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Abstract
The purpose of the ICRH start up antenna
on MFTF-B is to heat the plasma and control
the ion distribution as the density increases
during start up. The antenna, consisting of
two center fed half turn loops phased 180°
apart, has been designed for 1 HH of input
power, with a goal of coupling 400 kW into
the Ions. To vary the heating frequency
r e l a t i v e to the local ion cyclotron
frequency, the antenna is tunable over a
range from 7.5 to 12.S MHz. The thermal
requirements common to low duty cycle ICRH
antennas are especial ly severe for the HFTF-B
antenna. The stress requirements are also
unique, deriving from the possibility of
seismic activity or JxB forces i f the magnets
unexpectedly quench. Considerable attention
has been paid to contact control at high
current bolt-up j o i n t s , and arranging
geometries so as to minimize the possibility
of voltage breakdown.
Introduction

The ICRH s,tart-up antenna design for
HFTF-B represents an important advance
towards the plasma heating technology needed
to support commercial fusion «ppl1cations.[l]
In addition to the usual physics performance
Issues; the experiment requirements encompass
engineering design issues such as long pulse
thermal effects, neutron activation, and high
reliability. The physics basis for the ICRH
start-up system on MFTF-B has been reviewed
elsewhere, along with a synopsis of relevant
analytical
t o o l s and
supporting
experiments.[2] This paper w111 emphasize
the e n g i n e e r i n g
design
issues.
The primary mission of the ICRH start up
antenna is to heat plasma ions as the
density is building up, during which period
the density is too low for neutral beam
heating to be effective. The antenna must
couple 300 kU of power to the ions as the
density builds up from 5 x 10- to 5 x
1 0 ' / c m 1n the f i r s t 0.5 s of a shot. An
ticipating an ion coupling efficiency of 33X,
the rf power into the antenna is 1 HH. Power
not coupled into the ions heats either elec
trons or metal surfaces. In order to not
• f i l l up potential wel Is established in the
end c e l l s , the Ions must be heated 1n a
manner so as to maintain constant collisiona l l t y , which is proportional to niT" '
This 1s done by varying the Input power In a
predetermined and programmed manner. During
the f i r s t 0.5 s the density becomes high
enough for the 7.5 MH of available beam power
to take over the ion heating function.

After neutral beams become the primary
method of heating Ions in the 25 cm radius
core, the ICRH antenna performs a secondary
role of heating the 15 cm thick halo plasma.
Heating the halo Improves e: rgy confinement
in the core by reducing the large exchange
loss rate with background net rals. To meet
future requirements of the MFTF-B experiment,
the antenna must provide power for up to 30
s. The experiment cycle cal 1$ for one shot
every 5 minutes.
This r e U : 1 v e l y high
average power, along with other unique
features of the HFTF-B experiment, drive the
design features described below.
The Antenna Concept
An artists rendition of the antenna 1s
shown in Figure 1 . An aluminum truss
assembly supports the antenna from t*e bottom
of the 4 m radius vacuum vessel. Ti- housing
surrounding the radiating elements onslsts
of six copper coated stainless steel segments
bolted Into a cylindrical geometry. The
segments are sized to pass through a 2' x
4.5' access door of the HFTF-B vessel.
Two 180° half turn loop antennas reside in
side the housing, a portion of which 1s shown
in Figure 1. The loops themselves are made
of OFKC copper. The current paths on the
radiating elements and housing are shown In
Figure 2. Power Is provided to the center of
each half turn loop by a transmission l i n e ,
which also resides Inside the vacuum vessel.
The transmission lines transfer power from
tuning and matching networks residing outside
the vacuum vessel. Both the transmission
lines and the tuning and matching networks
are discussed in companion papers.[3,4]
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FIGURE 1
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FIGURE 2 SCHEMATIC OF AN EQUIVALENT ELECTRICAL CIRCUIT
Between the radiating elements and the
plasma 1s a Faraday shield comprised of a
cylindrical array of 1/2" OD copper coated
stainless steel tubes. The geometry 1s
schematically indicated 1n Figure 3. The
ends of each tube are welded into water
cooling manifolds, which in turn are bolted
to the housing. The cylindrical Faraday
shield is divided into four 90° segments to
facilitate Installation. The shield Is only
intended to electrostatically decouple the
radiating element from the plasma, and does
not constitute an optically thick barrier.
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FIGURE 4 ANTENNA IMPEDANCE FOR THE OPTIMIZED GEOMETRY
Special measures have been taken to
facilitate control of surface contact at bolt
up joints carrying high current. The copper
washers shown in Figure 5 provide firm con
tact at the area around each bolt. This
arrangement provides for repeatable contact
resistance, and reduces electrical noise.
The part of the antenna shown in Figure 5 is
where two ends of the half turn loops are
bolted to the housing.

FIGURE 3 DIMENSIONS OF THE START-UP ANTENNA
Electrical Design Issues
Antenna voltages and currents are deter
mined by the power Input (500 kW/half loop)
and the impedance of antenna and plasma. A
circuit model is shown In Figure 2. Electri
cal stress is reduced by minimizing the
reactive impedance, and maximizing plasma
resistance. The geometry shown in Figure 3
was selected using computer models of the
electromagnetic interaction with the plasma.
The impedance seen by a power feed line 1s
shown in Figure 4 over the density range of
Interest. With this impedance the current
Into a half turn loop w i l l be 900 amps, and
the voltage will be 12 kV. Measurements made
on a f u l l scale mock up built to benchmark
the computer models in the no plasma case
supports these estimates.
The peak voltage stress occurs where the
vacuum transmission lines connect to the
element feeding power to the loops. The
voltage f a l l s off to zero at the point where
the loops bolt up to the housing. The
propensity for arcing 1s minimized by
arranging surface curvature and voltage stand
off distances in a manner that limits the
peak fields to 10 kV/cm, which 1s a factor of
five to ten below the break down limit.
Limiting the surface finish to 125 microns
also helps avoid breakdown.

FIGURE 5 COPPER WASHERS CONTROL CONTACT RESISTANCE
AT BOLT UP JOINTS
Thermal Design Issues
The heat sources acting on each antenna
component are listed in Table 1 , along with
the magnitude of each source. The scraper
referred to in the table is the edge of the
Faraday shield manifold that 1s closest to
the plasma. I t 1s referred to as a separate
component because the convectlve heat flux
there is particularly High. The cooling
requirements are also listed In Table 1. The
cooling rate of some components is less than
the instantaneous heating rate because the
thermal inertia of the structure and the time
between shots is utilized. Except for the
Faraday shield, cooling cf each component is
facilitated by welding cooling tubes to the
sheet metal structure.
Ohmic heating losses from each component
follows from the known currents, skin depth,
and component geometry. Calculating losses
from the Faraday shield is somewhat
complicated because there 1s both an axial
and axlmuthal Image current around each tube.
These image currents have been estimated by
estimating the direction and magnitude of the

TABLE I

HEATING SOURCES AND COOLING REQUIREMENTS
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FIGURE 6

magnetic field.
The background charge exchange heat flux
refers to the energetic neutrals emlnating
from the plasma core as a result of charge
exchange with the cold background gas 1n the
vessel. For a background gas pressure of
10* Torr the heat flux emlnating from the
plasma surface Is estimated at 4 W/cm . The
heat flux on individual structures follows
from the view factor with the plasma surface.
6
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Beam charge exchange refers to the flux
of energetic neutrals radiating from the
plasma as a result of plasma ions undergoing
charge exchange with the neutrals injected
for heating purposes. Neutrals are injected
at a number of positions along the plasma
axis, the closest Injection point around the
antenna being 1 m away. The heat flux f a l l s
off as the square of the distance to the
Injection point.
Convective heat, flux originates from
plasma that has diffused radially outward in
its journey from a limiter to the antenna
scraper.
There are two limiters in the
HFTF-B experiment, one in each magnetic choke
c o l l . The antenna is 0.5 m from the west
choke coll, and 13 m from the east coil. The
heat flux quoted in the table refers to that
on the east scraper, which is far more signi
ficant than that on the west due to the
distance over
which diffusion can occur.
Bohm diffusion is the basis of these
estimates.
The outer casing of the super-conducting
magnets inside the HFTF-B vessel are at
liquid nitrogen temperatures. The magnet
geometry relative to the support structure is
indicated in Figure 6. Radiative cooling of
the antenna to the magnets has a number of
implications. First, water in cooling tubes
must flow continuously to avoid freezing.
Should the lines freeze, weeks of down time
would be lost in bringing the vessel to air
to warm the lines. A second consequence is
that special measures must be taken to avoid
thermal displacement of the antenna support
structure. The antenna must remain aligned
relative to the plasma centerline within 3
mm, implying the support structure must
remain near room temperature. Figure 1 shows
water lines welded to the support structure
to control the temperature. In a more recent
scenario the cooling tubes are replaced by
multiple layers of aluminum coated kapton
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which w i l l be wrapped around the support
structure to reduce the radiation cooling
rate. This approach has been developed and
used by TRW in spacecraft applications.
Structural Design Issues
The sources of significant stress and
deflection on the antenna components are
indicated in Table I I . Some components are
shell like structures Inherently weak to
membrane loads produced by gravity. For
example, the 200 lb. weight of the vacuum
transmission on the antenna housing w i l l
permanently deform the housing without addi
tional support. Additional support has been
provided using members that distribute the
weight to the sides of the housing. The
sides of the housing support the weight by
reacting in tension and compression.
TABLE I I

SOURCES OF STRESS AND DEFLECTION
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COmWEHT
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X
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X

Support S t r u c t u r e
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X

X

Seismic loads are an important issue for
the MFTF-B systems. The p o t e n t i a l for
seismic loads affects the support structure
design. The support structure has purposely
been designed with enough stiffness to keep
its resonant frequencies below the peak of
the anticipated spectral response function.
By avoiding resonance conditions, stress and
deflections can be kept within design limits.
The superconducting nature of the mag
nets introduces the potential for a unique
loading contribution on the antenna. If the
magnets al1 quench simultaneously the time
rate of magnetic f i e l d change w i l l be ks
large as 20 Gauss/s. Faraday's law dictates
an axlmuthal current on the antenna loops and

housing on the order of a few hundred
ampheres will be driven. These currents wilt
Interact with the remaining field to produce
a r a d i a l l y outward pondromotive pressure
force. Although tne pressure will be less
than 1 ps1, the stress produced In structures
with cantilever supports can be significant.
The poi.it where the antenna loops bolt to the
housing shown in Figure 5 is an example. The
thickness of such components 1s chosen to
mitigate quench induced stress.

led to selection of orbital welding tech
niques wherever possible at vacuum Inter
faces. Table I I I summarizes the availability
analysis of the antenna.
TABLE I I I

AVAILABILITY ASSESSMENT
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Strap. Houilnf

Material erosion due to sputtering can
be a l i f e limiting factor. There are three
sources o* p a r t i c l e s that can sputter
material from the antenna. Two arise as a
result of charge exchange with the background
gas.
High energy (IS keV) neutrals are
generated by the olasma core, which produces
a flux of 2 x 10 /cm /s at the 45 cm radius
plasma. A low energy current (20 eV) Is
generated by the cooler halo plasma, pro
ducing a flux of 1.5 x 10l /cn! /s. Taking
the energy dependence of the sputtering yield
into account, the erosion rate from the high
energy component is 2 vm/yr, and an order of
magnitude larger for the low energy
component.
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Summary
The start-up antenna design for MFTF-B
meets the requirements of the experiment.
Particular attention has been paid to meeting
the unique engineering design requirements
that arise due to long pulse operation and
the use of superconducting magnets. The
experience attained 1n addressing these
Issues on MFTF-8 will aid tn addressing these
Issues on future generation devices.
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energy from 20 eV to 80 eV as they accelerate
through the sheath potential to the scraper,
which increases the sputtering yield by an
order of magnitude. The sputtering rate is
0.3 mm/yr, which limits the lifetime of a
1/2" thick scraper plate to 10 yrs-
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Activation
An important requirement is that neutron
activation shall result in personnel expo
sures less than 10 mrad/week. This con
s t r a i n t was met by c a l c u l a t i n g the
l i m i t a t i o n s imposed by the constituent
materials. For massive structures the
maximum allowable isotope density is calcu
lated assuming the structure is an Infinite
half space. This is a conservative estimate
because the antenna components are not really
massive.
The l i m i t a t i o n s imposed by
localized sources are indicated by calcula
ting the size of a sphere that produces the
limiting dose at its surface. Applying these
two limiting cases, each component has been
designed to satisfy the exposure constraints.
One effect of this constraint 1s that the
amount of s i l v e r braze m a t e r i a l 1s
restricted.
Availability
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An important factor affecting the
antenna design 1s that the availability must
be greater than 0.997. Aval 1 ab111ty 1 s de
fined here as the mean time between failure
divided by the mean time between failure plus
the mean time to repair. Given that the mean
time to repair 1s 670 hours due to the time
required to cycle the superconducting mag
nets, the mean time between failures must be
less than 2 x 10 hours. This requirement
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