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ABSTRACT

Accessibility and damping of the slow wave in a reversed field pinch
(RFP) plasma is investigated theoretically, using projected Reversed Field
Experiment (RFX) plasma parameters. By numerically solving the hot plasma
dispersion relation, regions of propagation are found and the possibility of
mode conversion is analyzed. If the paralle! index of refraction of the wave is
chosen judiciously at the edge of the plasma, the slow wave is accessible to a
target region located just inside the reversal surface without mode conversion.
Landau damping is also optimized in this region. A representative fast electron
population is then added in order to determine its effect on accessibility and
damping. The presence of these electrons, whose parameters were estimated
by extrapolation of Madison Symmetric Torus (MST) data, does not affect the
accessibility of the wave. However, the initial phase velocity of the wave needs
to be increased somewhat in order to maintain optimal damping in the target |
zone.
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I. Introduction

Reversed field pinch (RFP) plasmas are characterized by comparable
toroidal and poloidal magnetic field components (B, = B,) where both elements
of the field are powered by a poloidal field circuit driving a toroidal curreht.
Poloidal current is partly driven by the dynamo mechanism which is theorized to

Abe caused by the interaction of iluctuations in fluid flow velocity and magnetic
field [1]. Unfortunately, the effects of the dynémo extend beyond current
generation to include mode loc.king, turbulence generation, and enhanced
particle and energy transport [2,3,4]. Control of the dynamo, then, is critical to
the improvemehf of an RFP.

Recent experiments suggest that dynamo activity can be suppressed by
externally driving a poloidal current in the plasma [5,6]. In the search for a form
of steady state current drive, Shiina, ef al. [7} and Ishii, et al. [8] performed
theoretical investigations of current drive for the TPE-RX project using the fast
magnetosonic wave (o, < @ < 0, where a is the ion cyclotron frequency and
@, is the lower hybrid frequency). They favor the fast wave over the slow wave
because of its high parallel phase velocity, which is predicted to allow the wave
to reach the interior of a high beta RFP plasma. Their calculations show that the
fast wave is an efficient current driver in the high-density regions of the plasma
and a strong candidate for creating a dynamo-free RFP.

Unlike the fast wave, the slow wave possesses the advantages of a
higher frequency and a simpler antenna design. While accessibility to the core
may be limited, investigation by Uchimofo, et al. [9], using the cold and warm
plasma dispersion relations and an RFP-adapted version of the Brambilla ray-
tracing code [10] showed that the wave can get deep enough into the plasma to
reach a target region at r/a = 0.70. According to numerical simulations run with

the three dimensional resistive MHD code, DEBS [11], currents added to this
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region stabilize a larger portion of the plasma than if current were added at
other radii. This makes the slow wave an attractive option.

This paper extends these previous investigations of lower hybrid wave
accessibility in an RFP in two directions. First, it is a theoretical exploratibn of
the accessibility of a high frequency slow wave (f= 1.0-1.5 GHz) launched into
the projected plasma of the Reversed Field Experiment (RFX) RFP [12] at 2 MA
plasma current. This machine is characterized by larger dimensions (R=2.0m,
a = 0.457 m) and a larger maximum current (/ < 2 MA) than other machines. It
shouid be noted that RFX has not actuaily achieved a 2 MA current to date.
However, for the purpose of examining this subject at higher temperatures, we
have extrapolated the present performance of the Madison Symmetric Torus
(MST) [13] and RFX up to this cﬁrrent. RFX will run with a magnetic field
strength of 8.75 kG at 2 MA, placing the lower hybrid frequency at about 0.57
GHz. In order to avoid strong ion plasma resonances, a frequency of 2.0 to 2.5
times the lower hybrid frequency was chosen. Hokin, et al. [14], have
investigated the feasibility of using lower hybrid current drive in a 2 MA RFX in
order to maintain 10% beta. In the course of their work, they projected plasma
parameters for a density scan.of RFX which will also be used for this work and
are reproduced in Table 1. | |

Secondly, this paper investigates the effect of a small fast electron
population on accessibility and damping. RFP's have a 2-20% fast electron
population near the edge of the plasma [15,16]. Since these electrons change
the edge temperature of the plasma, they are expected to alter the position of
Landau damping of the wave. By adapting the dispersion code to inciude this
population, their impact is analyzed.

The paper is organized as follows: Section Il describes the hot plasma

dispersion relation used and lists assumptions made about the electron and ion
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species in RFX. In Section lll, initial accessibility studies for an electron/ion

plasma are performed. The method used to find regions of optimal Landau

damping is covered in Section IV. The addition of a fast electron species is

discussed in Section V. Section Vi is a short conclusion.

ll. The Hot Plasma Dispersion Relation

In order to explore the accessibility conditions of the lower hybrid wave,

the hot plasma dispersion relation described by Swanson [17] is used. This

dispersion relation is derived assuming a drifting, anisotropic Maxwellian

distribution of particles. By rotating the local Cartesian coordinate system so

that the wave lies in the planes parallel and perpendicular to the magnetic field,

Swanson's dispersion relation can be simplified to
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In the above expressions, the summation over jis a summation over species,

o, are the plasma frequencies, w, are the cyclotron frequencies, and o is the
wave frequency. The n,, and n, are the parallel and perpendicular indices of
refraction of the wave and cis the speed of light in a vacuum. The longitudinal
thermal velocity of each species is represented by v,,,, and the drift velocity by
vo,- The A, are Larmor radius length scales equal to (¥2)kipf,, where p,, is the

Larmor radius of the species. [, and /! are the modified Bessel function of the

nth order and its derivative, where the argument for eachis 4,. Z and Z’ are

the Fried-Conte dispersion function and its derivative with the argument
Cy = (w+nwc, —K,Vy, )/k vy - The sign of the charge of each species is

represented by ¢;.




Several assumptions were made about the electron and ion distributions
of RFX. lons were taken to be protons. Quasineutrality was upheld by setting
n, = n;, where n, represents number density. The ion and electron
temperatures were set equal to each other since these two species are ﬂ
assumed to be collisionally coupled in RFX at 2 MA. The parallel and
perpendicular temperatures of each species were also set equal. Lastly, it was
assumed that neither species has a significant drift velocity so that Vo could be
set to zero. For the majority of the investigation covered in this paper, the
projected temperature and density of RFX at //N =6x10™ A.m were used as
plasma parameters. In the code, the density profile is parabolic:
n,=ng, [1-(r/a)?]. A quartic temperature profile is assumed for each species:
T, =T,[1-(r/a)'].

The dispersion code assumes an infinite slab of plasma with a fixed
temperature and density. A wave of fixed frequency and parallel index of
refraction is given and the code determines the perpendicular index of
refraction usin‘g rootsolving methods. The plasma temperature and density and
wave parailel index of refraction are then changed to correspond to a radial
step by the wave deeper into the plasma and the next root is found. This
method allows effects such as cutoff, mode conversion, and optimization of
Landau damping to be explored. It is also possible to use this process to
observe the effects of fast electrons, which make up 10 - 20% of the edge
electron density in an RFP [15,16].

lll. Accessibility in an Electron-lon Plasma

When considering wave accessibility, one is looking for points in the
plasma which are resonances or cutoffs for the wave. Since n,, is set at each

step of the plasma, we are looking for places where n, passes through infinity
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or zero. It is expected that the wave should become resonant with the ion
plasma frequency at r/a = 0.65 and, depending upon the value of n,;, with the
electron parallel thermal velocity at deeper points in the plasma. The first of
these points is a weak resonance and does not impede the travel of the Wave.
The second is a region of strong Landau damping in the center of the electron
velocity distribution function. Cutoff can be determined by examining the cold
plasma dispersion relation. By using the determinant of the dispersion relation
and requiring that o =20, = Zm (recall that, as density becomes high,
@, — /0,0, ), an approximate expression for the requirement on n,, may be

generated:-
2 2 12
ny 2 (14 0% /0k) +oL,jo, (8)

In general, this limits the travel of the wave in cértain high density regions of the

plasma.

In the case of RFX, the cutoff can be seen by plotting the contours of
n? =0 on a diagram of n,, and density. Figure (1) shows that the cutoff follows
that predicted by Eq. (8) fairly closely. The region of resonance between the
wave and the thermal electrons is also indicated with a dashed line. By
assuming that n, increases as the wave steps into the plasma according to

Ny = Nyege /(r/a), the exact path of the wave through the plasma may be traced.

Laying this trajectory onto the map of the cutoffs, it is possible to observe the
position of the wave relative to the cutoff. One great concern when using the
slow wave is that of mode conversion to the fast wave. Figure (2) displays n? as

a function of density for selected values of n,,. Note the extra path at the mode

conversion density. This is an evanescent mode inside the cutoff. From this




figure, it can be concluded that mode conversion does not represent a threat to
slow wave propagation if 1., > 5.0.

IV. Landau Damping Efficiency

A second criterion in considering the feasibility of lower hybrid current
drive in an RFP is that edge conditions optimize electron Landau damping
within the area of interest in the plasma. Prior analysis by Uchimoto, ef al. [9]

used the warm plasma dielectric tensor to determine that Landau damping is
optimized in those regions characterized by v,, [v,;,, = 2.5 where v,, is the

parallel phase velocity of the wave and may be expressed as v,, = ¢/n;,.
Damping can be analyzed {18] by plotting v, /v,,, as a function of temperature
and n, (Fig. (3)). Regions of v,,/v;,, < 2.0 are characterized by excessive
damping while regions of v, /v,,, > 3.0 are regions of little damping. Assuming
that n, varies as described earlier, it is possible to invoke the “ray-tracing”
technique employed in Fig. (1) to overlay the path of the wave onto the plot of
Von/Vine CONtours. By adjusting the starting value of n,, the wave can be made
to propagate through the outer region of the plasma with little damping until it
reaches the region where current drive is desired.

A more quantitative method of determining the region of optimal Landau
damping can be found by adapting a technique suggested by Stix [19]. He
determines the damping rate, I = P/W, where P is the power per unit volume

deposited into the plasma and W is the wave energy density. Power can be

expressed as

P= _% E*-K-E+complex conjugate 9)



where Eis the complex amplitude of the wave electric field and 5 is the hot
plasma dielectric tensor. From cold plasma theory, the polarization of the slow
wave is such that |E,|>>|E,| and |E,|>>|E, ], so that Eiis almost paraliel to k

and E, can be effectively ignored. Then,
P= _é%[qu [ im(K.,)+2i Re(E,E;)Im(K, ) +i[E,[ Im(K, )] (10)

in which the term dependent on |Ez|2 is powe—r deposited by Landau damping,
the term dependent on |EX|2 is power deposited by transit time magnetic
pumping, and the term dependent on E,E; is a cross term.
The wave energy is, from classical electromagnetic theory,
J

=;6lE[B'-B+E‘--éE(wK )E] (11)

where B indicates the wave magnetic field and K N is the hermitian conjugate of

the dielectric tensor. Since the slow wave is predominantly electrostatic, B = 0,

- and the equation reduces to

1 d . . 0 . 2 0 .
= ﬁ[lExlz’a-a—,(wKx)‘“ ZRe(Esz)%(mKJﬂEzl %—(a)Ka)]. (12)

~ Using the electron elements of the dielectric tensor in the power
equation, the electron Landau damping rate is then the Landau damping term
of the power equation divided by the total wave energy. The relative value of
E, is of use here and may be determined from the y- and z-components of the

wave equation:




E__ [K2+(K,+ Ky -n?)(Ky ~n?)] (13)
E, [K2K5+(K1+Ko"nz)(K4+n.LnH)]

By applying Egs. (10), (12), and (13) to the definition of I", we get the following

expression for the Landau damping rate:

Im(K,)
|EL/E, [ K; +2Re(E, JE,)K; +K; |

I'p zQa{ (14)

Because we have been working in a slab geometry thus far, we cannot
maximize the Landau damping rate by taking the derivative with respect to the
flux surface area, dI',,/do. However, it is possible to analytically estimate the
region of ideal damping. In order for damping to be ideal, the damping rate

must be comparable to the inverse of the desired time of damping:
I, pAt=0(1) (15)

It is not unreasonable to expect the wave to damp out within one poloidal

revolution at r/a = 0.70, so that

At=—L =27 (16)

Vau - ¢/n,

In the above expression, /is the damping path length and v, is the group

velocity of the wave in the parallel direction which we have approximated as the

parallel phase velocity. By allowing the ideal Landau damping rate to equal the

inverse of At and plotting that curve over .a graph of the curve determined by

Eq. (14), the location of optimal damping may be found. Figure (4) shows the
10




results of applying this logic to RFX for nj,, = 4.5 to n,,,, =6.0. The region

of optimal Landau damping lies at the intersection of the curves representing
I, and At. Within the accuracy of our order-of-magnitude calculations, it can

be seen that n,,.,, betWeen 4.5 and 5.5 will allow for proper damping at
rla= 0.76.

In order to test the validity of this prediction, the data for the case of /N =
6x10™* A/m with n,,,, =5.5 were entered into the RFP-adapted version of the
Brambilla ray-tracing program [10]. Results are shown in Fig. (5). The ray
enters the_ plasma at the outboard edge and proceeds around the poloidal
plane of the torus until it is completely damped. The power deposition profile
(Fig. (6)) shows a shamp spike at r/a = 0.70, indicating that current was driven in
the desired region. With the frequency chosen at f = 2f,, to avoid ion plasma
resonances, all of the wave power was delivered to the electrons.

Additional simulations were run with different starting values for the

parallel index of refraction. Figures (7) and (8) show the results of those cases.
Most notable are the case for n,,,,. = 2.4, in which the wave is evanescent and

Nyeage = 2.6, in which the wave is a surface mode. These effects occur because
of the proximity of the cutoff. When n,.,, = 4.0, the wave starts out with a

higher phase velocity than if n,,,, =5.5 and takes longer to match velocities

with the electrons. Therefore, it goes deeper into the plasma before damping.
On the other hand, if n,,,, = 8.0, the wave starts out slower than if n,,,,, =5.5

and interacts with electrons further from the core. Table | shows the optimum
values of n 4, for a full density scan of RFX at 2 MA.

V. Fast Electron Effects

One special concern regarding lower hybrid current drive in an RFP

involves the larger density of high velocity electrons than would be seen in a

11




iokamak. Measurements on a variety of RFP devices show that superthermal
electrons make up 2-20% of the edge electron population. [15,16] In MST,
Stoneking determined that fast electrons carry nearly all the edge poloidal
current, have a parallel temperature comparable to the central electron ‘
temperature, and a perpendicular temperature roughly equal to the edge bulk
electron temperature [16]. Other groups have reported similar results.

RFX is expected to-have fast electron energies in the keV range. [15,20]
The fast electrons are nearly collisionless within the plasma and so may be
thought of as a separate species from the bulk electrons. Adapting the hot
plasma code to accommodate the fast electrons involves adding those
electrons to the sum over species in each of the K-terms of the dielectric tensor
(Egs. (2)-(7)). As mentioned above, the parallel temperature of the fast
electrons is about equal to the central electron temperature, so it can be
assumed that it remains constant across the minor radius of the plasma. The
fast electron drift velocity was determined by setting J =en,v,,,, where Jis a
model current density profile, n, is the hot electron density, and v, is the drift
velocity of the hot electrons. We assume n,/n, = 10%. The perpendicular
temperature of the fast electrons was set equal to the edge bulk electron
temperature.

Because the position of the cutoff is, in theory, only dependent upon the
local density and magnetic field, the addition of fast electrons is not expe’cted to
affect it. On the other hand, the position of the thermal resonance is strongly
temperature dependent and should shift further from the core as the effective
temperature at the outer radii increases. The shift is not severe enough to limit
accessibility, however, as can be seen in Fig. (9).

- With the wave encountering a different distribution of electrons in the

outer regions of the plasma, Landau damping should be influenced. The
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presence of the fast electrons in any region near the edge of the plasma
effectively increases the temperature in that region, so that the area of optimal
damping moves further out to the edge. By using the analytical methods
presented in Section 1V, the exact effects of this species can be analyzeé!. The
intersection of the curves for I',;, and At have moved to higher r/a for each
Nyeq00 @Nd the spectrum has widened (Fig. (10)). This would indicate that the
fast electrons have indeed made the edge of the plasma hotter and also
broadened the velocity distribution in this region. Consequently, the wave must

be launched with a somewhat faster paraliel phase velocity at the edge of the
plasma in order to maintain ideal damping.

VIi. Conclusions

In conclusion, the slow wave was found to be accessible to r/a =0.70 in
an RFP for edge parallel indices of refraction which meet the derived criteria
(Eq. (8)). There is a weak ion plasma resonance at r/a ~0.65 and a strong
electron thermal resonance at deeper points in the plasma. This thermal
resonance marks a region of powerful Landau damping in the center of the
electron velocity distribution. MOde conversion can be expected in high density
regions of the plasma. However, since the desired region of current drive is in
the outer radius of the plasma, the wave will deposit its energy into the electrons
before it reaches a mode conversion point. The addition of a 10% density of
fast electrons does ﬁot change these accessibility conditions.

By using the imaginary parts of the warm plasma dispersion relation,
previous studies [9] determihed that a region of ideal Landau damping would

be reached when v, /v,,, ~2.5. Direct determination of Landau damping

rates by using a technique developed by Stix [19] confirms this. By adapting the
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hot plasma dispersion relation to accommodate 10% fast electrons, the required
value of n,,,,, is estimated to decrease by almost 20%.

Figures (5) and (6) show ray trajectories and po‘wer deposition profiles
obtained using the required value of n,,,, in an RFP-adapted version of the

Brambilla ray-tracing program {10]. Estimated values of n,,,,,, for the full density

scan of RFX are presented in Table |. These results are encouraging and
support the use of lower hybrid current drive as a method of fluctuation
suppression and improved confinement in an RFP.

Finally, we note that Shiina, et al. [21] have expanded their RF current
drive studies for the large aspect ratio RFP to encompass Whistler and electron
cyclotron waves in addition to fast and lower hybrid waves. They have
concluded that, although the fast wave may bé a useful candidate for full current
drive, the lower hybrid wave would be effective for the purpose of driving current
in the outer regions of the RFP in order to reverse the toroidal field and improve

energy confinement time.
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CAPTIONS

Table I: Temperature and densities for RFX in a conventional density scan. In
the first column, //N is the toroidal current over N.= za®(n} in which a is the

- minor radius and (n)-is the volume averaged density. Predicted n ,,, are

included.

Figure 1: Contour plot of n?> =0. The path of the wave through the plasma has
been marked by 'x' and labeled with the corresponding t/a value. The dashed
curve shows the region of the resonance between the wave parallel phase
velocity and the electron parallel thermal velocity. The dotted curve represents

the location of the cutoff derived from cold plasma theory and expressed in Eq.

(8).

Figure 2: Plots of values of n? for the slow and fast wave as density increases

for selected values of n;, in RFX. The extra path at the mode conversion point is

an evanescent mode inside the cutoff.

Figure 3: Contours of v, /v,,, over parallel index of refraction and

temperature. Prior analysis predicted that optimal Landau damping occurs

where v, /v, = 2.5. The path of the ray is marked by 'x' and labeled with the

corresponding value of r/a. Here, the ray is located for ideal Landau damping in

the region r/a=0.7.
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Figure 4: Landau damping rate (solid) versus At (dotted) as a function of r/a for

the cases of 1., =4.5 10 N4, =6.0. The point of intersection of the two

curves marks the region of ideal Landau damping. In order to drive current at

rla=0.70, 4.5>n,,,.. > 5.5 appears to be appropriate.

Figure 5: Ray trajectory in a constant toroidal angle plane for RFX where
Myeqge = 5-5. The ray is launched at the wall and makes slightly less than two
poloidal transits before being completely absorbed by the plasma. it should be

noted here that the toroidal shear has been suppressed for these calculations.

Figure 6: Power deposition profile for the lower hybrid wave launched into RFX
with n;,... =5.5. The spike located at y = 0.70 (y is a flux surface coordinate
analogous to r/a which is equal to 1.0 at the plasma edge) is indicative of a
relatively large amount of power to the electrons at this point and, therefore, of

current driven in this region. Power delivered to the ions was negligible.

Figure 7: Ray trajectory in a constant toroidal angle plane for RFX where n, ..

is allowed to vary. a) The parallel index of refraction is below the cutoff for the
edge density of RFX and the wave is evanescent. b) The parallel index of
refraction allows the wave to enter the plasma edge, but not to propagate further.

The wave is a surface wave. ¢) The wave makes just over three poloidal transits

for n.,. =4.0. d) The wave damps out within one poloidal transit for

Nyeage = 8.0. As in Figure 5, toroidal shear has been suppressed for these

calculations.
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Figure 8: Power deposition profiles for the cases discussed in Figure 7. Note

that the electrons receive maximum power at ¢) y = 0.60 for n,,.,,, =4.0 and d)

y =0.85 for n,,,, =8.0.

Figure 9: As in Figure 1, but for an RFX plasma with 10% hot electrons. Note
that the thermal resonance has shifted to lower n,,.

Figure 10: As in Figure 4 but for an RFX plasma with 10% fast electrons. The

ideal damping points for each figure have shifted toward the edge of the plasma.

To maintain optimal damping, this corresponds to a 20% increase in the wave’s

phase veldcity at the edge of the plasma.
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Table |

I/N (x 10-14 A-m) n (x 1013cm-3) Te (eV) nlledge
2 15.6 600 57-7.0
4 7.8 790 50-6.2
6 5.2 940 45-5.7
8 3.8 1060 44-54
10 3.1 1140 42-52
A
TABLE |
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Ray Trajectory in the Poloidal Plane
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Ray Trajectory in the Poloidal Plane

a) n,,edge =2.4 b) nlledge =2.6
Wave is evanescent. / \\
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