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ABSTRACT

A three-dimensional (3-D) magnetostatic analysis developed at Oak Ridge National
Laboratory has been used to calculate the electromagnetic transmission properties of
representative Faraday shield designs. The analysis uses the long-wavelength
approximation to obtain a 3-D Laplace solution for the magy.ctic scalar potential over one
poloidal period of the Faraday shield, from which the complete magnetic field distribution
may be obtained. Once the magnetic field distributions in the presence and absence of a
Faraday shield are known, the flux transmission coefficient can be found, as well as any
change in the distributed inductance of the current strap. The distributed capacitance of the
strap can be found from an analogous 3-D electrostatic calculation, enabling the phase
velocity of the slow-wave structure to be determined. Power dissipation in the shield may
be estimated by equating the surface current on a perfect conductor with the surface
magnetic field and using this surface current in conjunction with the finite conductivities of
the shield materials to obtain the power distribution due to eddy current heating.

L. INTRODUCTION

The Faraday shield is an integral part of ann ICRH antenna, and its design has
fundamental consequences on the auitenna performance. The purpose of a Faraday shield is
essentially three-fold: (1) to protect the antenna from line-of-sight radiation from the
plasma; (2) to exclude plasma from the immediate environment of the current strap; and (3)
to reduce the electrostatic coupling between the current strap and the plasma. The antenna
designer needs to know the effect of a Faraday shield design on the antenna performance:
its power transmission, its power dissipation, and its effect on the antenna inductance and
capacitance. The following analysis was developed to answer these questions and in doing
so provides information about the vacuum fieids in the vicinity of the shield.

*Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under
contract DE-AC035-840R21400 with Martin Marietta Energy Systems, Inc.
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II. THE 3-D MAGNETOSTATIC MODEL

The analysis starts with th= -ifferential form of Ampére's law, Fourier-analyzed in
time and space:

VxB=-kxB=pgJ+jougk=jlklE, 4))

where the current density J vanishes in the solution domain; that is, no volume currents are
considered and the surface currents flowing on the current strap and cavity walls are
consequences of the boundary conditions imposed on the problem. Equation (1) can be
further simplified by applying the long-wavelength approximation, which is applicable
when ko/k = A/A « 1, whiere & is the characteristic scale length of the device and A is a
free-space waveleagth. In the case of our Faraday shield model, this approximation is
equivalent to stating that the free-space wavelength (typically on the order of meters) is
much larger than the poloidal period of the Faraday shield (typically on the order of a
centimeter or less), so that over this polecidal distance the current and voltage on the current
strap are essentially constant. This approximation decouples the electric and magnetic
fields and reduces Eq. (1) to the curl-free static representation,

VxB=0. 2

This allows B to be defined as the gradient of a scalar potential ‘¥,,, which is a solution of
Laplace's equation,

VeB=V.(Vv¥ |=V2¥ =0 3)

It is worth noting here that the iong-wavelength approximation is not exactly equivalent to
the low-frequency or quasistatic approximation, in which the frequency is set to zero. We
retain a nonzero frequency in order to impose proper boundary conditions on the
conducting surfaces; we note there can be no time-varying magnetic field inside a perfect
corductor. By imposing Neumann boundary conditions on ¥, at all conducting surfaces,
we ensure that the normal component of B vanishes at the surface.

The integral form of Ampere's law, which equates the total current flowing in the strap
with the line integral of B along any contour that encloses the strap, is used to set the
Dirichlet boundary conditions on the remaining symmetry surfaces:

%CB .d|=2me‘Pm°dl=Z‘sz—‘}'m]):#olstrap. )



where Wp1 = 0 and Wm2 = polsrap/2. The total current in the strap is therefore
determined by th- magnetostatic potential that is applied to the symmetry plane. The
current distribution on the strap, which is equivalent to the surface magnetic field, is not
specified but is determined self-consistently from the gradient of the magnetostatic
potential,

UoJsgrap=nXxB=nx V¥ . 5)

The flux transmission efficiency is determined by comparing the magnetic field calculated
with the Faraday shield in place to the field obtained in the absence of the Faraday shield;
the current is kept constant in the current strap for the two cases.

The presence of the Faraday shield can reduce the strap inductance, hence reducing the
amount of flux produced for a given strap current. The strap inductance per unit length, L,
can be determined by applying Faraday's law to the magnetic flux,, that passes through
the symmetry plane between the current strap and the rear wall of the cavity to obtain the
voltage per unit length along the strap, V’, and equating it to that obtained from circuit

theory,
Vi=—jo fSB *dS = —joy =joL' gy, 6)
L'= -2 %)
L strap

The Faraday shield has much greater influence on the strap capacitance than on the strap
inductance, increasing it considerably over the value obtained with no shield in place. The
current strap/Faraday shield combination is a periodic slow-wave structure whose phase
velocity is lower than the speed of light in vacuum. A lower phase velocity results in a
shorter wavelength along the antenna; that is, the antenna is electrically longer with the
Faraday shield in place. The shorter wavelength produces a greater deviation from constant
current along the strap, which reduces the total power radiated by the antenna for a given
maximum strap current. On the other hand, the reduction in inductance also reduces the
maximum strap voltage encountered for the same strap current.

The capacitance of one poloidal period of the current strap may be calculated from a 3-
D electrostatic model. Here again we use the long-wavelength approximation to assume
that the strap voltage is constant over one poloidal period. We again solve Laplace's
equation, but this time for the electrostatic potential @,

Vi =0, )



subject to the boundary conditions that ¢ = @g on the current strap and & = O on other
metallic boundaries. Neumann boundary conditions are applied to the three symmetry
planes of the top, the bottom (poloidal periodicity), and the plane bisecting the current
strap. The strap capacitance is found from the definition of capacitance and the boundary
condition on the normal component of the electric field at the surface of a perfect conductor

C'=%, ©)
p;=n+*E=n-VQ, (10)
fn'Vd)dS
C'=S—, (11
D,

where the surface electric field is integrated on the entire strap surface. The phase velocity
Vp and the characteristic impedance Z, of the current strap can then be determined from
transmission-line theory as

vp=(L'C) 12 (12)
zo=(11c)" (13)

III. CALCULATIONS AND COMPARISON WITH MEASUREMENTS

Some of the Faraday shield designs that have been considered are shown in Fig. 1.
The "single-tier triangular” and the "double-tier Perkins" were tested on a mock-up
antenna. The "ORNL C-MOD" geometry has been proposed for the ORNL antenna design
for Alcator C-MOD and is similar to shield #10, which was tested on a functional
development antenna [1] along with the "TASDEX" shield. The "MIT C-MOD" geometry
will be used on the antenna designed by the Massachusettes Institute of Technology for
Alcator C-MOD (2]. It has been speculated that shields of triangular cross-section may
ameliorate the transport into the plasma of impurity ions sputtered from the shield [3];
proper design and orientation may decrease the imparity generation rate as well.

The 3-D Laplace boundary value problem is numerically solved with a modified
version of the ORNL Vlasov-Poisson finite-difference code [4]. Figure 2 shows the top
view and side view of a typical cavity/strap/shield geometry; the structure extends
poloidally for one Faraday shield period. The 3-D structure is divided toroidally into a



finite number of discrete planes, each plane containing a cross-section of the shield. The
dotted lines in Fig. 2 represent the symmetry planes where the Dinchlet boundary
conditions are imposed; the magnitude of the nonzero constant potential surface is directly
proportional to the strap current. All the solid lines represent Neumann boundaries, either
perfectly conducting or poloidally symmetric surfaces, where the normal component of the
magnetic field vanishes. The grid spacing for the finite-difference mesh in the plane of the
shield cross-section was typically 0.04 to 0.10 cm in order to approximate the actual shield
geometry as closely as possible. The grid spacing in the third dimension is not as critical as
far as geometric resolution is concerned; however, the coupling in this dimension must be
large enough (spacing small enough) to minimize numerical inaccuracies and to speed
convergence. Mesh spacing of 0.4 to 0.5 cm was typical; this yields about 100,000 nodes
on which the magnetic potential must be solved.

The numerical results for power transmission and effect on inductance and capacitance
are shown in Table I and compared with measurements where possible. Three different
cavity/strap geometries were chosen to correspond with the dimensions of the mock-up
antenna, the development antenna, and a nominal C-MOD antenna. The magnetic field
attenuation caused by the Faraday shield is not greatly affected by the strap/cavity
geometry, although the changes in inductance and capacitance are. The square of the
magnetic field is evaluated at a given radial distance from the strap both with and without
the Faraday shield in order to calculate the power transmission coefficient; the strap current
is kept constant.

The mock-up antenna was provided with an absorbent rf load and driven by the
reference port of a network analyzer. A small loop probe aligned with the toroidal field
component was positioned near the load and connected to the test port of the analyzer. The
calculation of the transmission coefficient consists of measuring the forward gain with and
without the presence of the Faraday shield; the change in the antenna input impedance
needs to be taken into account:

_ (VreeViddes  Zings (14)

Tg = :
(vTesl/V in) NoFS (Zin)No FS




The measured power transmission includes the power dissipation in the shield while the
calculated power transmission does not. The effective power transmission appearing in
Table 1 is the calculated power transmission minus the shield dissipation,

(Proadps

NoFS

Rgs
(Tpeff= = (Tpcalc ~ ® (15)
The correction is greatest for those shields with large rf resistances, which are typically
designs possessing narrow gaps, sharp corners, and/or poor conducting material in the
regions of high currents.

IV. POWER DISSIPATICN IN FARADAY SHIELDS

The tangential component of B is not compressed but is continuous across the shield,
as is seen in Fig. 3a (the slighrt increase in the tangential field between the front and rear
tiers is due to reflections, not compression). This tangential component of the field will
induce surface currents (constant in magnitude) to flow around the circumference of the
shield. The normal components of B cannot pass through the conducting surface of the
Faraday shield. Eddy currents are induced that cancel out B normal to the surface and
generate a component that is parallel to the surface. These iongitudinally directed currents
give rise to a poloidal component of B that did not exist in the absence of the shield, which
in turn allows the magnetic field to flow around the tube and into the shield gap. Figure 3b
shows that the normal (radial) magnetic field has been compressed and the maximum
occurs at the narrowest restriction, which is where the longitudinal surface currents and
power dissipation are also the highest.

The effect of the shield geometry on power dissipation can be modeled most accurately
with a two-dimensional treatment using input from the 3-D calculations. This allows the
finite-difference grid 1o be more dense in the vicinity of the Faraday shield. An example of
the compression of the radial flux is shown in Fig. 4 for an ORNL C-MOD shield design in
which the surface of the front tier of the shield has been flattened to reduce the total shield
thickness. The longitudinal surface currents are proportional to the flux density at the
surface (the gradient of the potential contours). The field enhancement (s) is defined as
the ratio cf the normal surface fields along the shield circumference to the radial field in the
absence of the shield. The average longitudinal power dissipation per poloidal period at a



point along the shield is then
2 )
<P>=l¢ﬂliﬁ(s)ds =E§T ()E, + le,ds (16)
2J¢ 4 J.

where M is the resistivity of the material, d is the skin depth, B, and By are the
perpendicular and parallel field components in the absence of the shield, and the integration
is carried out over the circumference of the shield cross-section.

Figure 5 shows the power deposited in the ORNL C-MOD shield, divided between the
two field components. Figure 5a plots B2, B2, and their sum in the absence of flux
compression, while Fig. 5b plots them with flux compression. It can be seen that the
normal magnetic field component is primarily responsible for shield heating. It is peaked
along the front of the shield near the end of the current strap, where the radial flux is the
largest, and along the side of the shield where it is attached to the cavity wall.
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FIGURE CAPTIONS

Fig. 1. Cross sections of five Faraday shields that were analyzed; the single-tier triangular
and the double ter "Perkins" were tested on a mock-up antenna.

Fig. 2. Top and side views of a typical cavity used in the 3-D calculations; actual cavity
geometries used for each shield are listed in Table I.

Fig. 3. (a) The toroidal field component at the midplane of the cavity; the circles are with
the Faraday shield ORNL C-MOD in Fig. 1, and the solid line is the field with no shield.
(b) The radial field component near the side wall of the cavity, again with and without a
Faraday shield.

Fig. 4. Example of the compression of the radial magnetic flux in the gap of the ORNL C-
MOD shield; the side facing the plasma has been flattened to reduce the shield width.

Fig. 5. (a) The average power distribution along a Faraday shield that extends across the
front and around the side of the current strap; the dark circles arise from the rotational
currents, the light circles arise from the longitudinal currents (normal fields assumed
uncompressed), and the solid line is their sum. (b) The average power distribution when
the compression of the normal field component is taken into account.



COMPARISON OF CALCULATIONS WITH MEASUREMENTS

GEOMETRY SINGLE TIER DOUBLE TIER ORNL CMOD MIT CMOD "ASDEX"
TRIANGULAR “PERKINS" (Shield #10)

Transmission (TfF)

Measured 0.804 0.749 0.897 - 0.767

Calculated 0.883 0.835 0.915 0.819 0.831
Power Trans. (Tp)

Measured 0.646 0.561 0.805 - 0.588

Calculated 0.775 0.697 0.840 0.667 0.687

Effective 0.718 0.583 - - -
AL'/L’

Measured -3.0% -3.7% -7.5% - -9.6%

Calculated -1.3% -1.8% -9.0% -15.7% -8.1%
AC'/C

Calculated +24.5% +23.4% +109% - -

—Table T
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Radial B-tield Near Cavity Wall
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The motivation behind this work was to
develop a numerical tool to aid in
evaluating Faraday shield designs.

Need to determine:

« Transmission Coefficients

- Effect of the Shield on Antenna
Inductance and Capacitance

« Power Dissipation in the Shield

PMRyan 3 Oct 89



3D MODEL USING MAGNETIC SCALAR POTENTIAL

VxB = ugd + jou.eE = j(kyc)E
Since all currents are carried by metallic walls, J= 0 in the current-free volume,

and the long wavelength approximation (valid when kok = /A « 1) allows the
time-derivative of E to be neglected:

VxB=0
s B=-V&
where @, the magnetic scalar potential, is a solution of Laplace's equation:
VeB=Ve(-V® )= -V’®_=0
§ Bed I = iof Jedl's = prolyyso
§ Bedl = 9€—Vc1>m dl=2| -V&_dl=2® )

C Cr2

Boundary Conditions for Laplace’s Equation

Dirichlet BC on the symmetry planes of current strap:

|
® -0 = cpml:”O;"ap

Neumann BC on metallic surfaces:

~ ~ od
neB=nVo _=—T=0
on

PMRyan 3 Oct 89
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Radial B-field near Strap Center, Poloidal Midpoint,

with and without Faraday Shield
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Radial B-field Near Cavity Wall
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COMPARISON OF CALCULATIONS WITH MEASUREMENTS

GEOMETRY

Transmission (T)
Measured
Calculated

Power Trans. (T2)
Measured
Calculated
Effective

AL'/L’
Measured
Calculated

AC'IC’
Calculated

SINGLE TIER
TRIANGULAR

0.804
0.883

0.646
0.775
0.718

-3.0%
-1.3%

+24.5%

DOUBLE TIER
"PERKINS"

0.749
0.835

0.561
0.697
0.583

-3.7%
-1.8%

+23.4%

ORNL CMOD
(Shield #10)

0.897
0.915

0.805
0.840

-7.5%
-9.0%

+109%

MIT CMOD

0.819

0.667

=15.7%

"ASDEX"

0.767
0.831

0.588
0.667

-9.6%
-8.1%




B‘noﬂnaﬂ

=3
»

majfﬂ#d/,

®

(X

o0 ™ Py g
OEROREO DN
® @ & v

®
® G
N
)
I/
AL 7

S D)

@& W ow

o

@ ¢ w W e

)



: .
N
N
.
'
,
'
2
‘
.
’
‘ -,
: ,,':' k S
T 7 A
',I”/H I',," ]
T2y .
- S IrT o8
—‘——'Iﬂ "’ s
- ", .
_,«,‘,:4,, I,,I';,“‘
Tleln e iey
—"f””lll"‘
TR A

T

rr vy

-~

-_-__~_‘ -
---____~ <7
RN

-




Power (A.U.)
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Average Power Distribution Along C-Mod FS
With No Radial Field Compression (W = 8.0)
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