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High Harmonic Fast Waves in High Beta Plasmas

Masayuki Ono

Princeton Plasma Physics Laboratory, Princeton University
P.O. Box 451
Princeton, New Jersey 08543

Abstract

High harmonic fast magnetosonic wave in high beta / high dielectric plasmas is investigated
including the finite-Larmor-radius effects. In this regime, due to the combination of group
velocity slow down and the high beta enhancement, the electron absorption via electron Landau
and electron magnetic pumping becomes significant enough that one can expect a strong (=
100%) single pass absorption. By controlling the wave spectrum, the prospect of some
localized electron heating and current drive appears to be feasible in high beta low-aspect-ratio
tokamak regimes. Inclusion of finite-Larmor-radius terms shows an accessibility limit in the
high ion beta regime (Bj = 50% for a deuterium plasma) due to mode-conversion into an ion-
Bernstein-wave-like mode while no beta limit is expected for electrons. With increasing ion
beta, the ion damping can increase significantly particularly near the beta limits. The presence
of energetic ion component expected during intense NBI and o-heating does not appear 1o

modify the accessibility condition nor cause excessive wave absorption.

Recently, low-aspect-ratio tokamaks (LART) have received considerable interest due to the
encouraging small scale experimental results!-3 as well as its promise for stable high beta
tokamak regimes for the next generation LART experiments.? The reactor attractiveness of the
LART regime has been also peinted out.> Indeed, some MHD stability calculations have
shown stable high beta regimes with B in excess of 40% and high bootstrap current (pressure
driven current) fraction of > 80%.6 To heat and sustain such high beta plasmas by non-
inductive means is an important topic for low-aspect-ratio tokamak research. A typical next
generation high beta LART experimental regime has an unusually large plasma dielectric
constant, £= mpez / 822 = 100. This compares with the conventional tokamak parameters of £
= 1. For the high dielectric plasmas, we find the accessibility of fast wave to the plasma core
has a relatively low ion beta limit (typically Bj £ 10%) in the ion cyclotron range of frequency
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o 2 Qj by the mode conversion to the ion Bemnstein waves. For @ < Qj, the fast wave has a
good wave ~¢ :essibility but very weakly damped. It is also well known that in high dielectric
regime, such waves as electron plasma waves (lower hybrid waves) and electron cyclotron
waves have severe accessibility problems. On the other hand, the intermediate frequency
range, i.e., Qj << w << @Ly, appears to offer an attractive fast wave regime even in the high
beta and high dielectric plasmas. In this work, we therefore limit the discussions on fast waves
only to this intermediate wave frequency range. )

The previous theoretical work for the fast waves in the intermediate range of frequency has
been carried out in various regimes with dielectric constant typically € = 1 in Refs. 7-11. The
experimental evidence of direct fast wave current drive FWCD is relatively limited.12-14 The
direct electron heating has shown efficient central electron heating in several tokamak
plasmas.15-17 One of the limitations of FWCD is that since the power deposition is central,
one can only drive the current in the central region owing to the relatively weak single pass
power absorption in the low [} experimental regimes. The present analysis shown here predicts
sufficiently strong single pass absorption for high harmonic fast magnetosonic waves (HHFW)
in this high dielectric regime that it may be possible to consider local power deposition and,
therefore, current profile control by FWCD. Moreover, in this regime, the multi-megawatts
radio frequency transmitters now being used for ICRF/IBW experiments can be utilized for
electron heating/CD of the next generation LART devices where the confinement, MHD beta
limits, and plasma sustainment can be explored. The plan of the prescnt paper is as follows:
In Sec. II, the general wave properties of high harmonic fast wave is discussed. In Sec. III,
the wave damping due to electron magnetic pumping and electron Landau damping neglecting
the ion-Larmor-radius effects is described. In this limit, one can show that the dispersion
relation can be reduced to a quadratic form. One important result obtained here is that the
magnetic pumping is dominant damping mechanism even though the frequency is high (@
being many time Qj). In Sec. IV, the effects of finite-ion-Larmor-radius are discussed. As the
ion temperature is raised, the wavelength can approach the ion Larmor radius that the finite-
Larmor-radius terms can no longer be neglected. In Sec. V, the profile effects are considered
to estimate the single pass damping coefficients and the power deposition profiles. Finally, we

present conclusions and discussions in Sec. VI.

IL HIGH HARMONIC FAST WAVE DISPERSION RELATION

In the high beta regime, the wave dielectric constant, £ is quite high for HHFW. This can
be shown from the following simple analysis. We define fj =8 7 nj T, /B2 1o be the ion beta
and similarly B, as the electron beta. Noting that e =8 7 ne KT /B2 =(wpe?/$262) (V1elc)?
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= g(Vrelc)2 one getse= Pe(c/ Vre)2 where Ve = (2 KT/mg)0-5. One can see that since (¢ /
Vre)? is = 100 for typical LART experimental parameters for T, = few keV, € is order of 100
for plasmas with 8= 1.0. For example, for typical central parameters for the NSTX target
plasmas; ng = 5x 1013cm-3 and T, = 1 keV, and By = 2.5 kG in deuterium plasma, £ is 82

and electron beta is 34 %.
plasmas.

We shall use these values as the nominal parameters for LART

The HHFW dispersion relation is obtained from a non-trivial solution of the determinant
of the wave equation tensor for Maxwellian plasmas as!8
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The subscript & is over all species.



UL _ELECTRON ABSORPTION PROCESSES

For the present analysis, the wave frequency is high compared to the ion cyclotron
frequency (@ =21 {2p), but well below the electron cyclotron frequency (@ = 0.006 $2p). We
also can neglect the FLR effects on electrons (Ag = (me/mj) Aj <<1). The terms which
contribute to the electron damping are the n = 0 terms in Kyy, Kyz, K7y, and K7 elements of
the dielectric tensor. For the present case, it is sufficient to keep the lowest order terms for A,.

If we neglect the ion FLR terms, the dielectric elements are simplified to

K, = —Z Qz’ (3-a)
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where &, is the magnetic pumping (MP) term and K7, gives the electron Landau damping (ELD).
O, represents the cross (X) terms in Ky; . Forcold ions, 6 in Kxz though being kept here is actually
very small (< 0.01). In the high beta regime, usually 8y is small, but 8p, is of order unity. One can
then rewrite the determinant in Eq. (1) in the following simple form,

K. ~nt ~iK,, n.n,(1+8)
det| K, K, -nm-n2(1-8,) -inéK_ | = 0. @
nn(1+8) ind.K, K, -n’

The above determinant is convenient for solving for n for a given @and ny since all K’s and §'s
are independent of n;. Indeed, one can readily solve for #; by noting that the determinant takes on the

following quadratic form in n2:



anf+bn’l+c = 0 5)
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The subscripts "c" and "e" denote cold ions and kinetic electrons. To see the magnitude of
various damping terms, we show in Fig. 1 some numerical examples. The parameters are ng =
5 x 1013 cm3, Tg = 2keV, B = 2.5 kG, pure deuterium plasma, and the rf frequency of 41
MHz. This corresponds to about 21 - 22 harmonics of deuterium ion cyclotron frequency. In
Fig. 1a, the real part of the perpendicular wave number & is plotted as a function of ny.
Here, for ny = 8, the wave parallel phase velocity is twice the electron thermal velocity, i.e.,
a/ky = 2 Vye. To illustrate the contributions of each terms, four cases are shown in the
figure: rhombuses = ELD + X terms; squares = ELD only; crosses = ELD + X terms; and
circles = all terms (ELD + MP + X) being included. The expected perpendicular wave number
(noting that @k =Vphy = Va), ki =~w/Va= o (wpil ¢ ) = n07 /B, is 4745 as indicated
in the figure. This value agrees relatively well with the calculated wave number without MP.
As can be seen from the figure, the inclusion of the MP term causes about 15 % down shift in
the wave number. The MP contribution is quite significant in the damping term. In Fig. 1(b)
the corresponding imaginary part of the perpendicular wave number is shown. As can be seen
from the figure, the inclusion of MP term (crosses) drastically increase the damping over the
ELD alone case (squares). In this high beta regime, even though the frequency is relatively
high, the magnetic pumping is very important. The X terms (rhombuses) actually reduces the
damping (giving fictitious negative damping). The case with ELD+MP+ X terms (circles), still
shows a considerable damping enhancement, i.e., three to four times the ELD only case. The
electron damping becomes significant for ny larger than 6 or avky < 2.5 V7. Indeed for ny
= 10, the expected power damping length, Lp = (2 Im k.)-! becomes less than 10 cm which
indicates a complete single pass absorption.



The dependence of damping on the density and magnetic field is also instructive. In Fig.
2, we show the behavior of the wave number as a function of magnetic field. The wave
number varies inversely with the magnetic field as shown in Fig. 2(a). This is consistent with
ki=wVa=w (Wpif c &)= n0-3 / B. The damping shows an even more strong dependence
of B-3 as shown in Fig. 2(b). This is consistent with the previous results (Ref. 6-9) that the
fast wave damping is proportional to the plasma beta times the wave number. However, a
curious observation is that the damping is not nearly as strongly dependent on the plasma
density. In Fig. 3, we show the density dependence of the wave number. The wave number
goes up as the square root of the plasma density as expected from the Alfven velocity behavior
as in Fig. 3(a). If Fig. 3(b), the damping is plotted as a function of the density. The
dependence is at most linear with the density. Since for a fixed temperature, the plasma beta
goes up linearly with the density, one would expect the damping to increase as ngf-J.
Therefore, the damping picture in this high beta regime is not simply the wave number times
the plasma beta for the density case. This behavior might be due to the delicate but different
dependences of diclectric tensor elements with B and ne. For example, Kyy oc B-1 but Kyy is
nearly constant with B while both Kyy and Kyy increases linearly with the density.

' A ibility Limit due fo Ton_ Bet

As the ion temperature is increased, the finite-Larmor-radius effects become important in
the high beta regime. If the ion beta is high, then the wave phase and group velocities
approach the ion thermal velocities, noting that §; = 8 m n; kT; /B2 =( wp,'Z/.Q,-Z ) (Vrilc)2 =
{ VT,'/VA)Z where V4 =B / (47njm;)0-5 and since Vp = Va, one can see that Vy; approaches
V4 as §= 1. For the LART parameters of 7; = 1 keV and n; = 5 x 1013 cm-3, ;= 34 %, V4
= 1.7 V7;. In this regime, the FLR effects are becoming important. One can also rewrite that
Bi =8 i KT; /B2 = (a2 Q2) (Vrilc) =2 ( Q24 @P Aor A =05 (w; £ PB;. Letting @ ~
n 2%, A=05n2Bior A=n?/6 for the NSTX. Since the function {4} = A I, e=# assumes
the maximum value at A = n2 / 3, the A parameter is getting quite large. In Fig. 4, the effect of
FLR on the FW dispersion relation is shown. The full kinetic dispersion relation in Eq. (1) is
solved where the sufficient number of FLR terms are included typically up to n =50. The
plasma parameters in Fig. 4 (a) are the same as shown in the previous cases [ng = np =5 x
1013 cm3, T, = 1 keV, B = 2.5 kG, ny =8.]. As shown in Fig. 4(a), the real and imaginary
parts of the wave number do not vary very much with ion temperature even though the 4 factor
is getting large which is somewhat surprising. The real part of dispersion relation hardly
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changes while the imaginary part decreases only by 30% before going back up to near the cold
ion value. Therefore, it appears as though the cold ion approximation is reasonably good here.
However, as the ion temperature approaches 1500 eV in Fig. 4(a), the dispersion relation fails
to converge quite abruptly. A detailed examination of the behavior shows that the group
velocity goes to zero at that point indicating a mode conversion into an IBW-like-backward
wave due to the FLR-effects. As mentioned earlier, this mode conversion process tends to
occur for lower ion beta as the harmonic number is reduced. This means that the access to the
finite ion beta plasma is limited by this FLR-mode-conversion process. Though this presents
an actual limit to the fast wave accessibility, this ion beta limit is still over 50 % which is quite
large. In Fig. 4(b), the magnetic field is raised to 3.45 kG (an increase of about 40%) in
otherwise identical plasma. The temperature limit nearly doubies which is consistent with the
same beta limit of 50 %. If the fast wave is used to heat or drive current in the off-axis region,
for example, then the beta limit in the wave accessibility probably would not limit the wave

performance.
B._Ion_Cycl H ic D .

As the wave moves through the plasmas with varying magnetic field, it is expected to
cross ion cyclotron harmonic resonances Assuming the plasma to be magnetized, the
resonance occurs at @ = n€2;. For 2.5 kG, 41 MHz case, n is about 21 for deuterium. The

damping terms are from the imaginary part of the Z-function in Kxy and Kxy. Assuming small

absorption, one can estimate the imaginary part of £ as,

dD(K,, K, )oK, CImK JdD(K, K, )oK,

oD/dk, » oD/dk, ' ©
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and D is the'?;letenninant of the matrix in Eq. (1). The total fractional absorption factor across
the n-th harmonic resonance of ion species i, I';, = ZJ- Im k&, dr is obtained by integrating



through the resonance assuming the real part of the dispersion relation is not strongly affected.
We then obtain

r,, = —= L-1 Z=
k.opD/ok | @ 2 oK. in(" " oK,

2,Rn_[o} 1,e* 9D o] e, 2D } ®
The R represents a characteristic length of the magnetic field variation. In Fig. 5(a), I'p due to
a deuterinm resonance is plotted as a function of 7; for various plasma density for B = 2.5 kG
and R = 80 cm. As shown in the figure, the damping is negligible until the ion temperature
reaches a certain value. Reducing the density allows higher ion temperature, roughly
preserving a constant beta dependence. This constant 3 condition is equivalent to constant 4 =
(1/2) (k1pi)2. One should also note that this heavy ion harmonic damping occurs when vk
approaches near 2xV7j. This is consistent with the unmagnetized model where the
perpendicular ion Landau damping increases as @'k approaches = 2-3 Vr;. The observed
constant beta condition also agrees with the @/ky o (ng)"0-5 o« Vi dependence. It is
interesting that the magnetized model and unmagnetized model both predict similar damping
trends in this high harmonic cyclotron frequency regime. In Fig. 5(b), we show the damping
dependence of the magnetic field. Again by increasing the magnetic field by 40 %, we see the
temperature limit increase by a factor of two in accordance with the constant ion beta condition.
The damping due to non-hydrogenic impurity ions are negligible due to heavier mass (smaller
pi) resulting in smaller values of . However, the presence of excessive hydrogen ions wonld
cause significant absorption due to its light mass. Typically hydrogen ions can cause two
orders of magnitude larger absorption as deuterium ions. It is, therefore, important to keep the
hydrogen to a low value < few % which is possible by minimizing the hydrogen contamination
into the vacuum system. If the hydrogen concentration can be kept low, then the quasi-linear
effect is expected to further reduce the absorption by flattening the hydrogen distribution

function.
C. Effects of Hot Jon Component

The behavior of increased ion damping with increased ion temperature raises the question
of possible effects due to hot ion component expected, for example, during an intense NBI
(neutral beam injection) heating and/or Alpha-particle heating.20.21 To semi-qualitatively
assess the damping due to hot ions, we modeled the hot ion component as 5% deuterium ions
having some characteristic ion temperature, Thot. One can, of course, extend the present result
with ather concentration values reasonably well by simply scaling the damping values from the
present 5% value. In Fig. 6, we plot the damping behavior as Thot is varied. The parameters
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are Te = Tpujk = 1 keV, ny =8, B =25kG, and ng = np = 3 x 1013 cm-3. As shown in
Fig. 6(a), the effect of hot ion component on the real and imaginary (electron damping) parts of
the wave number is quite negligible. The presence of hot ions also does not change the
behavior of bulk ion absorption significantly. One interesting finding here is that the
absorption by the hot ion component does not necessarily keep getting worse as its effective
temperature is raised. In fact, after reaching the maximum value of 15 % around 10 keV, the
absorption decreases rapidly with something like Thor-3/2. This is due to the behavior of the
function f{A) = A I, e~ which reached maximum value at A = n2/3 (see for example, Chap.
11 of Ref. 9). Further increase in A causes the damping term to decrease. Since for large A,
flA) = 4312, one can explain the drop in [0z as Thor3/2. This behavior is similar to that of
the ion Bernstein waves where because of the short wave length, the damping due to hot ion
components can be small. From the unmagnetized point of view, it is well known that the
damping decreases as the wave phase velocity decreases to well below the hot ion velocity,
ie., @k << Vpgor.. To properly assess the damping due to the hot species, it is necessary to
use the non-Maxwellian distribution functions. For a—particles, the distribution function
Fa(v) can be shown to be proportional to 1/(v3 + v¢3) where v is the critical velocity.2! The
damping which is proportional to the derivative of the distribution function is then dFg(vjdv o
- v2/ (v3 + vc3)2 goes down below the critical velocity as = - v2/ vg6 . Nevertheless, the
actual distribution function may be more complicated in this lower velocity range and, thus,

would require more careful examination.

Y. PLASMA PROFILE EFFECTS

One can obtain a little more qualitative picture of the HHFW absorption by using typical
plasma profiles. Here for simplicity, we assume the Gaussian profiles for the density and
temperatures. In Fig. 7(a), the real and imaginary & calculated using Eq. (5) as the function
of the major radius is plotted for ny =7 where np =5 x 1013 em3, Tgp = 1 keV, Rp = 80 cm
and Bg = 2.5 kG. In Fig. 7(b) the normalized power and the power absorption profiles are
shown. The wave is assumed to be launched from the outside radial position. One can see that
the absorption is central and the single pass absorption is quite significant, = 50%. The
absorption can be increased by increasing n; as can be seen from Fig. 1. As the single pass
absorption increases to near 100%, the absorption layer moves toward outside. The absorption
also increases with electron temperature for given ny. In Figs. 8 & 9, the central electron
temperature of 3 keV is shown for ny = 4 and 5, respectively. For ny = 4 case, the heating is
central with 50% absorption while ny = 5 case, the heating mcves toward off-axis. Increasing
ny further would move the deposition layer further toward the plasma edge. Therefore, by
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changing ny for a given electron temperature profile, one would have some control over the
power deposition profile. The strong local absorption with relatively low ny values suggests a

possibility of efficient local current drive which is useful for current profile control.

YI._CONCLUSIONS AND DISCUSSJONS

High harmonic fast wave appears to offer a promising tool for heating high beta LART
plasmas. In this high beta regime, the magnetic pumping significantly increases the damping
over the electron Landau damping alone. In Sec. III, the damping is found to scale as & sj-o<
ne/ B3 and it is found to become significant for wky <2.5 Vre. This condition is almost like
that of electron plasma wave (where the damping condition is known to be wky <3 Vre.) as
opposed to the usual fast wave heating regime which requires avky = Vre for any significant
absorption. The strong damping offers the possibility of localized absorption which is needed
for current profile control by current drive.22 Heating of electrons enhances the current drive
efficiency which goes up with ny-2 o Tp. Based on the previous current drive scaling and
strong local absorption for a/ky =~ 2.0 Ve, one can expect the current drive efficiency for the

fast wave in this regime to be,

6 P (MW) _ 0.08P_ (MW)T,(keV)
n, A0%cm>YR(m)n? ~  n, 10"cm™) R(m)

I, (MA) =

One should point out that the previous analysis showed that the electron trapping effects
reduces the current drive efficiency as the radial position is increased, typically by half at the
half radius region.8 This condition together with the decreasing temperature {though the
decreasing density may help offset this trend) tends to make the rf-based current drive near the
plasma periphery not practical. The higher electron temperature also increases the bootstrap
and other forms of pressure driven currents through higher electron pressure and lower
collisionality.

Analyses including ion-Larmor-radius effects indicate that while there is no practical
electron beta limit, there is a limit for the ion beta. The wave accessibility is limited due to the
mode conversion inio an ion-Bernstein-wave-like mode. However the ion beta limit is around
50 % which is quite high. Perhaps more stringent condition is imposed due to the ion
cyclotron harmonic absorption. The condition for significant deuterium cyclotron resonance
absorption is similar to the perpendicular ion Landau damping in the unmagnetized model,
w/k; <2.0 Vri. The ion absorption condition lowers the ion beta limit toward 30%. While
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this value is still acceptable, it is important to limit the ion beta if fast wave is used to heat
plasmas toward the expected beta limit. For example, as long as the electron beta is larger than
the ion beta (say 2:1), there is no problem until the total plasma beta is 90%. The effects of hot
ions are also investigated in Sec. IV-B. The result shows that the presence of hot ions does not
appear to cause excessive absorption. After reaching the maximum absorption values near 10
keV, the absorption again decreases for higher hot component temperature. At very high
temperature, the damping decreases as Thor32. This type of analysis indicates that HHFW
can still be effective with NBI heating and/or the Alpha heating which is an encouraging result.
However, since the velocity distribution of hot ion species are typically not Maxwellian, it
would be necessary to use more precise velocity distribution functions which depend strongly
on the actual circumstances. The slowness of the HHFW might also make it a good candidate
for the use in Alpha-channeling in this high beta regime.23 '

In order to maximize electron heatirg, it is important to minimize the ion damping. While non-
hydrogenic impurity absorption is negligible, the presence of hydrogen can lead to a significant
absorption due to the faster speed and lower harmonic number (half the deuterium). It is very
important to limit the hydrogen concentration to a few percent. This should not be too difficult
by limiting the source of possible hydrogen contamination. While the prospect of fast wave
heating and current drive in high beta low-aspect-ratio tokamak plasmas is good, it is important
to carry out more detailed wave calculations using more precise tokamak geometry. Due to the
short perpendicular wavelength nature of HHFW in high beta regime (typically 1 - 2 cm which
is much less than the system size), the ray-tracing technique should be applicable to investigate

this problem.
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Figure Captions

Fig. 1. HHFW perpendicular wave number as a function of ny. ne=5x 1013 cm=3, T, =1

keV, B = 2.5 kG, f = 41 MHz, and deuterium plasma. (a) Real part of the wave number as a
function of ny with various combination of damping terms, as labeled. {(b) Corresponding

imaginary part of the wave number as a function of ny.

Fig. 2. Perpendicular wave number as a function of magnetic field forny =8 and 12. ng=5x
1013cm-3, T = 1 keV, f = 41 MHz, and deuterium plasma. (a) Real part of the wave number
as a function of magnetic field. ny as labeled. (b) Corresponding imaginary part of the wave

number.

Fig. 3. Perpendicular wave number as a function of plasma density for sy =8 and 12. Te=1
keV, B = 2.5 kG, f = 41 MHz, and deuterium plasma. (a) Real part of the wave number as a
function of plasma density. ny as labeled. (b) Corresponding imaginary part of the wave

number.

Fig. 4. Perpendicular wave number as a function of ion temperature. ny =8, np =5 x 1013cm-
3, Te=1keV, f=41 MHz, and deuterium plasma. (a) Real and imaginary parts of the wave
number as a function of ion temperature for B = 2.5 kG. (b) Similarly for B = 3.45 kG.

Fig. 5. Fractional wave power absorption across the deuterium ion cyclotron harmonic
frequency I'p as a function of ion temperature. ny =8, To =1 keV, n =21, and deuterium
plasma. (a) I'p as a function ion temperature for various plasma density as labeled. B = 2.5
kG and f=41 MHz.. (b) I'p as a function ion temperature for B = 2.5 and 3.47 kG, f= 57
MHz, and ne = 3 x 1013cm-3.

Fig. 6. Effects of hot ion component. Npot=5%. Te=1keV,ne=3x 1013cm-3, f= 41
MHz, B = 2.5 kG, n =21, nj = §, and deuterium plasma. (a) Real and imaginary parts of
perpendicular wave number (due to electron damping) as a function of hot component
temperature. (b) Fractional wave power absorption across the deuterium ion cyclotron
harmonic frequency as a function cf hot component temperature. I'pyJk denotes damping by

the bulk deuterium and I'jor by the hot deuterium component.

.14 -



Fig. 7. Profile effects in a typical NSTX regime. Rg=80cm,a=64cm, Tgp=1keV, ngp =
5x 1013 ¢cm-3, f= 41 MHz,.Bg = 2.5 kG, and ny = 7. Density and temperature profiles are

Gaussian. g(0) =1 and g(a) = 3.5. (a) Real and imaginary parts of the perpendicular wave
number as a function of major radius. (b) Fractional power and absorbed power (arb. unit) as
a function of major radius. Wave is assumed to be launched at R = 144 cm.

Fig. 8. Profile effects as in Fig. 7 with Tgp = 3 keV and ny = 4.

Fig. 9. Profile effects as in Fig. 7 with Tgp =3 keVand ny =35.
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