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Abstract— An iterative procedure is described, which models
the influence of the thermal expansion of the gyrotron cavity on
the expected gyrotron performance. It is a multi-physics
simulation method, which involves electrodynamic, thermal-
hydraulic, and thermo-mechanical simulations. The method is
applied to the first European 170 GHz, 1 MW Continuous Wave
prototype gyrotron for ITER. According to the simulations, a
performance reduction of ~15% is expected at nominal operating
parameters, because of the thermal expansion of the cavity.
Alternative operating points to mitigate this effect are proposed
and numerically validated. The numerical results are discussed in
the light of experimental findings.

Index Terms—ECRH, Gyrotron,
simulation, Thermal expansion

ITER, Multi-Physics

I. INTRODUCTION

IGH-power gyrotrons, intended for electron cyclotron
resonance heating and current drive in present and future
magnetic confinement fusion reactors, need to operate in long
(seconds to hours) pulses delivering MW-level microwave
power at frequencies above 100 GHz [1]. In such gyrotrons,
the Ohmic loading of the wall of the resonant cavity is large
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(~1.5-2 kW/em?, or even higher) and this has always been one
of the major technological limiting factors, as far as output
power and efficiency are concerned. Consequently, special
attention should be given to the cavity cooling system, to make
sure that it is able to handle the corresponding high heat
fluxes. In support of this, the modeling of the thermal
expansion of the gyrotron cavity during long-pulse operation is
of primary importance for assessing the capabilities of the
cooling system, for predicting the gyrotron performance, and
for interpreting the experimental results.

For accurate modeling of the gyrotron operation in the
presence of cavity thermal expansion, a multi-physics
simulation combining three fundamental elements is necessary:
Electrodynamic modeling of the interaction of the electron
beam with the electromagnetic field in the cavity should
determine the Ohmic wall loading and the corresponding heat
flux to the cavity wall. Then, thermal-hydraulic modeling is
needed to calculate the temperature field, taking into account
the given heat flux and the configuration of the cavity cooling
system. Finally, thermo-mechanical modeling must be used to
determine the cavity thermal deformation for the obtained
temperature field. The described procedure is iterative: The
beam-field interaction needs to be recalculated for the updated
cavity deformation and temperature distribution, the new heat
flux should be determined, and so on, until convergence to a
steady state is reached.

A similar iterative procedure was presented in [2], [3] and
applied to the 140 GHz, 1 MW gyrotron for the stellarator
W7-X [4]. However, in those studies the thermal-hydraulic
modeling was omitted and an estimated heat transfer
coefficient was used instead. The full multi-physics modelling
described above, i.e. including thermal-hydraulic calculations,
was presented and used in [5] to study a proposed cavity
design for a 170 GHz, 1 MW gyrotron, where the cooling was
achieved by mini-channels.

In the present paper, the iterative multi-physics modeling of
[5] is applied to the existing European 170 GHz, 1 MW
Continuous Wave (CW) prototype gyrotron for ITER [6]-[9],
in which the cavity cooling configuration is based on a porous
cooling structure, rather than mini-channels. Two simulation
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approaches are used. The first is a stationary approach, which
focuses on determining directly the final steady state. The
second is a transient approach, which attempts to emulate the
real sequence of events in time until a steady state is reached.
It is shown that both approaches yield the same final steady
state result for long-pulse operation. This validates further the
results obtained in [5], where only the stationary approach was
used.

The main focus of the present paper is on assessing the
performance of the European 170 GHz, | MW CW gyrotron
for ITER in the presence of cavity thermal expansion, as far as
power, efficiency, frequency shift, and mode competition are
concerned. It is found that significant performance degradation
due to the thermal expansion is to be expected at the nominal
operating point. These results, summarized in [10] but also
presented here in a more detailed and elaborate manner, have
motivated extensive investigations on alternative operating
points to mitigate the performance degradation. The present
paper further extends [10] by reporting details on those
investigations, as well as on the numerical validation of the
proposed alternative operating points. In addition, the
simulation results are discussed in the light of the experimental
findings with the 170 GHz, 1 MW CW gyrotron.

The paper is organized as follows: In Section II, an
overview of the multi-physics modeling as well as details on
the transient and stationary approaches are given. In Section
III, the simulation results for the nominal operating point are
presented and discussed. In Section IV, the investigations on
alternative operating points are reported and the validation of
the most promising points is presented. Section V discusses
the numerical results and co-relates them to the experimental
findings. Section VI gives the summary of this work.

II. CAVITY STRUCTURE AND MULTI-PHYSICS MODELING

The schematic of the inner contour of the cylindrically
symmetric cavity wall of the European 170 GHz, 1 MW CW
gyrotron for ITER is shown in Fig. 1. The expected Ohmic
wall loading (heat flux) at nominal operating parameters,
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Fig. 1. Schematic of the inner contour of the cavity wall of the European
170 GHz, 1 MW CW gyrotron for ITER (thin solid curve). The nominal
Ohmic wall loading at room temperature is also shown (dashed curve).
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Fig. 2. Iterative multi-physics scheme with three phases per iteration step.

assuming room temperature, is also shown. The cooling system
consists of a cooling jacket around the cavity contour with a
macro-porous, highly conductive structure at the cavity
midsection. This is in order to enhance the cooling at the
midsection, since this is the region with the highest loading.
The axial range of the porous cooling structure is indicated in
Fig. 1 by the horizontal thick line and it is centered on the
maximum of the heat flux.

The iterative multi-physics scheme is shown schematically
in Fig. 2. The code-package EURIDICE [11] is used for the
electrodynamic simulations. At a given operating point,
EURIDICE calculates the interaction between the
electromagnetic high-frequency field and the electron beam,
considering a cavity profile R,(z) along the gyrotron axis z,
where R, is the distance of the cavity inner surface from the
gyrotron axis. The Ohmic wall loading p is calculated from the
well-known formula [12]:

1

_ 2
= 205|H,| (1)

P

Here, H, is the component of the high-frequency magnetic
field that is tangential to the cavity wall, ¢ is the electrical
conductivity of the wall, and J is the skin depth. The material
of the cavity wall is Glidcop and the dependence of ¢ on the
temperature is taken into account according to [13]. Since the
temperature varies along the cavity axis, the electrical
conductivity is a function of z. The dependence of the skin
depth 6 = [2/(uow)]"? on the wave angular frequency  and on
the electrical conductivity is also considered in the
calculations. Finally, the result of (1) is corrected by the
appropriate  multiplying  factor  provided by the
Hammerstad/Bekkadal formula [14]-[15], to account for a wall
surface roughness of the order of 0.1 pm rms.

The thermal-hydraulic and the thermo-mechanical
simulations are performed using STAR-CCM+ v10 [16]. In
contrast to previous approaches on the modeling of the cavity
cooling, where simplified modeling requiring a pre-defined
heat transfer coefficient /# for the metal/coolant border is
adopted (e.g. [2], [3], [17]), an advanced full 3D model [5] is
used here, from which the heat transfer to the coolant is
computed self-consistently. This removes the significant
uncertainties on the correct choice of /# and on its dependence



on temperature. In particular, for the thermal-hydraulic
calculations, the 3D, steady state, incompressible flow model,
with the k-0 SST turbulence closure [18] and “all y+” wall
treatment is adopted. The VOF multiphase flow model is
chosen, and the Rohsenow model [19], [20] is adopted in case
of boiling onset. Temperature-dependent material properties
are used. The realistic inlet mass flow rate of 45 1/min at room
temperature and an outlet (gauge) pressure of 0 bar are used as
boundary conditions. For the thermo-mechanical simulations, a
3D, steady state, finite-element solid-stress model is used, with
linear, isotropic and elastic material properties. The input of
the cavity (Fig. 1, z=z;,) is considered fixed, as it is brazed to
the gyrotron structure. The output of the cavity (Fig. 1, z = zyy)
is free to expand axially, as it is brazed to the gyrotron
launcher, which is free to move axially. The surface of the
cavity inner wall is free to expand radially.

There are three time scales to be observed in the multi-
physics simulation: The reaction time of the beam-field
interaction (and of the subsequent heat flux) to the cavity
deformation is of the order of nanoseconds and it can thus be
considered instantaneous. Likewise, the wall deformation
adjustment to a given temperature distribution can be also
considered instantaneous. On the other hand, the time for the
stabilization of the temperature field at a given heat flux is of
the order of seconds. With respect to this observation, two
different approaches for the iterative procedure can be
proposed. In the first, a stationary scheme involving successive
equilibria is adopted: at each iteration step, the thermal-
hydraulic calculation is stopped only after the temperature
field is stabilized, i.e. after time At — oo. The second approach
is a transient one and is closer to what happens in reality. In
particular, the first iteration begins at time ¢ = #, with phase 1
(see Fig.2), and then proceeds to phase 2. However, the
thermal-hydraulic simulation of phase 2 runs only for a finite
time period A#; (rather than Ar— ), up to ¢=t=ty+At.
Then, the thermo-mechanical calculation of phase 3 is
performed and the second iteration is launched at ¢ = ¢ with
phase 1. In the second iteration, the thermal-hydraulic
simulation of phase 2 runs up to ¢ = t,= t;+At,, and so on. The
choice of the finite time periods Az, At,,... should secure that,
between two successive iterations, the cavity deformation
remains small enough in order for the change in the beam-
wave interaction to be also small. In this way, this procedure
can better emulate the real sequence of events. It can be said
that the stationary approach should be considered valid, if its
converged result is the same with that obtained by the transient
approach at time ¢ — oo.

III. RESULTS AT THE NOMINAL OPERATING POINT

There are two nominal operating points for the 170 GHz,
1 MW CW prototype for ITER, operating at the TE;; ¢ mode
[7]: The first is the High-Voltage Operating Point (HVOP)
with beam voltage V,=79.5kV, beam current I,=40 A,
magnetic field at the cavity By =6.78 T, and electron velocity
ratio at the cavity a =1.3. The second is the Low-Voltage
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Fig. 3 Stationary modeling of the nominal operating point HVOP: Ohmic
wall loading (top) and temperature (bottom) versus cavity axis. Insets show
the evolution of the maximum value during iterations.
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Fig. 5 Comparison of final results on temperature and Ohmic wall loading
(top), and on deformation AR, = Ronot - Rocold Of the cavity inner contour
(bottom), using the stationary and the transient approach. The results for the
non-deformed cavity at room temperature (cold) are also shown.

Operating Point (LVOP) with V,=71.0kV, [,=45A,
By=6.69T, a=1.2. The beam voltage V) is related to the
electron kinetic energy E,=|e|V,, where e is the electron
charge. The multi-physics simulations focused on the HVOP.
At the beginning, the beam-wave interaction was simulated by
EURIDICE in the non-deformed cavity at room temperature.
The resulting Ohmic wall loading is shown in Fig. 1 and it was
used in STAR-CCM+ to initiate the iterations.

The stationary approach of successive equilibria was tried
first. Each three-phase iteration step takes about 12h on a
modern multi-core machine. The electromagnetic simulations
considered only the operating TE;;y mode and an ideal
electron beam with no spreads in energy, velocity, and guiding
center. The results of the iterative procedure are shown in
Fig.3. A convergence, i.e. a consistency (between two
successive iterations) of Ohmic loading (§ppmax < 1.7% rel.),
temperature field (07 < 1.8% rel.), and deformation

TABLEI

CALCULATED PERFORMANCE AT NOMINAL OPERATING POINT HVOP
(SINGLE-MODE, IDEAL E-BEAM)

Final deformation
(Stationary / Transient)

No deformation

Power at window P,, (kW) 1053 875/ 883

Total efficiency 7ot (%) 325 27.0/273

w/o depressed collector ' ’ ’
Frequency (GHz) 170.24 169.85 / 169.85
Diffractive O 1009 677/ 678

w/o elec. beam

TABLE II
OPERATING POINTS AND SIMULATED PERFORMANCE
(MULTI-MODE, REALISTIC E-BEAM)
Vo Iy Bo Pyt AV
&v)y @& D kW) (%) (kW/em®) (kV)
Proposed alternative operating points (deformed cavity of Fig. 5)

Point

OP1 785 40.0 6.76 1.4 1012 322 1.75 1.5

OP2 725 450 6.70 1.3 1036 31.8 1.73 2.0

OP3 705 450 6.68 1.3 1010 31.8 1.69 2.0
Nominal operating points (non-deformed cavity)

HVOP 79.5  40.0 6.78 1.3 1009 317 1.98 2.5

LvoP 71.0 453  6.69 1.2 1049 326 1.93 2.0

*Assuming Trmax = 250° C.

(0R, <1 um), was reached after 7 iterations. The simulations
were then repeated with the transient approach. The results are
shown in Fig. 4. The final steady state, where the temperature
field is stabilized, was reached after 13 iterations. Time
intervals Af#; with a duration ranging from 25 ms (at the
beginning of the transient) to 2 s (at the end of the transient)
have been used. As discussed in section II, in order to secure
small changes in the beam-wave interaction the choice of At
was based on the requirement that the cavity deformation
between two successive iterations should be smaller than
10 pm. (It should be mentioned that this number is of the order
of the manufacturing accuracy.)

As it turns out, both approaches result practically in the
same final state and, in that respect, they can be considered
equivalent. This is clear in Fig. 5, where the final results of the
two approaches are compared, and it further validates the
results of [5], which were obtained only with the stationary
approach. The equivalence of the two approaches is also
shown by the calculated gyrotron performance considering the
hot, deformed cavity of Fig. 5 after the convergence of the
iterative schemes. This performance is summarized in Table I.
The total efficiency without depressed collector is defined as
Mot = P /(Vl), where P,, is the power at the gyrotron window.

Apparently, a ~15% reduction with respect to the expected
performance is predicted. The drop in interaction efficiency is
a result of the decrease of the diffractive quality factor Q of the
operating TEs;, 9 mode, because the cavity thermal expansion
causes an opening of the cavity towards the output, i.e. a bell-
shaped deformation (see Fig.5, bottom). The information
provided by the transient approach (Fig.4) illustrates this
effect: Up to 150 ms, the temperature in the cavity midsection
is rising much faster than in the cavity output taper, due to the
shape of the Ohmic wall loading. In this phase, the
deformation of the output taper is small and this does not
reduce Q. At the same time the Ohmic wall loading is
increasing up to 1.82 kW/cm?, following the decrease of the
wall conductivity due to temperature increase. After 150 ms,
the increase of the temperature at the output taper causes the
bell-shaped deformation decreasing (. The beam-wave
interaction becomes less efficient, producing less microwave
power and as a result the Ohmic wall loading decreases down
to 1.19 kW/em’.

The finding of a bell-shaped deformation is in contrast to
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the intuitive belief of a barrel-shaped deformation, obtained by
observing the profile of the Ohmic wall loading alone. It
motivated investigations on alternative operating points to
recuperate the performance, as reported in the following
section. Although the multi-physics simulations addressed only
the nominal operating point HVOP, it is expected that the
results and the performance degradation for the nominal point
LVOP would be very similar, given the similarity of the
Ohmic wall loading profiles and of the interaction efficiencies
at the two points.

IV. INVESTIGATIONS ON ALTERNATIVE OPERATING POINTS

A comprehensive sweep on operating parameters was
undertaken, to identify alternative suitable operating points
that would recover both power and efficiency at permissible
levels of Ohmic wall loading and with good stability margin
AV of the operating mode before mode loss. The considered
domain of realistically achievable operating values has been
the following: 60kV<V,<90kV, 40A<I,<55A,
6.62T<By<6.82T, and 1.2<a<1.4. For each set of
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parameters, EURIDICE simulated single-mode beam-wave
interaction with the operating TEs;, 9 mode in the deformed
cavity of Fig. 5. The electron beam was assumed ideal with no
spreads. After these investigations, three representative
alternative operating points emerged, which are given in
Table I (columns 1-5). The high- and low-voltage nominal
operating points are also given for comparison.

To illustrate the criteria of identification of appropriate
operating points, a typical result of a parametric sweep is
shown in Fig. 6. From this result it can be concluded that, from
all the operating points shown, the only suitable point is the
point V,=78.5kV, I,=40 A, By=6.76 T, a=1.4 (OP1 in
Table IT). This is the only point that practically achieves the
targeted performance in the deformed cavity (in terms of both
power and efficiency) and, simultaneously, exhibits the same
stability margin AV =2.5kV (before mode loss) with the
nominal operating point at the non-deformed cavity.

After their identification using parametric sweeps, the three

TABLE IIT
CALCULATED PERFORMANCE AT OPERATING POINT OP1
(SINGLE-MODE, IDEAL E-BEAM)

No deformation

Final deformation

Power at window P,, (kW) 1126 1013
Total efficiency 7ot (%) 359

w/o depressed collector ' 323
Frequency (GHz) 170.24 169.78
Diffractive Q 1009 692

w/o elec. beam




TABLE IV
EXPERIMENTAL GYROTRON PERFORMANCE
Vaee V) V5 (V) I (A) o PukW) 7o (%)
Experimental points close to LVOP, By=6.69 T

Point

1 72.3 70.2 454 132 786139 24.7+1.7

2 72.8 70.7 47.5 1.28 81141 24.1£1.7
Experimental points close to HVOP, By=6.78 T

3 80.8 79.0 41.0 141  798+40 24.6£1.7

4 80.3 78.4 41.0 148  809+40 25.2+1.8

"Calculated numerically.

alternative operating points were further verified by multi-
mode electrodynamic simulations with EURIDICE, assuming
a realistic electron beam with 6% rms spread in a, 0.1% rms
kinetic energy spread, and 0.3 mm guiding-center spread. The
considered deformed cavity was again that of Fig. 5. The
results confirmed the suitability of the alternative operating
points and are summarized in the last four columns of Table II.
Mode competition, however, results in an undesired reduction
of the stability range AV of the operating mode at the point
OP1. This is again a consequence of the low Q.

In all the investigations up to this point, the cavity
deformation was taken into account by using the deformed
cavity of Fig.5, obtained by multi-physics simulations.
However, this is the calculated deformation assuming
operation at the nominal operating point HVOP. In order to
validate an alternative operating point, a multi-physics
simulation should be performed for that point also. This was
done for the point OP1 and the results of the iterative multi-
physics procedure are shown in Fig.7. The stationary
approach was used, which converged after 5 iterations. The
results on gyrotron performance are shown in Table III, where
the recovery of power and efficiency is verified.

V. EXPERIMENTAL RESULTS AND DISCUSSION

Experimental results, representative of the best performance
achieved in long-pulse operation with the European 170 GHz,
1 MW CW prototype gyrotron at KIT [9], are given in
Table IV. The acceleration voltage V.. is the experimentally
applied voltage. Because of the space charge of the electron
beam, the electron kinetic energy is less than |e|V,.. Using the
code ARIADNE [21], [22], it was possible to estimate that,
during long-pulse operation, the expected neutralization of the
beam space charge in this gyrotron is of the order of ~70-75%.
In this way, the corresponding beam voltage V,, appearing in
Table IV, was calculated. Moreover, ARIADNE was used to
calculate the electron velocity ratio a at all the points of
Table IV. The measurement uncertainty on power is 5%,
whereas the measurement uncertainty on voltage and current is
+1%. These values are reflected in the given values for power
and efficiency.

The essential difference between the nominal operating
points HVOP, LVOP and the proposed alternative operating
points OP1, OP2, OP3, is that the electron velocity ratio « is
higher at the alternative points. This was the only way to
recover, in simulation, both power and efficiency in the hot

cavity with a bell-shaped deformation. The experimental
results of Table IV are in line with this finding, in the sense
that the best experimental performance is not achieved at the
nominal operating points, but at points where the velocity ratio
has values higher than nominal. For instance, the experimental
points 1, 2 are close to the nominal LVOP, albeit with o ~ 1.3,
rather than the nominal a =1.2. Likewise, the experimental
points 3, 4 are close to the nominal HVOP, albeit with a > 1.4,
rather than the nominal a = 1.3.

Due to lack of additional experimental time at KIT, further
optimization of the operation of the gyrotron was not pursued.
This is foreseen to be done in 2018 at the Swiss Plasma
Center, EPFL, Lausanne, Switzerland, where the European
170 GHz, 1 MW CW prototype is currently installed. The goal
is to try reaching the alternative points OP1, OP2, OP3. (In
principle, this is more or less equivalent to further increase the
beam voltage by ~1 kV at the points of Table IV.) However, it
is known that operation at higher velocity ratio is prone to
excitation of parasitic modes, mode competition, and electron
trapping. This is the reason why such operation was not
considered during the initial choice of the nominal operating
points. It remains to be seen whether the proposed alternative
points are actually reachable in experiment and to what degree
they recover the targeted performance.

Another experiment that would verify the calculations of
this paper will be the monitoring of the gyrotron output power
at nominal operation, starting with millisecond pulses and
gradually increasing the pulse-length up to 1-2 seconds.
According to the presented results, a significant power drop
should be recorded as the pulse-length increases. Of course,
such an experiment requires a calorimetric load capable of
precise power measurement for a wide range of pulse-lengths.
Such a load was not available during the KIT experimental
campaign [9], where either a short-pulse (< 10 ms) load or a
long-pulse (> 10 s) load was used. However, it is expected that
the discussed monitoring of the power will be possible during
the foreseen experimental campaign at EPFL.

In any case, the results of present study clearly suggest that
possible improvements of the cavity cooling system are worth
investigating. Calculations have already shown that cooling by
using the mini-channel concept would be much more efficient,
securing the targeted performance at nominal operation [5]. An
alternative, less involved proposal is the improvement, towards
the cavity output, of the porous-structure based cooling
system, in order to avoid a bell-shaped deformation. Such an
improvement has already been implemented in the dual
frequency 84/126 GHz, 1 MW, 2 s gyrotron, intended for the
upgrade of the TCV tokamak at SPC, EPFL, Lausanne [23].
The delivery of this gyrotron is expected within 2017.

VI. SUMMARY

A multi-physics model has been described, in order to
address the influence of cavity thermal expansion on the
performance of a high-power gyrotron. The model has been
applied to the European 170 GHz, 1 MW CW gyrotron for



ITER. A stationary and a transient modeling approach have
been used and their equivalence, with respect to the
identification of the final steady state, has been demonstrated.
Multi-physics simulations of the nominal long-pulse operation
of the gyrotron showed a bell-shaped cavity deformation. This
is in contrast to the intuitively expected barrel-shape
deformation and it results in a 15% performance degradation,
due to a reduction of the diffractive quality factor of the
operating mode. The experimental results up to now have
indeed shown a reduced performance at the nominal operating
points, in line with the theoretical findings, at least
qualitatively. Parametric investigations on alternative
operating points to recover gyrotron performance identified
several suitable points. Those alternative points have been
further verified with multi-mode interaction simulations
involving a realistic electron beam, and with multi-physics
simulation of the cavity expansion. Further verification of the
presented calculations with respect to the alternative operating
points is foreseen within the next long-pulse experimental
campaign with the 170 GHz, 1 MW CW gyrotron.
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