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Abstract— The ITER Electron Cyclotron Resonance Heating
and Current Drive (ECRH&CD) system relies on 1 MW 170 GHz
Gyrotrons to provide the mm-wave power needed for plasma
heating, current drive, and magneto-hydrodynamic control. The
design and modeling of the control system of the Magnetron
Injection Gun (MIG) is crucial to keep the emitter in the proper
operating conditions. Within the MIG control system framework,
a thermal lumped model has therefore been developed. As the
MIG is characterized by a complex geometry and no temperature
measurements of the system are available, parameters need to be
introduced within the model, which must be optimized. This work
presents a rigorous sensitivity analysis (SA) of the parameters of
the MIG, intending to quantify the parameter effect on the model
output to develop an ad hoc optimization algorithm. Both local
and global SA will be discussed, with the latter specifically aiming
at evaluating the inference between parameters. The subsequent
optimization, which was carried out following the hierarchy of the
parameters defined by the SA, will allow finding the optimal set
of parameters for the lumped model of the MIG, which will then
be validated against experimental data taken from outside those
used for the analysis, proving the good results of the procedure
and the determined parameter set.

Index Terms— Current drive, lumped modeling, magnetron
injection gun (MIG), optimization, sensitivity analysis (SA).

I. INTRODUCTION

IN FUSION reactors, the plasma particles need external
heating, typically provided by systems such as the Electron
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Fig. 1. CAD representation of the right upper half of the MIG.

Cyclotron Resonance Heating and Current Drive (ECRH&CD)
[1]. In ITER [2], this system will include 24 1 MW CW
Gyrotrons operating at 170 GHz [3]: these devices must
comply with high-level requirements to sustain long current
pulses and work with total efficiency higher than 50%, whilst
suppressing plasma instabilities. Since the occurrence of these
instabilities is a priori unpredictable, the central system must
be aware in real-time of the state of the ECRH&CD system
to ask for action when required [4].

To ensure optimal control, the Gyrotrons of the ECRH&CD
have been studied in detail [5]. Inside the Gyrotron, a 2 MW
electron beam is generated from the Magnetron Injection Gun
(MIG) through temperature-limited thermionic effect, which
then interacts with a microwave cavity to allow the transfer of
its energy into a high-frequency mode RF wave [6]. To ensure
optimal operation, the physical conditions of the electron
beam must be set with extreme precision within the nominal
operational regime to avoid mode conversion and excitation
of wrong modes and thus to avoid dissipating the full 2 MW
electron beam [7]: this means that, within the MIG, the
electron beam must be stabilized and any current drop must
be limited, preferably using a suitable control system.

The MIG system is characterized by a complex geometry,
shown in Fig. 1: to keep the electron beam uncontaminated
by spurious emission from other components, the emitter
temperature must be much higher than the other bodies within
the MIG. For this purpose, thermal shields drive the input
power toward the emitter whilst the central flowing oil removes
the heat from the internal part of the system, keeping all
components save for the emitter as cool as possible. As no
temperature measurements of the system are available, models
must be developed to study the MIG: for the implementation
of the control system, which must act in real-time when
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required, high-fidelity 3-D models are too expensive f rom the 
computational point of view and they cannot be used in real-
time scenarios. As such, this work makes use of a detailed 
physics-based lumped model based on the one developed in [8] 
and [9].

Due to the lack of experimental data and the high complex-
ity of the system and the heat transfer mechanisms occurring 
between the MIG components, parameters must be introduced 
to close the equations that comprise the lumped model. These 
parameters are both physical (contact resistances between 
components) and “nonphysical”, in the sense that they do 
not represent actual physical quantities but rather represent 
uncertainties and approximation in the model (such as physical 
uncertainties related to the thermionic effect and to the fast 
dynamics occurring on the emitter surface related to the 
electrons’ emission). Regardless, the effect of these parameters 
on the beam current must be studied through a sensitivity 
analysis (SA), and subsequently optimized, as discussed in 
this work.

This work is structured as follows: Section II briefly summa-
rizes the lumped model used in this work, along with the main 
beam current characteristics which are influenced by the model 
parameters; Section III discusses the approach and the results 
of the parameter SA; Section IV presents the results of the 
parameter optimization and subsequent model validation for 
selected pulses; finally, Section V, other than summarizing the 
obtained results, briefly discusses some future perspectives and 
planned analyses on this topic.

II. LUMPED THERMAL MODEL

Fig. 2 reports the equivalent electrical circuit representation 
of the MIG lumped model, developed in Python starting 
from [8], highlighting the unknown parameters to be opti-
mized. Different colors of the equivalent thermal resistances 
indicate the different mechanisms of heat transfer that occur 
within the MIG. The key assumption behind lumped modeling 
is that each body of the system is characterized by a negli-
gible temperature gradient, therefore each component can be 
described by a unique spatially uniform temperature varying 
in time. Compared to [8], all components are included in the 
present lumped model

The thermal dynamics of each body is obtained by means 
of the overall energy balance

mc
dT
dt

= qin − qout (1)

where m is the mass of the body, c its specific heat capacity,
T the temperature and q are the input and output transfer
rate. Components that are in contact exchange heat through
conduction (blue resistances Rk in Fig. 2)

q ′′

k =
T1 − T2

Rk,12
(2)

where Rk,12 is the contact resistance. The contact resistances
[respectively, Rpn, Rnc, and Rch for prolongator-nosecone,
nosecone-connector and connector-heat pipe, as seen in
Fig. 1)] are unknown physical parameters; for components
within the inner and outer cavities, instead, conduction heat

transfer is neglected since, due to the high temperatures of
these bodies, the main heat transfer mechanism within the two
cavities is radiative heat transfer

q ′′

r =
σ
(
T 4

1 − T 4
2

)
Rr,12

(3)

where Rr,12 is the radiative heat resistance, which depends
on the emissivity and the surface of the two bodies, and on
the view factor between them (which indicates the portion of
surface 1 seen by surface 2). Overall, the overall heat transfer
within the cavities must satisfy the following:

qk =
Ebi − Ji

Rri
=

N∑
j=0

Ai Fij
(
Ji − J j

)
(4)

where Ebi is the blackbody emission for body i , Ji is the
radiosity flux, Rri is the total surface resistance for body i ,
Ai is the surface exposed to the cavity, Fij is the view factor
between body i and body j , and N is the total number of
bodies included in the cavity.

Convection heat transfer occurs between the oil and the
solids in contact with it (the connector and heat pipe)

q ′′

c = h(To − Tw) (5)

where To is the oil temperature, Tw is the wall temperature
and h is the convective heat transfer coefficient, computed
using the Sieder-Tate and the Graetz-Nusselt correlations for,
respectively, connector-to-oil and heat pipe-to-oil heat transfer
coefficients.

The lumped temperature assumption for the emitter does
not allow to catch the fast temperatures variations localized
near the emitter surface: for this reason, the emitter thermal
dynamic is divided into three different regions as shown in
Fig. 2, so that the emitter surface can be described with a
“fictitious” mass much smaller than that of the emitter body
to allow faster response to surface temperature variations and
better fit the experimental results. This leads to the introduction
of four additional parameters.

1) Mass capacitances C1 and C2 describing the thermal
inertia for the emitter intermediate and surface region.

2) Thermal resistances R1 and R2 describing the conductive
resistance to heat transfer for the emitter intermediate
and surface region.

The final parameter, CB , is the correction to beam parameters,
which includes the uncertainty related to the cooling effect of
the emitter due to thermionic emission.

The nominal values for the eight parameters listed above
were determined through a best fit of ten different training
experimental pulses spanning the whole operational range
(Section II-A), and are reported in Table I. The parameter
range within which the SA has been performed has been set
at ±10% the nominal value.

A. Pulse Features

A proper SA requires a primary analysis of the experimental
data, aimed at finding out the most relevant features of the
output and its possible correlations with different parameters
of the real system. As such, the available experimental pulses
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Fig. 2. Equivalent circuit representation of the MIG lumped model. Radiative resistances are in red; conduction resistances are in blue; convection resistances
are in green.

TABLE I
NOMINAL PARAMETER SET

from the FALCON Test facility at the Swiss Plasma Center
(SPC), equipped with the TH1509U gyrotron prototype, were
analyzed and organized depending on their characterizing
parameters.

Figs. 3 and 4 report a typical non-optimized experimental
pulse with its corresponding inputs, highlighting its main
features that will be used for the sensitivity and the optimiza-
tion analysis. In addition, Fig. 3 also highlights the unstable
behavior of the current once the pulse starts: the beam current
varies by 5.56 A (10.57% of the final current reached by the
beam). The pulse starts when the gyrotron is in the so-called
“on-phase”, with the filament power and the cathode voltage
turned on: this leads to an increase of the filament and thus
of the emitter temperature, which leads to current emission by
thermionic effect.

Each experimental pulse is characterized by the following.
1) Pulselength L ∈ [60 − 300] s.
2) Filament input power PI ∈ [330 − 375] W.
3) Accelerative voltage VA0 ∈ [68 − 75] kV.
During the beam current emission, key pulse features can

be identified, upon which the SA will focus.
1) Initial peak IPEAK = f (VA, PI ), which corresponds to

the activation of the accelerative voltage, and depends

Fig. 3. Key pulse features, highlighting the peak current, the minimum
current reached during the drop, and the final current.

on accelerative voltage and initial temperature of the
emitter surface (which depends on the input power).

2) Power boost PMAX ∈ [540 − 770] W, to minimize the
cooling effect of the cathode and thus the current drop.

3) Beam current drop IMIN, caused by the cooling effect of
the cathode due to thermionic emission.

4) Step voltage increase VA1 ∈ [70 − 75] kV.
5) Beam current final value IF , which usually lies

around 50 A and depends on the input power and the
pulse duration.

III. SENSITIVITY ANALYSIS

The SA is carried out using the one at time (OAT)
approach and the variance based analysis (VBA) to identify



Fig. 4. Input quantities for the pulse: filament power (red) and accelerative
voltage (blue).

the parameters that have the greatest effect on the model [10].
In the OAT approach, only one parameter is varied at each
simulation within the parameter range cited in Section II,
whereas all other types of information and the other parameters
are fixed so that they cannot cause variation in the model
response. Once each simulation is completed, the variable
parameter returns to its nominal value.

In general, the model output Y , given the k parameters
{xr }r=1,k = X1, X2, . . . , Xk and under the approximation that
each parameter is independent of the others and provides a
linear effect on the output, can be computed as follows:

Y = b0 +

k∑
r=1

br Xr (6)

where b0 are unknown constant values. Sensitivity indexes
can be measured by monitoring changes in the model output
between the various simulations, and thanks to the OAT
approach any change in the output between Yi and Yi+1 is
unambiguously attributed to the single variable changed X i .
For example, through VBA it is possible to compute the Sobol
indices of each parameter, decomposing the variance of the
model output into fractions, each attributed to specific inputs.
VBA allows to identify both parameters which account for
the most of output variation, and therefore should be opti-
mized with higher priority and parameters with no significant
contribution to the model output, which therefore can be fixed
without affecting the output variance.

The response Y can thus be decomposed as follows:

Y = f (X1, X2, . . . , Xk). (7)

Then, considering an expansion of f in terms of increasing
dimension

f = f0 +

∑
i

fi +

∑
i

∑
j>1

fij + · · · + f12,...,k (8)

each term of the expansion, which is a function only of the
factors in its index, can be univocally calculated using the
expectation of the model output Y (provided that they have
zero mean)

fi = E(Y |X i ) − E(Y ). (9)

TABLE II
SOBOL INDEXES FOR THE EIGHT MODEL PARAMETERS

Fig. 5. Main results of the SA, highlighting the effect of the parameters on
the pulse.

The variances of the terms of (9) are the measure of impor-
tance being sought, and they take the form

V ( fi (X i )) = V (E(Y |X i )). (10)

Then, dividing by the unconditional variance V (Y ), the first
order sensitivity index for each parameter can be computed as
follows:

Si =
V (E(Y |X i ))

V (Y )
. (11)

Table II summarizes the Sobol indexes for the eight param-
eters, whereas Fig. 5 shows the influence of the parameters
on the key pulse features described in Section II-A. The
contact resistances of the components external to the cavity
(prolongator, nosecone, connector, and heat pipe) strongly
influences the initial current peak, whereas they hold no
influence over the overall dynamic of the pulse. From the
physical point of view, the initial peak strongly depends on
the initial temperatures of the various components of the MIG,
and not on the dynamics of the emitter. Conversely, the current
drop and the final current value are influenced mainly by the
correction to beam factor and by the emitter resistances, that
is, the heat conduction within the emitter, from the surface that
sees the filaments to the outer one from where electrons are
emitted, thus justifying the choice of modeling the emitter with
three different regions instead as a lumped body. Overall, the
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main influence on the MIG dynamics is given by the parameter
CB , that is, the uncertainty related to the thermionic effect and
thus the cooling effect due to electrons’ emission.

From this analysis, is clear that the contact resistances
must be optimized first before any other estimation is made.
Then, the other parameters can be optimized following the
ranking given by the Sobol indexes (first CB , then the emitter
resistances, then the emitter capacitances, the latter two having
almost negligible effect on the beam current).

IV. PARAMETER OPTIMIZATION

The optimization goal is to find the parameter set that
minimizes the least square error between model output and
experimental beam current for the largest number of input
pulses. The optimization is built from the results of the SA
of Section III. Given the vector of unknown parameters p,
the optimization problem for the present case is defined as
follows:

minp f0(p) ∈
[
0.9 · p : 1.1 · p

]
(12)

where p is the vector of unknown parameters, f0 is the
objective function (in this case, the least square error between
model output and experimental beam current). For the present
optimization problem, no constraints are needed. Then, p∗ is
the optimum set of parameters such that

∀z : f0(z) ≥ f0
(

p∗
)
, p∗

∈
[
0.9 · p : 1.1 · p

]
. (13)

As mentioned in Section III, first the contact resistances
are estimated by minimizing the error between the predicted
and experimental values of the initial peak IPEAK, keeping the
other parameters at their nominal value. The optimization is
carried out using the Differential Evolution (DE) algorithm
using short pulses (pulselength L < 10 s) independent of other
pulses, which means that the time between two consecutive
pulses is such that the emitter temperature has reached the new
equilibrium state following the end of the first pulse, so that
the initial conditions of the second pulse can be well-defined.
From experiments, this is achieved by distancing the pulses by
at least 10 min. The results of this optimization are shown in
Fig. 6 for the prolongator-nosecone resistance Rpn: the other
two parameters (Rcn and Rch) show similar behavior, and thus
are omitted here for sake of brevity. From the optimization, the
combination of values that best minimize the error on IPEAK
have been selected as optimum values for the three contact
resistances, namely Rpn = 0.175, Rnc = 0.896, Rch = 1.206
(all values have standard deviation lower than 0.2).

Following the optimization of the contact resistances, the
rest of the parameters are now optimized in the order defined
by the SA. For these parameters, independent long pulses
(pulselength L > 10 s) are used to track the parameters’ effect
on the overall dynamic of the beam current. The objective
function for this second optimization is the Root Mean Square
Error (RMSE) between model prediction and experimental
beam current

RMSE =

√∫ N
0 (IMODEL(t) − IEXP(t))2dt

N
(14)

where N is the length of the pulse.

Fig. 6. Results of the DE algorithm for Rpn, for different input power and
voltage within the operational range.

Fig. 7. Average RMSE for the long pulse dataset for the different optimal
parameter sets.

A local optimization algorithm is used, whose result is
shown in Fig. 7: for each pulse, the optimal parameter set
is computed; then, each one of these optimal sets is used as
parameter value for all other pulses, thus computing for each
optimal set an average RMSE which takes into account all
long pulses of the dataset. The parameter values corresponding
to the minimum average RMSE are taken as optimal values
for the whole dataset, highlighted in red on Fig. 7 (which
means that the optimal set 3 is the one with the lower average
RMSE considering all pulses in the dataset, not only the one
for which this set is the actual optimum one). These values
are as follows: CB = 0.44, R1 = 0.18, C1 = 117, R2 = 0.12,
C2 = 18.9.

To test the accuracy of the SA and the optimization carried
out, the optimal set of parameters previously defined has
been set in the model and used to simulate two long pulses
not present in the optimization dataset. Fig. 8 reports the
results of this validation, showing how the optimized model is
successful in correctly capturing both the local features of the
pulse (initial peak, current drop, accelerating voltage step, final
current value) but also the global dynamic of the beam current,
thus confirming the good performances of the optimized model
and the accuracy of the optimization procedure.



Fig. 8. Model validation for two long pulses not included in the optimization
dataset.

V. CONCLUSION

The SA performed on the lumped MIG model allowed to
understand whose model parameters and thus whose physical
quantities affect the beam current emission: 1) the initial
temperature of the external components influence the initial
peak current; 2) the internal dynamic of the emitter, and
in particular the internal heat conduction from the surface
exposed to the filaments to the external one, influences the
overall beam current emission; and 3) the uncertainty related
to the thermionic effect has the largest influence on the beam
current, indicating that more studies on this phenomenon are
needed.

Following the SA, a parameter optimization was carried out
in two steps: 1) through a DE, the contact resistances were
optimized to the initial current peak; and 2) then, a local

optimization algorithm was used for the rest of the parameters
using as objective function the average RMSE over all long
pulses in the optimization dataset. The optimal set of param-
eters was then tested by simulating two long pulses outside
the optimization dataset: the good results of this validation
step confirmed the accuracy of the procedure and the good
performance of the lumped model in predicting the beam
current.

Future studies will be devoted on the optimization and
characterization of multiple pulses in sequence, thus losing
the independence assumption between consecutive pulses.
Following this, a control system for the filament current to
stabilize the beam current emission and limiting the initial drop
will be carried out, using both a feed-forward and a feedback
approach. Concurrently, 3-D modeling of the MIG will be
finalized.
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