/3 , (5)

[Z]=(nDZ2/AD ±nZ2/AT)/n,

defines the critical energy at which the electrons and ions contribute equally to the slowing

down of the alpha-particles. lbr ZD = ZT = 1 ,nD = nT = 0.5 x n,, AD = 2, and AT = 3,

we have E, c 33 x Te. It must be required that Erf = jMc'V2, " Ec, where Erf is the

energy of an alpha particle which a LH slow wave at velocity vrf = c/(nI + n2)1/2 can

interact with. For the parameters in Fig. 1 this condition is marginally satisfied at r=0

and well-satisfied at r/a Z 0.25.

The wave damping due to the alpha-particles is obtained by starting with the form

for fc(v), valid for E, , Ec [11],

f-(v) = +3, (6)

where E, = jmavc2 and the alphas are assumed to be borne isotropically at an energy

EO = 3.5 MeV and remain isotropic as they slow down. The normalization f, is determined

by using Eqs. (3a) and (6) in the definition of particle density, i.e.,

na(r)= d +1 dy J v 2fa(v)dv,
f-f1 "C
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where yi = vI /v is the pitch-angle, v 2 = V2 + V , and EO = jmav2. This yields,

fo ~-' (.V)DTnDnTT. (7)2irln[O.63(vo/ve) 2]

Assuming unmagnetized alpha-particles [(kpe )2 >> 1, where p, = v,/OcQ], the damping

can then be calculated from the imaginary part of the susceptibility,

1 W 2f duOFoo/&uXC' = o (8a)
n= k 2 JL U

FoO(u) = J dvfc(v)6(u - k -v/k), (8b)

where the integral in Eq. (8a) is evaluated along the Landau contour. Using Eq.(6) in

(8b) yields Fo = 21rfo/u. Using this result in Eq.(8a) one obtains

2

Im(XQ) = -x / n[O.63(vo/ve) 2] (9)

III. Current Drive Simulation Model

The simulation model used in the following calculations has been described in detail

in Ref. [12]. hi brief, the current drive model incorporates a toroidal ray tracing code and

a one-dimensional (parallel velocity) Fokker-Planck calculation. The toroidal ray tracing

utilizes a Shafranov equilibrium for the magnetic field with shifted, circular flux surfaces.

'the wave damping along each ray trajectory is calculated for quasi-linear electron Lan-

dau damping, linear ion Landau damping, (assuming unmagnetized ions), nonresonant

damping (due to electron-ion Coulomb collisions), and Landau damping on fusion gener-

ated alpha-particles (see Sec. II). The self-consistent RF diffusion coefficient is calculated

based on the local rate of quasi-linear electron Landau damping. The Fokker-Planck cal-

culation is relativistically correct for parallel velocity, includes the effect of an arbitrary

perpendicular electron temperature Ti, due to pitch-angle scattering, and also contains

an electron tail loss model. The Fokker-Planck equation is solved assuming steady state

(8F,/Ot = 0), where F,(r, vII) is the electron distribution function, and the DC electric

field (Ell) is neglected since it is sufficiently small relative to the runaway electric field.
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IV. Numerical Results

A. The results of a central electron temperature scan are shown in Table I for pa-

rameters characteristic of the TIBER-II ETR scenario. T,(r) and n,(r) are given by Eqs.

(2a) and (2b) with T.0 = (2 - 30)keV, T,. = 0.5keV (except for T,, = 2keV where T =

0.05keV), T(r) = T,(r), neo = 1.7 X 10 2 0 m-3, n, = 0.1 x n,,,n,o = 1.5 X ,,Yn = 1.21

and -yt = 1.0. Other parameters are a = 1.24m, Ro = 3m, I, = 10MA, qo = 1.0, B= 6T,

50%/50% D-T gas mixture, wo/2ir = 4.6GHz, T1 = T,, and electron tail confinement

time is set by rTL =(1 sec.)y 3 . The injected RF power spectrum is calculated according to

s(n 1 ) = so exp[-ap(nll -ii)2], nI >0

=0, nI < 0

where ap = 32, ig = 1.5, and so is chosen so that fE s(n 1)dn = Pma = 45MW. The

initial power spectrun is divided into 50 rays with spacing An = 0.044 for 1.066 < n11 <

1.99 and AnI| = 0.22 for 1.99 < n1 < 8.37. The rays are launched from a poloidal location

of Oo = 37r/2, corresponding to the bottom of the tokamak.

From Table I, it can be seen that the figure of merit remains high [ > 0.3(A/W/m 2 )]

for T,. Z 15keV but then drops by a factor of three for T,, = 2keV. The power absorbed

due to alpha-particle damping is P, , 2.8 MW and the power absorbed due to quasi-

linear electron Landau damping is P, E 42MW. The power lost via nonresonant collisional

damping at the plasma periphery is small for To > 15keV with PcoU r5j 0.1 MW but

becomes sIgnficant for T,, -= 2keV where Pc0 n = 9.6 MW. The power lost because of

imperfect electron tail confinement is low, with PL 5- 0.03 MW, and the remaining RF

power (P, - PL) is dissipated in the bulk plasma via the collisional slowing down of fast

tail electrons. The higher collisional damping in the T,, = 2keV case occurs because the

LH ray trajectories are not damping on their first pass into the plasma. The rays require

additional radial reflections at the plasma edge in order to induce toroidal upshifts in

nII [12] (nI| = 4 - 6 is required for electron Landau damping in this case). The maxima

in the radial profiles of electron Landau damping and alpha-particle damping are given in

Table I by rL") and r(I) respectively. Although rL' ~ 67cm > 0.5 x a for the To = 2keV

case, LH waves are still able to propagate to r/a < 0.25 since n. = 1.85 and nd = 4.95

at the plasma center. The wave absorption via electron Landau damping is peaked at 67

cm because of the broadness of the T,(r) profile, i.e., T,(r.'e) ~ 1.45keV for T = 2keV.

The radial profiles of electron Landau damping and RF current generation for the 30

keV case are shown in Figs. 2(a) and 2 (b). The electron distribution function for vII > 0
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and at a radial location rl"e = 97cm is plotted in Fig 2 (c) as a function of parallel kinetic

energy E = m,c2[nl /(2 _ 1)1/2 - 1]. The plateau extends from E ~ 60keV corresponding

to nl = n.Id ~ 2.24, to E ~ 200keV corresponding to nll ~ 1.44, in good agreement with

the restrictions imposed by wave accessibility. This is to be contrasted with the To = 2keV

case where the electron tail extends from 13 keV to 200 keV at r = rinm.

The RF current profile shown in Fig. 2(b) is not expected to change because of the

radial diffusion or transport of suprathermal current carrying electrons.[13] This is easily

seen to be the case because the slowing down time of an electron at energy 160 keV and

electron density n. ~ 8 x 1019 m- 3 is T, ". 4 x 10~3 sec. However, a typical diffusion time

scale in a reactor might be rd r, j 1 sec. Thus rd >> r, and suprathermal electrons are

thermalized before they can diffuse spatially.

A typical ray trajectory for the T,, = 30keV is shown in Fig. 3(a) for an initial

value of nll = n = 1.4. The normalized minor radial position (p/a) is plotted versus

toroidal angle (4) in Fig. 3(b). Here p = r + A(r)cosO and A(r) is the Shafranov shift.

The parallel refractive index (nll) and normalized power amplitude of the ray (Pa) have

also been plotted versus toroidal angle in Figs. 3(c) and 3(d). The value of n1 increases

initially along the ray path with a final value of nl ~ 1.8. Approximately 8% of the RF

power along this ray was absorbed due to alpha-particle damping and the remaining 92%

of the power was absorbed via quasi-linear electron Landau damping.

B. The .Vffects of significant alpha-particle damping can be demonstrated by using

the parameters of the previous part, setting To = Ti = 15keV and raising the magnetic

field to BO = 12T, so that accessibility is achieved for even low values of nl. The range

of n 1 values accessible to the plasma center is now 1.34 < nl 1.81 where n. = 1.34 and

nedl = 1.81. Table II contains the results of such a study with nilj = 1.2,1.3, and 1.5. As

il is reduced form 1.5 to 1.2, the LH waves propagate nearer to the plasma center because

the lower initial nll values help to keep nll < neld. However, the absorption of the LH waves

on alpha-particles increases significantly, until at fg = 1.2 almost half of the injected RF

power is absorbed at 0 < r < 50 cm via this damping mechanism. Consequently, the

electron Landau damping and RF current generation for the fi = 1.2 case occur only at

30cm< r < 80cm with maxima at ri(e ~ 57cm.
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V. Conclusions

It has been shown that LH slow waves can be used to generate RF current in a

thermonuclear plasma (i, 1 x 10 20 m-3 and Te,, . 15keV) at r/a Z 0.5, thus avoiding

significant absorption of the injected waves on fusion generated alpha-particles. The figure

of merit for the proposed scenario [ . O.4(A/W/m 2 )] is considerably higher than in

present-day experiments [{ < 0.12(A/W/m 2 )]. The LH slow wave should therefore be

considered as potentially useful in a reactor-grade plasma for RF current maintenance at

r/a Z 0.5 and to achieve sawtooth stabilization via current profile control.
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Electron Temperature Scan:

Table I

TIBER-II Lower Hybrid Current Drive Parameters.

To (keV) Irn (MA) i (A/W/m 2 ) P- (MW) r mx(cm) rm(,(crm)

2 1.24 0.09 0.03 67 10

15 4.06 0.31 2.1 91 70

20 4.86 0.37 2.2 91 74-+90

30 4.98 0.38 2.8 97 97

Table II

Scan for Alpha-particle damping effects: Tiber-II

Lower Hybrid Current Drive Parameters.

4 Ir (MA) i (A/W/m2 ) P, (MW) rL(cm) r (cm)

1.2 2.05 0.15 22.6 57 0-+50

1.3 3.4 0.26 10.1 76 60

1.5 2.67 0.20 2.0 70 79
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Figure Captions

Fig. 1 n.d and n. versus r/a for the parameters of Sec. II (To = 30keV, n,, = 1.7 x

10 0m-, WO/27r = 4.6GHz, and BO = 6T).

Fig. 2 Simulation model results for T,, = 30keV case in Table I of Sec. IIIA. (a) Radial

profile of RF power deposition to electrons (W/cm3 ). (b) Radial profile of RF current

density (kA/cm2 ). (c) Electron distribution function at a radial location r = 97 cm

versus parallel kinetic energy E.

Fig. 3 Ray trajectory for T,, = 30keV case in Table I of Sec. IIIA. (a) Projection of the ray

trajectory in the poloidal plane of the tokamak. (b) Variation in p/a versus toroidal

angle (4). (c) Variation in parallel refractive index (nII) versus toroidal angle (0).
Initially, nII = 1.4. (d) Normalized wave amplitude (Pu) that results from damping

on the quasi-linear electron distribution function (nII > 0), versus toroidal angle (q).
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