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Robust, efficient, reliable RF actuators required for nearly 
all fusion power plants

¨ Fusion power plant will require very long pulses at high duty cycle (if 
not true steady state operation) and infrequent maintenance to be 
economical

¨ H&CD antennas will need to operate for months-years without failure 
or maintenance

¨ Need robust, efficient, reliable RF heating & current drive actuators
¨ Remainder of this talk will focus on work done as part of the FESS 

FNSF study, but lessons are broadly applicable to a variety of fusion 
reactor concepts

G.M. Wallace
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Key takeaways from this talk

¨ Integrate antennas into first wall structure better for shielding and TBR 
as compared to port-plug style designs

¨ Locate antennas on the high field side wall to ameliorate many issues, 
at the tradeoff of engineering complexity

¨ Need to develop new structural materials to build antenna structures 
that will be compact and long-lived
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Fig. 1. Left: General CAD view of the ITER LH antenna. Right: RF CAD modeling of a module. The antenna is made of 48 identical modules. The RF power is coming from a
500  kW RF source located at the right of the figure, through the RF window, the hybrid junction, the two mode converters and the six PAM multijunctions. All the elements
of  a module located behind the RF window are under the machine vacuum.

where high-order modes are not suitable for long distance trans-
mission and plasma heating [11,12]. Propagation of guided field
into small perturbated wall waveguides can be modeled with the
generalized telegraphist’s equation [13–17].  The resulting set of
equations can be solved numerically [18,19] or almost analytically
with some approximations [15,16].  We  refer to the previous cita-
tions for more details on the calculation principles.

3.2. RF modeling

3.2.1. Mode converter
In this section we describe the mode converter design. The

schematic drawing of a H-plane sinusoidal perturbated wall mode
converter is illustrated in Fig. 2. In Fig. 2, the input TE10 mode is
coming from the left. Input width a0 must be set sufficiently large in
order to permit the TE30 mode to propagate, leading to a0 ! 90 mm
at 5 GHz. Output width a1 is set to insure the TE50 mode to cut-off,
i.e. a1 " 150 mm.  The TE40 modes is able to propagate at the output
width a1, however, an incident odd TE mode upon an H-plane dis-
continuity with a longitudinal symmetry only excites odd TE modes
in rectangular waveguides. A similar conclusion is obtained in the
case of even modes (see Ref. [20] for an elegant derivation of this
property).

The mode evolution along the mode converter is obtained by
solving the generalized telegraphist’s equations for a 3.5 periods
deformed waveguide of wavelength !w defined by the following
sinusoidal perturbation [9,17,21]:

a(z) = a0 + ε
(

1 − cos
(2#

!w
z
))

(1)

In order to reach the best mode conversion to TE30 mode, a numer-
ical optimization of parameters a0, ε and !w has been made in
Matlab using a generalized telegraphist’s equation solver. This
first optimization led to dimensions a0 = 98 mm,  ε = 22.4 mm and
kw = 2#/!w = 36.3059 m−1.

Further optimization of these parameters have been made into
HFSS, taking into account RF conduction losses on walls. In order
to avoid spurious mode generation or numerical instabilities, some

Fig. 2. Schematic drawing (H-plane cut) of the TE10–TE30 mode converter.

Fig. 3. HFSS RF model of the mode converter (without taper at the input).

Fig. 4. Norm of the electric field [V/m] in the mode converter (Pin = 1 W).

extra straight rectangular waveguides have been added at the input
and output of the HFSS model (Fig. 3). This optimization led to the
dimensions reported in Table 1, which are very close to the ones
found in Matlab.

The return loss for the fundamental mode is 20.5 dB. Propagation
losses for copper plating walls, calculated as 1 −

∑
j|Sj1|2, is 1.36%.

The bandwidth of the device, defined as the range of frequencies for
which at least 95% of the TE10 mode is converted to TE30, is 120 MHz.
Electric field into the mode converter is illustrated in Fig. 4. The
length of the device is, without taking into account input and output
straight rectangular waveguides, 606 mm.

In order to feed the mode converter with a standard WR-229
waveguide (a = 58.17 mm,  b = 29.08 mm),  an input taper has to be
added to match the WR-229 width. This taper is described in the
next section.

3.3. Input taper

In order to make the transition between the input width a0 of the
mode converter and the conventional waveguide WR-229 width

Table 1
Dimensions of a 5 GHz 3.5 periods TE10–TE30 mode converter.

a0 [mm]  98
ε  [mm]  22.37
!w = (2#)/kw [mm] 173.06
kw [m−1] 36.3059
L  (= 3.5!w) [mm]  605.71
a1 = a0 + 2ε [mm]  142.8

ITER antenna designs based on port plug concept
4

ITER LHCD antenna (proposed)



Neutron flux outside blanket/shielding increased with port-plug type 
antennas

¨ Streaming of neutrons through 
void space in the antenna 
structures allows neutrons to 
escape

¨ Displacement of breeding 
material in area near LFS mid-
plane lowers TBR

Source: Fusion For Energy
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Antenna modules integrated into blanket sectors

G.M. Wallace
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30 modules/sector
5 sectors out of 16 total sectors



Antenna modules integrated into blanket sectors

G.M. Wallace
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15 modules/sector
10 sectors out of 16 total sectors



Quiescent HFS SOL is ideal for RF antennas

¨ Transport in tokamak sends heat and particles to low field side 
scrape off layer (SOL)

¨ ELMs do not reach HFS in double null
¨ Reduced scattering from density perturbations
¨ Less damage due due to turbulent plasma flux
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Antennas in existing experiments show significant damage 
after short duration
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of Carbon (C). A poloidal limiter on the right hand side of the launcher separates it from the nearby ICRH antenna B

and the launcher is kept radially behind this limiter at all time. On the left hand side of the launcher there is a gas

pipe used for improving the coupling.

The radiated power in JET is measured by a bolometric diagnostic. The vertical camera of the JET bolometer is

situated above the LHCD grill and two lines of sight were used in the study: one which looks at the plasma in front

of the launcher and another one which measures the radiation from the main plasma. The difference between them,

referred to as d35, is used as an estimate for the enhanced radiation in front of the grill during plasma operation. In

addition, UV spectrometry is used to measure the line radiation of the impurities in the plasma. The launcher grill

contains Iron (Fe) and Nickel (Ni) and increased UV radiation of these elements indicates their release from the grill.

Although Fe and Ni impurities can be generated by other in-vessel components, e.g. RF antennas, we assume that

the enhanced signals from both the bolometer and the UV spectrometer point out that the radiation comes from the

LHCD grill. These two diagnostics are also included in the LHCD radiation protection system.

As a plasma facing component the LHCD launcher is subject to several potential destructive processes including:

(i) melting and evaporation by bombardment with highly energetic electrons or runaways, which increase the heat

load on the materials, (ii) evaporation and sublimation caused by arcing between different in-vessel components and

(iii) physical and chemical sputtering by energetic ions and atoms. All of these processes generate impurities in the

Scrape Of Layer (SOL) which diffuse into the plasma, where they are ionised and radiate.

In the study, data from JET campaigns C7-C14 have been investigated. Data are taken at the time of the

maximum of the d35 signal and FeXXIII UV radiation during LHCD operation. Events during disruptions, which

lead to high radiation signals, are discounted following identification from instant changes of the plasma current.

Gas pipe
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FIGURE 1. A drawing of the LHCD launcher and the surrounding in-vessel components and a picture of the most damaged

upper part, modules A and B, of the grill with the reconstructed field lines in front of the launcher for two typical JET pulses.

ASSESSMENT OF THE MOST LIKELY CAUSES.

Analysis of the experimental data shows that the enhanced impurity radiation from the LHCD launcher depends

in a complex manner on a number of parameters. This is attributed to the fact that many different processes are

involved in the impurity release from the launcher. This conclusion is also consistent with the assorted damage to the

grill, i.e. the melted top left corner and the scratch-like formations in the middle of the rows. The most likely causes

of the impurity radiation from the LHCD launcher, not arranged in a particular order, are summarised here.

Impurity radiation related to the LHCD power.
The main causes of enhanced radiation associated with the LHCD operation are the parasitic fast electrons in the

SOL and the arcs. Both of these are related to the electric field at the grill mouth, which is proportional to the square

root of the applied LHCD power, PLH
1/2

, and also depends on the reflection coefficients. An example of a radiation

event when LHCD alone was applied is given in Fig. 2a. The dependence of the radiation on the applied LHCD

power at the moment of maximum of d35 signal is shown in Fig. 2b, according to which, it is less probable to

observe enhanced radiation at small LHCD power, PLH < 1.5MW.

In general LH aims at driving current by interaction with the electrons in the plasma core. The parallel refractive

index 1.4 < N|| < 2.3 ensures that the LH wave is absorbed via Landau damping by electrons in the keV range, which

in divertor configurations can not spread beyond the separatrix and hence they are excluded from considerations.

However, because of the launcher geometry and in particular because of the sharp edges of the waveguides’ walls, a

part of the RF power is launched at quite large parallel refractive index N|| > 30. The phase velocity v|| = c / N|| at that

refractive index decreases thus allowing less energised electrons to absorb energy from the wave. For N|| ≈ 100 those

K. K. Kirov, et al. “Impurity Radiation From The LHCD 
Launcher During Operation In JET And Investigation Of 
Launcher Damage” RADIO FREQUENCY POWER IN 
PLASMAS: 16th Topical Conference on Radio Frequency 
Power in Plasmas, 787(1):315–318, 2005.

JET



Good impurity screening on HFS will reduce high-Z 
contamination from RF

¨ High power RF (particularly 
ICRF) in high-Z environment 
often results in impurity 
generation

¨ Measurements show impurities 
penetration is 10x smaller on 
HFS
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G.M. McCracken, et al, J. of Nuc. Mat., Vol
241–243, p. 777-781, 1997
B. LaBombard et al Nucl. Fusion 55 053020 
(2015)
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Fewer unconfined fast particles on HFS

¨ Fast particles can cause severe 
damage to in-vessel components

¨ Majority of fast ions (ICRF 
minority heating and/or fusion-
α’s) exit on LFS

¨ Runaway electron orbits shift to 
LFS as well

¨ TF ripple trapped particles exit 
on LFS

11
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HFS mid-plane has 25% lower neutron wall loading than 
LFS mid-plane

12

Mahmoud Z. Youssef, Russell Feder, Ian M. Davis, 
Fusion Engineering and Design 83 (2008) 
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Fig. 5. Visualization of the neutron flux in the blanket shield modules regions.

run. In this treatment, the scattering source is forced to exactly
satisfy certain spherical harmonics moment equations and thus
provides improved accuracy over the standard treatment for prob-
lems with highly anisotropic scattering. Thus, the P2 approximation
with Galerkin treatment is equivalent to P3 approximation. Many
calculation strategies are possible. However, we considered the fol-
lowing runs:

(1) Sn4 run: the 175n-42g FENDL2.1 library was condensed to
72n-24g library. Because of the relatively large number of
neutron-gamma groups used in this run, lower order of angu-
lar quadrature was applied (Sn4). No results with this run are
shown in this paper since it gives less accuracy (as expected) in
a large and complex geometry as in ITER.

(2) Sn16 run: the 175n-42g FENDL2.1 library was condensed to 29n-
11g library. Because of the relatively fewer number of energy
groups, higher angular quadrature was applied (Sn16). It was
shown that the solution accuracy is more sensitive to the num-
ber of angular directions than to the number of energy groups.

(3) Sn40-Sn16 run: the 175n-42g FENDL2.1 library was condensed
to 29n-11g library (similar to Sn16 run). However, the run
was completed in two steps: (a) use first neutron group
(14.19–13.83 MeV energy boundaries) to generate neutron scat-
tering source everywhere in the model with Sn40 angular

quadrature, (b) use the scattering source from the previous step
as an external source for the remaining of the 28 neutron-11
gamma group, and (c) add flux moments of the two runs to get
the total flux moments. Reaction rates and any nuclear response
are obtained by summing the contribution from each run.

3.3. Visualization of the solution field

The TECPLOT file generated from the Sn40Sn16 run was used to
visualize the solution field (neutron flux or its logarithmic value)
everywhere in the 40◦ sector. Figs. 4 and 5 show the neutron flux in
the plasma and divertor region and in the blanket shield modules,
respectively. In the original runs, a normalization factor of 0.1111
was used (0.1111 × 1.7753E20 = 1.9723E19 n/s, the plasma source in
the 40◦ sector). The flux values can be obtained from these figures
by multiplying the values shown by 1.7753E20. The impact of the
approximation introduced by using white boundary conditions at
the vertical sides of the 40◦ sector rather than using the truly spec-
ular reflective boundaries is apparent in Fig. 5, particularly at the
inboard side. The high flux zone in the mid equatorial plane at the
inner surfaces of the BSM (shown in red) should have the same
color azimuthally. This impact (which is not negligible and occurs
almost only in the IB) is much less at the top and bottom (divertor
location) of the sector where more or less the flux in the toroidal

Fig. 6. Neutron wall load (MW/m2) on the surface of each module.

Simulated ITER neutron flux

Even lower neutron wall loading occurs at 
the HFS locations that are off the 
midplane, #1, 6, and 7
Also best location for current drive!



Less maintenance required for HFS antennas due to less 
extreme conditions

¨ Lower PMI and neutron flux extends lifespan of materials on HFS
¨ Use resilient materials (molybdenum, tungsten?) for HFS antenna 

plasma facing components
¨ Replace antenna when you replace sector/blanket module

¤ Unlikely you would be able to replace port-plug antennas more sooner, 
since any maintenance will be very infrequent in a power plant

¨ Trade-off some engineering complexity for increased longevity

13



Are HFS RF systems practical for a tokamak reactor?

¨ Don’t think in terms of retrofitting to existing designs
¨ Be willing to take on some additional engineering
¨ Design around the HFS RF systems from the start
¨ It gets easier in a bigger device

¤ RF system component sizes are set by 1/f (where f∝Bt)
¤ Space constraints relax with larger size

That said, there is a HFS LHCD system designed and under construction 
for DIII-D right now with minimal perturbation to the existing divertor 
and HFS wall

14



RF antennas are plasma facing components with 
many hard to satisfy materials needs

¨ Low RF losses è high electrical conductivity
¨ High heat flux è high operating temperatures, high thermal conductivity
¨ High neutron flux è stability of physical properties and reduced activation
¨ Disruption forces è high strength
¨ Structures tuned to specific frequency è Precise manufacturing + 

predictable dimensional effects
¨ Example in this presentation is for LH (~5 GHz) but requirements apply to 

other frequencies as well

15



Making the case for better antenna materials: 
cooling a fully-active multijunction antenna

¨ Passive Active Multijunction 
(PAM) antennas alternate 
passive and active waveguides 
to provide space for cooling of 
waveguides within the structure

¨ Fully Active Multijunction (FAM) 
doubles power density of 
antenna vs PAM è half as much 
wall area è smaller impact on 
TBR, shielding, etc

G.M. Wallace
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D. Guilhem et al., "ITER-like lower hybrid Passive Active Multi-
Junction antenna manufacturing and tests," SOFE 2011 
doi:10.1109/SOFE.2011.6052318

M.H. Li, et al. Fusion Engineering and 
Design 147 (2019) 111250 
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High thermal conductivity allows for fully active 
antenna with high directivity at reasonable temp

¨ GRCop-84 looks quite promising 
except for the waste disposal rating
¤ Replace Nb with another Group 5 

element?
n V seems like it’s unlikely to contribute to 

activation issues

¤ Or develop another alloy that has 
similar high temperature, high 
strength properties

¨ Brittleness of tungsten is an issue
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Fixed electrical conductivity = 2e7 [S/m]

Example: fully active LH antenna with fixed septum = 1.5 mm



No available material simultaneously meets all 
requirements

Material Thermal conductivity 
[W/m/K]

Electrical 
conductivity [S/m]

Waste Disposal 
Rating (WDR)

Temperature 
window [°C]

RAFM 44.5 2e6 (needs coating) 5.0e-2 <550

Tungsten 175 2e7 6.3e-1 700-900

CuCrZr 320 3e7 3.6e-1 <500

GRCop-84 300 6e7 2.4e3 <700
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Nb content

Time RAFM W CuCrZr GRCop-84

0 0.307 0.466 1.047 0.961

5.3 m 0.287 0.320 0.763 0.700

3.7 d 0.019 0.140 0.018 0.031

1 y 0.008 0.007 0.013 0.012

Decay Heat (MW/m3)

*for currently available materials



Compromises for all available structural materials

¨ Tungsten: tradeoff between slightly wider septa or temperatures 
slightly outside nominal operating window
¤ Possible to reinforce to avoid brittleness at low T?

¨ CuCrZr: 𝚫T is reasonable, but unlikely to keep T on leading edges low 
enough given low maximum operating temperature

¨ RAFM: surface coatings can overcome RF losses, but still needs passive-
active type structure due to poor thermal conductivityè ~ twice the 
impact on shielding/breeding

¨ GRCOP-84: Similar 𝚫T to CuCrZr and higher allowable T, but WDR is 
very high è develop new alloy without Nb?
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RF antenna structural material “wish list”

¨ Thermal conductivity > ~200 W/(m K)
¨ Operating temperature range up to 700°C
¨ Yield strength > ~250 MPa, ultimate strength > ~500 MPa
¨ CTE similar to RAFM alloys
¨ Electrical conductivity > ~3e7 S/m, or maybe not?

¤ Lower electrical conductivity for structure may help reduce disruption loads
¤ More R&D needed for coatings that will survive in high temperature environment 

with neutrons
¨ Compatible with 3-D additive manufacturing for complex geometries
¨ See G.M. Wallace, T. Bohm, C.E. Kessel, Fusion Science and Technology

(2021) for more details
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Will help in 
other areas like 
PFCs, blankets, 
etc as well 



Rapid development pathway for high performance 
RF materials
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¨ Thin film approach generates many alloy samples to test simultaneously
¤ TGS for thermal properties
¤ 4-point electrical conductivity measurement



First step: Create Cu-Cr-Nb thick film system to 
benchmark against GRCop-84
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Cu target

Cr target

Nb target

Si wafer



Iterative material development plan: 
irradiate, measure, adjust, repeat
¨ Create thin film sample

¤ Test thermal/electrical properties
¤ Neutron and/or ion beam exposure

¨ “Zoom in” on promising areas of wafer for further study
¤ Additional testing/irradiation cycles

¨ Create larger samples of best candidates for structural testing
¤ Yield strength, temperature limits

¨ Additional RF compatibility tests
¤ Sheaths/impurity generation
¤ Thermionic/field/secondary electron emission
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Future work



Many other systems would benefit from improved 
materials

¨ Passive stabilizing plates need to be highly electrically conductive and 
high strength while minimizing impact on TBR
¤ Existing design for FNSF uses W plates between primary and secondary 

blanket flow paths

¨ Divertor and first wall would benefit from higher thermal conductivity
¨ Radiation hardened dielectrics would benefit diagnostics, perhaps 

blankets
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Key takeaways from this talk

¨ Integrating antennas into first wall structure better for shielding and 
TBR as compared to port-plug style designs

¨ Locating antennas on the high field side wall ameliorates many issues, 
at the tradeoff of engineering complexity

¨ Need new structural materials to build antenna structures that will be 
compact and long-lived
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