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Radio-frequency sheath mitigation by insulating antenna limiters
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Abstract

Previous work, undertaken in the low heat flux environment of small experiments, has shown that insulating limiters
made out of boron nitride can enhance the performance of rf antennas by mitigating the rf voltages available to drive plasma
sheaths. In the present study, we develop a quantitative model of rf sheath mitigation and apply it to determine the rf
electrical specifications that a material should meet to be suitable as an insulating rf limiter. Additional properties of a
suitable material are discussed and compared with the properties of commonly available materials and with newly developed
ceramic matrix composite materials. It is concluded that an rf limiter made from composite materials looks promising for use
in sheath mitigation, especially for fast wave antennas. © 1997 Elsevier Science B.V.

PACS: 52.40.Hf; 52.50.Gj: 81.05.Mh; 81.05.Je

1. Introduction

It is by now well established that the ion cyclotron
range of frequency (ICRF) systems can heat fusion plas-
mas for a wide range of physics heating scenarios (see, for
example, Ref. [1]) and efforts are well under way to
employ ICRF systems for driving steady state current in
tokamaks [2]. While ICRF systems can be made robust and
effective, attention must be paid to certain critical ICRF,
edge interaction issues. Experiments have shown that un-
der adverse conditions, ICRF systems can lead to increased
impurity injection from the antennas and /or their limiters
into the plasma [3], the formation of ‘hot spots’ and arcs
on the antenna surface [4], excessive power dissipation at
the edge [4], non-linear loading [5,6] (i.¢., loading that is a
function of power) and modifications of the scrape off
layer (SOL) plasma [3,7,8]. Many of these issues, while
present during ICRF heating experiments, are expected to
be even more important for extended current drive arrays,
which fill a substantial fraction of the SOL volume and for
which anti-symmetric (dipole, or 0 — ) phasing cannot be
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employed. Furthermore, recent developments in the ICRF
launcher design for the international thermonuclear experi-
mental reactor (ITER) suggest that there will be a need for
‘in-port’ designs capable of handling high voltages and
power densities without breakdown, or severe impurity
problems. It has been shown that many of these deleterious
antenna—plasma interactions are caused by the formation
of radio-frequency (rf) sheaths [9-12]. A great deal of
recent work has been devoted to the study of rf sheaths on
JET [4,13,14], TFTR [15,16], and other tokamaks [7,8,17]
in order to design future ICRF antennas to minimize these
effects.

Work begun at the University of Wisconsin [18-20]
has recently demonstrated that the rf sheath problem on
ICRF antennas could be greatly reduced by surrounding
the antennas with protection limiters made of or coated
with an insulating material. The basic idea (which will be
discussed in more detail in Section 2) is that most of the
induced voltage can be made to appear across the insulator
instead of across the sheath when the condition Z, < Z,
is met, where Z, and Z,, are the impedances of the sheath
and insulator, respectively. The experiments on the Phae-
drus-T tokamak at the University of Wisconsin used 1 /4
inch thick boron nitride limiters and demonstrated substan-
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tial reduction in the rf sheath and plasma self-bias effects.
These experiments achieved much improved rf operation
in terms of power handling and antenna voltage, minimal
impurity influx and edge modifications and control of the
plasma density during rf operation [18,19]. Detailed exper-
imental results and modeling of the effects of the Faraday
screen and the insulating side limiters on edge potentials,
antenna loading, edge power dissipation and impurity be-
havior have recently been published [20]. Subsequent ex-
perimental work at the Princeton Plasma Physics Labora-
tory has also successfully employed boron nitride limiters
on the ICRF antenna used to heat the CDX-U tokamak
21}

While boron nitride has demonstrated its usefulness in
small present day experiments, it is not a very suitable
material for use in long-pulse fusion experiments and
reactors, because it is difficult to braze and suffers neutron
damage. Additionally, it has a tendency to absorb and
release water [21]. Furthermore, boron nitride has a ten-
dency to undergo phase change from hexagonal to cubical
structure under high (magnetic and kinetic) pressures and
heat fluxes from plasmas. The cubic structure is not favor-
able when ablated in disruption events, as it is more
abrasive [22]. Thus, there is motivation for developing
insulating materials which are more fusion appropriate and
can stand up to the harsh plasma environment in the
vicinity of an rf antenna in a large experiment. In this
paper, we review, in Section 2, the basis for the reduction
of sheath voltages by the use of insulating limiters and
develop a model which we then employ in Section 3 to
determine the electrical specifications of an insulating
rf-limiter material. In Section 4 we review thermal and
other specifications of an ideal material and in Section 5
some candidate materials under development are dis-
cussed. Finally, the conclusions of the paper are given in
Section 6.

2. Insulating rf-limiter and sheath model

As discussed by Majeski et al. [18,19], deleterious rf
sheath interactions can be eliminated or greatly reduced by
employing an insulator (or insulating coating) at the mate-
rial boundary where the sheath would form. The basic
circuit diagram employed here is illustrated schematically
in Fig. 1. The reader is referred to Ref. [20] for examples
of additional equivalent circuits that are useful in assessing
the role of the rf sheath in antenna operation. The plasma
sheath (subscript sh) and the insulator (subscript in) are
both modeled as a resistance and capacitance connected in
parallel. The sheath and insulator themselves are seen as
series-connected impedances, so that the voltage drop
across the sheath relative to the applied voltage is given by

Vv Z,+Z,)’

ey

= 1

Rin Zcin

conductor

Fig. 1. Basic circuit diagram for sheath /insulator calculations.

where 1 /Z; = 1/R;+ 1/Z.; for j=shorin and V;, =V
— V,. Thus, V,, /V varies from 0 to 1. Most of the voltage
V can be made to appear across the insulator V; | instead of
across the sheath V,; when the condition

Zsh < Zin (2)

is met. Here, we implicitly consider the behavior of the
fundamental rf frequency (i.e., the frequency at which the
antenna is driven). Sheath non-linearities also drive higher
harmonic f components, which are only partially modeled
by the lumped circuit sheath model employed here. When
Eg. (2) is well satisfied for the fundamental, it is also
typically well satisfied for the harmonics of significant
amplitude and insulator mitigation of the sheath voltage
will occur.

For the insulator, the resistance is R;, = nd/A where n
is the effective ac volume resistivity, d is the thickness of
the insulator and A is its surface area. The capacitive
impedance of the insulator (in SI units) is |Z, | =d/cwA
where ¢ is the dielectric constant of the insulator and  is
the rf frequency. Explicitly, upon unit conversion, we have

R;.(ohm) A(m?) = n(ohm m)d(m), (3a)
|Zip cl(ohm) A(m*) = 184(mm) /[ Kf(MHz)],  (3b)

where w = 2w has been used and K = g/ &, For typical
insulating coatings of interest, |Z, | << Ry, so that the
dominant current channel through the insulator is capaci-
tive [18,19] and Eq. (2) reduces to Z, < d/ewA.
Because the sheath is governed by non-linear plasma
physics [9-12], its representation in terms of lumped cir-
cuit elements is somewhat subtle. We consider a collision-
less high voltage Child—Langmuir sheath which consists of
an electron depleted (i.e., ion rich) layer of width A=
ApeV,, /T)Y/* where Ap, = (&,T/n.e?)'/? is the electron
Debye length, T is the electron temperature, n. is the
electron density at the antenna, e is the electron charge
and V,, is that fraction of V that appears across the sheath,
ie., Vo =VZ,/(Z,+Z,). The capacitive impedance of
the sheath is therefore approximately |Zy, o|l= A/&,wA.
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The sheath also has a resistive component which is best
understood in terms of sheath power dissipation. It has
been shown [23] that the power dissipated in an rf sheath is
given by

Py = AncTh(£)EL(£)/1,( € ). (42)

where ¢, =T/m, is the sound speed, m; is the ion mass,
E=eV, /T, I, and I, are Bessel functions (which arise
from the sheath-generated harmonics of the applied rf
wave) and A(£)=1(0.5+0.3&)/(1 + £) is an order unity
form factor as obtained in Ref. [23]. The resistance of the
sheath is thus

Rsh = V\r_:/zP\h (4b)

In the small argument ( £ < 1, low sheath voltage limit) the
result is Ry, =2T/An,c e’ in agreement with Ref. [18],
where the resistance was computed from the derivative of
the /(V) sheath characteristic. Converting units, we have
R,(ohm) A(m?) = 3.8 X 10"V, (volt)

/[ndm=)1(eV)' ], e, > T

(5a)

Ry (ohm) A(m?) = 6.4 X 10T (eV)" /n (m ).
eV, <T, (5b)
|Z, cl(ohm) A(m?) = 18 A(mm) /f(MHz). (5¢)

For typical parameters applicable to the ICRF sheath (7 =
25eV, n,= 10" m~? at the sheath entrance near the tips
of the limiter, V,,, = 1000 V, 4 =0.37 mm, f= 50 MHz)
we find that R and |Z,, .| are comparable and Z, A is on
the order of 0.1 2 m>.

A convenient, though conservative, requirement for
reducing the rf sheath voltage is given by employing the
capacitive limits for both insulator and sheath impedance
in Eq. (2) to obtain d > K A as the required thickness of
insulating material. For the above sample parameters (and
employing K ~ 5-10), this requirement suggests that an
insulating coating would have to be several mm, perhaps
even up to 10 mm, thick. As V,, is reduced, however, and
the low voltage form of R, starts to apply. the require-
ment on d becomes less stringent. A more accurate speci-
fication of this requirement and a quantitative evaluation
of the relationship of insulator and plasma parameters to
the sheath voltage mitigation that is achieved by the use of
insulating limiters is the subject of Section 3.

3. Numerical resuits for the electrical specifications of
an rf-limiter

In this section, we summarize the requirements for rf
insulators as calculated numerically by a code which solves
the preceding sheath insulator circuit equations. Specifi-
cally, the code solves for V,, /V given by Eq. (1), using

1
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Fig. 2. Effectiveness of insulator mitigation of sheaths with insula-
tor thickness d for driving voltages of 1 (solid curve) and 10 kV
(dashed curve).

Eqs. (3a), (3b), (4a), (4b) and (5¢). Since the sheath circuit
elements are non-linear, i.e., Egs. (4b) and (5¢) give R,
and Z, - as functions of V,, itself (through A and ¢), the
procedure involves numerial rootfinding to determine V,,
for a specified value of V. Thus, the code solves the
non-linear rf circuit equations that describe the split-up of
rf voltage between a plasma sheath and the insulator. The
goal is to calculate the required insulator parameters, thick-
ness d, dielectric constant & and resistivity 7, such that
the insulator takes a large fraction of the rf voltage that
would otherwise appear across a plasma sheath. The im-
portant plasma parameters that can be varied in this model
are the electron plasma density n, and temperature 7, at
the antenna and the rf parameters are the frequency f and
the voltage V. We consider that the insulators are nomi-
nally working when V, /V <0.1. An exception to this
criterion (that occurs for parameters when even large
sheaths are inconsequential) will be discussed later.

Figs. 2—6 show the variation of V,; /V as a function of
the various plasma and insulator parameters. The parame-
ters are varied about a base case, unless otherwise indi-
cated, which is taken as =10 mm, K =77, n=10%
m, =50 MHz, T, =25 eV and n, = 10" m 3. Also, the
plasma is deuterium (ion mass u = 2) and two rf voltages
are shown, V=10 and 1 kV. The 1 kV case is nominally a
worst case for fast wave (FW) antenna sheaths. In certain

Vsh/V

(=]

16 17 18
10 10 10
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Fig. 3. Effectiveness of insulator mitigation of sheaths with plasma
density at the antenna n, for driving voltages of 1 (solid curve)
and 10 kV (dashed curve).
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Fig. 4. Effectiveness of insulator mitigation of sheaths with insula-
tor resistivity 7 for driving voltages of 1 (solid curve) and 10 kV
(dashed curve). This plot is done for a plasma density of n, = 10"

m™> rather than for the base case plasma density 7, = 10" m™3.

extreme cases of FW operation, such as very badly mis-
aligned Faraday screens, several kV may be possible. The
10 kV case is mostly of pedagogical interest for FW
antennas, but is the correct order of magnitude for sheath
voltages in the case of ion Bernstein wave (IBW) antennas,
where the rf electric field is excited with a polarization that
is parallel to the equilibrium magnetic field of the toka-
mak.

In Fig. 2 we consider the variation of V,/V with
insulator thickness d. For base case parameters, an insula-
tor thickness of 4= 10 mm is adequate to mitigate rf
driving voltages up to 10 kV. For the FW (1 kV) case, a
much thinner insulating layer of about 1 mm would suf-
fice.

Fig. 3 shows that when the plasma density is reduced
from its base case value of n, = 10'® m~? the insulator is
less effective in mitigating the sheaths. This occurs be-
cause the sheath resistance and capacitance are functions
of n_. For the 1 kV case, the density must be nearly 10'7
m™* or more to achieve a 10:1 reduction in V,, /V; for the
10 kV (IBW) case sheath voltage mitigation is essentially
not possible for densities less than 10'® m~*. However, it
must also be noted that sheaths are less of a concern at low
plasma density because most of the deleterious sheath

Vsh/V

Fig. 5. Effectiveness of insulator mitigation of sheaths with insula-
tor dielectric constant K for driving voltages of 1 (solid curves)
and 10 kV (dashed curves). Results for two different values of
thickness d are indicated.
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Fig. 6. Contours of V,, /V =0.1for V=1 and 10 kV. Above the
indicated contours, V, /V < 0.1 pertains, and the sheath mitiga-
tion is regarded as successful.

5x10'®

phenomena (e.g., sheath power dissipation and impurity
sputtering) are proportional to n,. It might be hoped that at
low n, sheath effects can be neglected and that at high »n,_
the insulators do their job to reduce V. We shall return to
this point later.

Next, we explore the role of the insulator resistivity 7).
As mentioned in the discussion of Eqs. (3a) and (3b),
typical insulator resistivities are sufficiently large that the
dominant current channel through the insulator is normally
capacitive (i.e., dominated by the displacement current).
This gives some latitude in the choice of 7. This freedom
can be exploited to optimize the other desired properties of
the material. Consequently, it is interesting to obtain bounds
on the allowed values of 7. In Fig. 4 we show V,/V
versus log,(n) at a plasma density of 7, = 10'" m™>. (At
the base case density of n,=10'"" m™> both curves
would be essentially zero.) The figure shows that the
results are independent of insulator resistivity 17, down to a
value of about 10? to 10°  m, depending on V. When
the effective resistivity 7 is dominated by ac effects, as is
frequently the case, (1,, = 1 /we tan 8, where tan 8 is the
loss tangent) this implies a limit on tan 8, which is approx-
imately f(MHz)K tan § < 36, in order for the sheath miti-
gation to be insensitive to, and not degraded by, ac losses.

Finally, we consider the sensitivity of the results to the
relative dielectric constant of the insulator, K. Fig. 5
shows V,; /V versus K for two different values of thick-
ness, d=10 mm and d=1 mm. The plots show, as
expected, that a larger dielectric constant is disadvanta-
geous because it decreases the capacitive impedance of the
insulator and therefore forces a greater fraction of the
voltage drop to appear across the sheath. Insulators with
K < 8 or so would appear to be acceptable in all but the
most severe case, that of a 10 kV driving voltage with
d =1 mm. For the interesting situation of driving voltage,
V<1kV and d~ 10 mm, there is essentially no restric-
tion on K.
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When 7 is large (so that the results are independent of
1) d and K enter the model only in the combination d/K.
This enables the parametric dependencies to be summa-
rized in a contour plot in terms of the important parameters
d/K and plasma density n.. This is illustrated in Fig. 6.
Above the contours V, /V is less than 0.1, so according to
our nominal criterion, in this region of the plot the insula-
tors are greatly beneficial. The lower curve is for V=1 kV
and the upper one for V =10 kV. Again, we note that the
insulators do not provide much relative mitigation at the
lower values of n. and this point is addressed next. Note
again that rather thick coatings or very small K materials
are required to make the idea work in the IBW case.

At low n_ the insulators are not as effective in mitigat-
ing sheath voltage, but neither are sheaths so dangerous.
To illustrate this point, in Fig. 7 we plot the sheath power
dissipation P, from Eq. (4a) as a function of »,. In the
uppermost curve (V = 10 kV and d = | mm) the insulators
provide no mitigation and the linear dependence of P, on
n, is evident. For the parameters employed, the sheath
power dissipation is nearly a MW at n,= 10" m~ 7,
which would be devastating. For the other cases, P, rolls
over at some density that is sufficiently high to allow the
insulator impedance to exceed the sheath impedance. When
P, is an issue (i.e., when it exceeds a few tens of kW or
s0) the maximum in P, occurs for n, >3 X 101" m™*, so
it is reasonable to design the insulator to achieve signifi-
cant mitigation (V,,/V < 0.1) for n, at least this large. At
lower n, sheath problems will be better, not worse.

For the above cases, we assumed an area of A = 0.01
m? (surface area of the insulator and sheaths) so it is also
interesting to note that the power flux reaches 10 MW /m?
(considered to be a practical upper design limit) when
P, =10 W, which also occurs only in the high density
limit.

4. Thermal and other specifications

A candidate insulating material must be able to survive
the heat and neutron flux in a fusion environment and to

17 18
10 10
ne (m-3)

Fig. 7. Dependence of sheath power dissipation Py on plasma
density n, for driving voltages of | (solid curve) and 10 kV
(dashed curve). Results for two different values of thickness d are
indicated. The assumed area of the sheaths is A = 0.01 m’.

withstand the large induced voltages in the vicinity of
ICRF antennas. In addition, to be useful in fabricating a
coating or jacket for an antenna limiter, the material must
have certain mechanical properties. A discussion of these
properties is the subject of the present section.

The primary thermal requirement on the insulator is
that it be able to withstand a (long pulse) heat load Q up
to Q=10 MW /m? without overheating and sublimation.
For a sample of thickness d, this means that in steady state
the change in temperature, AT, across the insulator and the
thermal conductivity, k, are related by «AT = Qd. Thus
the maximum temperature that the insulator can withstand
7., and its thermal conductivity must satisfy

kT, = Qd, (6)

where T,, = AT is assumed. For a d = 10 mm sample and
a typical T, of order 1000 K, the required x is about 100
W /m - K. Designing for Q@ = 10 MW /m” would be con-
sidered conservative, since the antenna limiters should not
generally be subject to such intense heat fluxes; a nominal
steady-state heat flux would not exceed 5 MW /m?. Fur-
thermore, the normal Bohm diffusion driven heat flux is
typically a factor of 10 or more smaller and if the insula-
tors perform efficiently with regard to sheath mitigation
(and hence sheath-driven heat flux), Q should remain well
below even the 5 MW /m? level, except perhaps during
short pulses if the antenna limiters are subject to a plasma
disruption. Disruption is a worst case scenario that might
impose several GW /m? heat flux over a short period of
0.1-0.2 ms.

A suitable material will also behave well with respect
to outgassing, maintaining a low equilibrium vapor pres-
sure (less than 107° Torr) for temperatures of order
1000-1500°C. The critical temperature with respect to
thermal shock resistance should be 1000°C or more.

The rf losses in the material should be negligible, both
when compared with the launched power, and when viewed
as a heat source for Joule heating the insulator. For the
types of highly insulating materials that we are consider-
ing, the fields penetrate without substantial attenuation and
the power dissipation in a volume 7"= Ad is given by

P=<J-E> 7= wetan 8| E|’Ad/2
=2.78 X 107 %fK tan 8| E|’Ad, (7)

where in the final form the units are P (W), f (MHz), E
(V/m), A(m?)and d (m), f=27w is the frequency and
tan & is the loss tangent of the insulator. In obtaining Eq.
(7) we have used the relationship o = we tan § where o
is the ac conductivity. When high voltage sheaths are
being mitigated, the electric field in the insulator could be
large, £~ 100 kV /m. Employing this value and f= 100
MHz (a worst case), A=4X 10 mmX 1 m, d=20 mm
(for four ‘picture frame’ limiters with radial dimension d
surrounding a 1 m? antenna), K =7.7 and tan 8 = 0.04
(see Table 1), yields P=6.8 kW as a representative
number, compared with a typical total launched power of |
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Table 1

Physical properties of composite limiters

Material Density (kg/m?) Open porosity %
CMC-A 2560 02

CMC-B 2810 0.2

CMC-C 2770 0.2

MW per antenna. For FW antennas, this is probably an
upper bound because E as large as 100 kV /m is unlikely
to exist throughout the entire insulator volume. To put this
power in perspective, we note that it will heat the limiters
by an amount equivalent to a heat flux from the plasma of
only Q~P/A=0.17 W/m? well within our design
goals. On the other hand, if 1 MV /m fields were to exist
throughout the insulator volume (as could be imagined in a
worst case IBW scenario) the Joule heating would be an
unacceptable P =680 kW (a significant fraction of the
launched power) and equivalent to Q = 17 MW /m?. Even
if the 1 MV/m fields were confined to a small local
volume so that the total power loss was negligible, the
resulting local heating of the insulator would still be
problematic.

The insulating limiters must also be able to withstand
the rf voltage that would have otherwise appeared across
the sheath, without dielectric breakdown. Typical rf volt-
ages will be in the range of a few hundred volts up to
perhaps ten kilovolts. Thus, in the worst case, the dielec-
tric breakdown field of the material must obey

Egq > 10KV /d. (8)

Even for a sample as thin as 1 mm, the above condition
should not be difficult to satisfy. Typically, we envision
V~1kV and d~5 mm (10 meet the electrical require-
ment of Section 3), so E,, need only exceed 0.2 kV /mm.

Some secondary issues which impact the material’s
suitability in a fusion environment, but are not directly
critical to the underlying idea of sheath mitigation, are that
it be not overly hydroscopic and not embrittled by neu-
trons. It should have the mechanical strength necessary to
handle disruption forces and ablation thresholds to mini-
mize surface vaporization and should be able to be ma-
chined or fabricated easily. Sputtering and radiation en-
hanced sublimation must be acceptable, with any sputtered
material having a low average Z (atomic number) and not
too much oxygen content (to avoid chemical sputtering
problems). The insulator should not overly absorb and
retain gas, and finally it should have suitable secondary
electron emission properties. These issues have not been
quantified with respect to rf limiter specifications in the
present study, but remain a topic of study for future work.
Some comments on secondary electron emission and sput-
tering follow.

Secondary electron emission [24] has been neglected in
the present modeling for simplicity. In the (unbiased)

situation usually discussed in the literature, this effect
reduces the plasma floating potential relative to the wall by
an amount of order T, In(1 — y), where y is the secondary
emission coefficient. [25] In some cases y ~ 1 can result in
space charge saturation of the sheath voltage drop. [26]
However, for an 1f driven sheath with eV, > T, it is not
expected that secondary electron emission can substan-
tially modify the sheath voltage drop, which must always
be of order of the voltage applied to the plasma. When
insulating limiters are successfully employed to reduce V,;,
from the kV level down to 100 V or less (i.e., down to the
level of a few T,) secondary electron emission may play a
role in distinguishing among several candidate insulating
materials. In terms of the present model, secondary elec-
tron emission would modify the low voltage limit of
sheath dissipation in Eq. (5b), and the corresponding dc
sheath voltage drop (V,,) discussed in Ref. [23].

The stated goal of this work has been to reduce the
sheath voltage, partly in order to reduce sputtering of
impurities from the antenna into the plasma, which at low
energies increases with ion impact energy and hence with
sheath voltage. (Reduction of sheath power losses and
other edge interactions such as arcing are also reasons for
reducing V,,.) At sufficiently high energies, the sputtering
yield Y can maximize and begin to decrease with energy
[27]. It might be thought that in this regime mitigation of
high voltage sheaths would be detrimental rather than
beneficial, however this is not normally thought to be the
case. Both the erosion of the antenna and the impurity flux
into the plasma scale as the product YI' where I' is the
flux of plasma into the antenna. For large sheath voltages,
I' is dominated by the process of E X B convection, [28]
where E is the dc electric field resulting from the rectified
sheath voltage. The product YI" is most often an increas-
ing function of V, in regimes of interest, although this
point deserves further attention specific to the candidate
materials that are to be developed as insulating limiters.

5. Discussion of candidate materials

Recent progress in materials development has revealed
some promising candidate composite materials from which
an acceptable rf-insulating limiter might be constructed.
The class of materials that has been investigated are
ceramic matrix composite (CMC) materials fabricated with
both high performance ceramic fibers and high thermal
conductivity particulate fillers.

Various techniques exist for fabricating ceramic com-
posites including chemical vapor infiltration (CVI) or
chemical vapor deposition (CVD), carbon to SiC conver-
sion, hot pressing and hot isostatic pressing of powders,
metal oxidation and preceramic polymer conversion. CVI
is currently the most common method for producing fiber
reinforced components. However, CVI is a slow and ex-



196

Table 2
Electrical properties of composite limiters (dielectric properties
measured at | MHz)

Material Dielectric Loss tangent, Bulk resistivity
constant, K tan & (tm)
CMC-A 627 0.0061 7.9% 10°
CMC-B  7.76 0.044 47x x 107
CMC-C 635 0.041 9.7x 108

pensive process, which usually produces conductive or
semiconductive parts. Polymer infiltration processing (PIP)
of preceramic polymers can overcome many of the disad-
vantages of CVI and should be investigated for fusion
applications.

PIP offers the advantage of ceramic properties through
polymer-like processing. Near net shape fabrication can be
achieved with resin transfer molding, prepreg autoclaving,
or injection molding. The polymeric matrix is then cured
and pyrolyzed in an inert atmosphere transforming it into
the ceramic matrix. To achieve full densification (up to
95-98% theoretical density and 2 to 8% open porosity) the
composite is re-infiltrated and pyrolyzed 3 to 6 times. The
part is heat treated at higher temperatures to obtain full or
maximum crystallinity. Several commercial non-oxide ma-
trix compositions are available including amorphous Si-
O-C and Si—O-N, crystalline Si;N, and crystalline SiC
[29]. The final composition can be tightly controlled to
achieve high electrical resistivity, low porosity, and high
strength. The matrix chosen for this early development
effort is an amorphous Si~O—C polymer that transforms
into a hard, strong ceramic phase with only a few percent
of oxygen. Three different fillers were chosen from ce-

Table 3
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ramic powders with high thermal conductivity and low
electrical conductivity. Composites fabricated from these
fillers are identified as CMC-A, CMC-B and CMC-C.
Details of the materials and processing will be published in
a separate paper [30].

During this preliminary development study, many ma-
terial properties were measured, including physical proper-
ties, dielectric constant and loss tangent, and thermal con-
ductivity. Test sample plates were fabricated and com-
pletely processed. Table 1 lists the density and open
porosity levels achieved on three of the composite systems.
As can be seen, all these samples have very low porosity.
At this low level, moisture absorption from the atmosphere
and outgassing in the vacuum environment should be
negligible. The difference in the density (kg/m%) is di-
rectly related to the difference in the density of the starting
filler powders and the volume fraction. Table 2 lists the
electrical properties that were measured. The dielectric
constant of 6 to 7.7 is low and within the acceptable range
of values calculated by the computer model. In future
work, the optimization of the processing will be continued
which should lower these values to near 5. Also, all of
these materials exceed the bulk resistivity criteria (10° Q
m) by several orders of magnitude.

It is useful to compare the properties of any proposed
material with other materials that have been used in an rf
environment in fusion machines. Examples are boron ni-
tride (which has some important limitations discussed in
the introduction), boron carbide and graphite. Also of
interest for the comparisons are other materials that are
used in fusion, though not in an rf environment, such as
carbon—carbon composites. A comparative summary of
relevant electrical, thermal and mechanical properties is
shown in Table 3.

Comparison of relevant rf electrical, thermal and mechanical properties for some common fusion materials and for candidate CMC materials

Conventional rf limiters

Plasma facing materials

Novel insulating composites

BN B,C graphite carbon—carbon CMC-A CMC-B CMC-C
[31] [32] [33] [331
rf electrical
Resistivity, 7 (£ m) > 10" <10 ¢ ¢ 8 x 10? 5% 10° 1x10°
Dielectric constant, K 4.1 c ¢ ¢ 6.3 7.8 6.4
Dielectric breakdown 54 c ¢ ¢ 14.2 12.5 9.7
(kV /mm)
Thermal
Thermal conductivity, 23-28 35 115 200-350 3-10 7-30 10-50
« (W/mK)
Mechanical
Hardness soft very hard hard hard hard hard very hard
Flexural strength (MPa) 20 350 NA 48 NA NA NA
Density (kg /m?) 1900 2500 NA 1520 2770 2560 2810
Porosity (%) 13 <2 NA <20 0.3 0.2 0.2

¢ = conductive sample, NA = data not available.
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From Table 3 it is evident that the candidate CMC
materials do compare favorably with more conventional
materials typically used in the fusion environment. The
electrical, chemical and physical properties meet or exceed
all the primary specifications outlined above. Future devel-
opment will concentrate on increasing the thermal conduc-
tivity and thermal shock resistance as well as improving
manufacturability. Thus, at the present stage of develop-
ment, it appears likely that sheath mitigation by insulating
rf limiters should be possible using advanced CMC materi-
als.

6. Conclusions

In this paper, we have presented a numerical model for
assessing the mitigation of rf sheaths by the use of insulat-
ing limiters. The model has been employed to determine
the specifications required of an insulating material for use
as a limiter on both typical fast wave and ion Bernstein
wave antennas. If the dielectric constant of the insulator is
no more than K = 8, we find (from Fig. 6) that a thickness
of about d =5 mm is adequate to mitigate sheaths when
the driving voltage is as high as V=1 kV at a plasma
density of n, =3 X 10'7 m~>. This should be suitable for
application to typical fast wave systems, where the density
at the tips of the limiter (closest to the plasma) is typically
of order 10'® m~? and falls off to values of order 10'°~10'7
m™? at the antenna Faraday screen. The density of n, =3
% 10'7 m~* was found to be approximately a worst case
situation: at higher densities the insulator mitigation of
sheaths is more effective, at lower densities, sheaths were
found to be less of a concern (see Fig. 7).

For the IBW case, it was found that insulator mitigation
of sheaths is more demanding. Typically, IBW antennas
have larger sheath voltages and operate at lower densities.
Both circumstances make sheath mitigation more difficulit.
If the IBW antennas were to operate at a density as high as
10'® m™?, Figs. 2 and 3 indicate that the required insulator
thickness is approximately d = 10 mm or perhaps a little
more for K= 7.7. One speculation for why IBW antennas
have not operated well at high edge plasma densities in the
past is because of the sheaths. If the insulator mitigation of
sheaths is successful at n, =10'® m 3, IBW operation
may be possible at these high densities, whereas without
sheath mitigation it was impossible. This lends a kind of
self-consistency to the high density sheath mitigation
regime. However, for this scheme to work, insulator mate-
rials with a small loss tangent and/or high thermal con-
ductivity would be required to avoid difficuities with Joule
heating of the insulator.

In order to further advance the ideas presented in this
paper, a proof of principle experiment employing the new
CMC insulators will be required. Boron nitride insulating
limiters have already been employed with some success in
the low heat flux environment of small experiments, and it

is hoped that the superior properties of the CMC insulators
indicated in Table 3 will result in further enhancements of
antenna operation.
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