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ARTICLE INFO ABSTRACT

Keywords: The Short-Pulse (SP) ExB Multistage Depressed Collector (MDC) prototype developed and built at Karlsruhe
Collector Institute of Technology (KIT) is theoretically investigated for its robustness to manufacturing tolerances and
Electron cyclotron resonance heating non-optimized gyrotron operating scenarios. The tolerance analysis is done based on a parametric definition
Gyrotron

of the collector electrodes for the optimized gyrotron operation with the KIT 2MW 170 GHz coaxial-cavity
gyrotron. The six most dominant geometrical parameters are considered. The prototype design is then adapted
to 5 different gyrotron configurations and operation modes, which include the Wendelstein 7-X (W7-X)
Upgrade SP gyrotron for 140 GHz and 105GHz operation, as well as the coaxial-cavity gyrotron in multi-
frequency operation at 136 GHz and 204 GHz (in addition to the nominal operation at 170 GHz) and operation
at the second harmonic at 170 GHz. The necessary modifications to the mechanical adaption, the magnetic
configuration and electrode potentials are highlighted for promising MDC operation in all cases.

1. Introduction direct output of the remaining energy at the point of electron-boundary
interaction is used to calculate the collector efficiency.
The demand for new fusion reactors continues to grow, as does the

flexibility of their design parameters. Common to the various concepts 2. Tolerance analysis of the parametric collector electrodes

is the need to maximize the efficiency of the plasma heating systems in
order to generate more net power. One of these systems is the Electron
Cyclotron Resonance Heating (ECRH) with the gyrotron as its core
component. To increase the efficiency with gyrotrons, work started
several years ago on the realization of an Multistage Depressed Col-
lector (MDC). For this type of collector, a new technology is needed to
separate the electrons based on their kinetic energy, despite their strong
confinement to the magnetic field lines. The ExB drift concept [1-5]
is the most promising concept for the separation of electrons based on

The tolerance analysis of the SP MDC prototype geometry is divided
into the parametric definition of the geometry in Section 2.1, the
tolerance analysis by itself in Section 2.2 and the optimization of the
voltage operation point in Section 2.3.

2.1. Parametric definition of the collector electrodes

their kinetic energy and is already experimentally verified at Peter the The first step in the tolerance analysis of the SP MDC prototype is a
Great St. Petersburg Polytechnic University (SPbPU) for a 100 kW-class parametric representation of the helical surface. The helical surface of
gyrotron [6]. the first electrode is defined as

At Karlsruhe Institute of Technology (KIT), a prototype MDC was x(tt, 0) = (R + e - 1) - SN - Opegix)
developed and built with a cylindrical structure and a helical insulation

cut [7-10]. This Short-Pulse (SP) prototype collector is used in this Y, 0) = (R + et - ) - €OS(0 - Gperix) M
work to demonstrate the robustness of the design with an in-depth 2(v) = Zggp + (Ppxp = Anelix) - U

tolerance analysis in Section 2. In addition, the same design optimized in a Cartesian coordinate system with the basis vectors x, y and z.
for the KIT 2MW 170 GHz coaxial-cavity gyrotron is adapted to vari- Parameters under investigation are the inner electrode radius R, the
ous other gyrotrons and the expected performance is demonstrated in depth of the helical surface in radial dimension d,;;, and the azimuthal

Section 3. The commercial simulation tool CST Studio Suite (CST) is

coverage angle of the helical surface 6. The initial axial position of
used to simulate the trajectories of the spent electron beam, and the
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the EXB region zp,p, the height of the ExB region Ay, and the height
of the helical gap hy,;, are required for the parameterization of the
axial z coordinate of the helical surface. The axial distance between the
helical surface of the first and second electrode is equal to Ay;,. The
range for the surface parameters « and v is set to [0, 1]. The azimuthal
coverage angle of the helical surface is defined as

2

ahc]ix = ? +0,

over gstraighl (2)

with the azimuthal overlap angle of the helical surface 6., due to the
extension of the helix and the azimuthal coverage angle of the straight
Cut Bypyipne- The division of the complete circular angle of 2z by 3 is
done for a collector design with a three-fold helix as it is described in
the Refs. [7-10]. The initial electron beam radius in the ExXB region
is set to 98 mm, primarily as a compromise in the required magnetic
field, and an acceptable size of the collector electrodes and coils. The
magnetic field profile in the ExB region is, according to the desired
electron beam radius, constant for the design optimization of the
prototype. The electron beam radius at the entrance of the ExB region
must be at the nominal design value. Hence, zp.z is constant for a
constant magnetic field profile. The helical depth d,;, is not important
for electrical performance. However, it must be ensured that the slow
electrons are collected on it and do not escape the helical gap. The
last parameter for the parametric definition of the SP MDC prototype,
which is not included in Eq. (1), is the height of the bottom straight
cut Ag,,ion - All parameters of the geometric study are shown graphical
in Fig. 1.

2.2. Tolerance analysis

The design of the SP MDC prototype is achieved with empirical
optimization due to the high degree of freedom. However, a systematic
parametric investigation of the geometry based on Eq. (1) is per-
formed for validation of the design decisions and tolerance analysis
of individual parameters. For simplification of the analysis, only a
single parameter is changed at a time with all other parameters at
their nominal value. The voltage operating point of the collector is
considered constant for the parametric analysis and is based on a
theoretical analysis of the spent electron beam. The goal is a maximum
ExXB drift, thus potential difference between the electrodes, while
the theoretical collector efficiency is at approximately 80%, based on
the kinetic energy spectrum of the spent electron beam. The closest
voltage tabs of the Power Supply Unit (PSU) at the KIT Fusion Long
Pulse Gyrotron Laboratory (FULGOR) test-stand [11] to meet those
requirements, while the gyrotron body is at ground potential, are
11.25kV and 46.125kV for the first and second electrode, respectively.
A depression potential of the first electrode close to the kinetic energy
of the slowest electron could introduce two limitations, one related to
the voltage depression of the electron beam and the other related to a
reduced potential difference between both electrodes.

The results of the parametric investigation are shown in Fig. 2
with values for the collector efficiency and the reflected current. The
collector efficiency 7., is defined with the power of the decelerated
electrons when they intersect with a boundary P,.. and the power of
the spent electron beam after interaction Py, to

Heol =1 — 55— . 3

Sbeam

The reflected current is a result of the parasitic behavior of the straight
connection of the two helical ends and should be kept to a minimum.
Reflected electrons are most likely to return to the cavity where they
could gain energy from the electromagnetic wave [12], are reflected
again, and are collected at a collector electrode. However, the interac-
tion might be disturbed or parts of the gyrotron might be bombarded
for which they are not intended. The reflected current presented in this
paper is recorded in the lower launcher region at the boundary of the
simulation, as the simulations do not include cavity interactions.
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(b) 3D view

Fig. 1. Graphical representation of the parametric definition.

In case of the height of the ExB region hg as shown in Fig. 2(a),
both, the collector efficiency and the reflected current are increased
with reduced height of the ExB region. For hgz a compromise is
chosen for which the reflected current is acceptable, and the collector
efficiency is at an optimum level. This last parameter depends on the
voltage operating point of the collector, more specifically, on the dif-
ference in the voltages between both electrodes. However, the voltage
operating point is considered constant and is investigated in Section 2.3
for the final design.

In case of the inner electrode radius R, as shown in Fig. 2(b), the
reflected current increases quickly for a radius larger than the nominal
value. For smaller electrode radii, the collector efficiency is decreased,
and the sensitivity to misalignment and Stray Magnetic Field (SMF) is
increased. This parameter is strongly influenced by the electron beam
radius in the ExB region.

In case of the height of the helical gap Ay, as shown in Fig.
2(c), the opposite behavior as for hg,y is observed. A compromise is
chosen to limit the reflected current and still achieve an acceptable
collector efficiency. On one hand, a minimum distance between both
electrodes is required to limit the electric field and to prevent arcing
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Fig. 2. Parametric analysis for the SP MDC prototype with nominal values marked by
gray lines. (a) Variation of the height of the ExB region hg, (b) the inner electrode
radius R, (c) the height of the helical gap h,;,, (d) the height of the bottom straight cut
hyraigni» (€) the azimuthal overlap angle of the helical surface 6,,., and (f) the azimuthal
coverage angle of the straight cut 6,

over

straight *

during operation. On the other hand, sufficient strength of the electric
field is desired to collect the electrons at fixed positions and prevent
escaping of (secondary) electrons to the outside.

The height of the bottom straight cut Ag,;en is one of two param-
eters presented here which are introduced together with the helical
extension. The influence of Ay, ON the performance of the MDC
is shown in Fig. 2(d). It can be seen that the reflected current is
minimized without a significant influence to the collector efficiency.
The azimuthal overlap angle of the helical surface 6, as shown in
Fig. 2(e) is the second parameter which is introduced together with
the helical extension. Here, a minimization of the reflected current
is observed. However, a larger influence on the collector efficiency
exists. The influence to the collector efficiency and rising reflected
current with increased azimuthal overlap angle is a result of the single
parameter observation. With increased overlap, the overall helical slope
is decreased, resulting in a similar behavior as a reduced height of the
EXB region.

In case of the azimuthal coverage angle of the straight cut Og4ign
as shown in Fig. 2(f), a compromise between a low reflected current
and high collector efficiency is chosen. In summary, all geometrical
parameters are set to a compromise and show a wide resilience against
geometrical tolerances. Manufacturing tolerances in the range of mm
are uncritical. It can be concluded that all parameters studied are not
sensitive to the collector performance and a variation of mm up to cm is
acceptable for prototype operation. The most sensitive parameter is the
inner electrode radius R which can be compensated with the electron
beam radius in the ExB region by modification of the magnetic field
in the collector.
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Fig. 3. Analysis of voltage operating point of the optimized MDC prototype geometry.
(a) Magnetic field line of the beam center in the ExB region. (b) Simulated collector
efficiency with nominal voltage operating point.

2.3. Optimization of the operation point

After parametric analysis of the MDC prototype, an investigation
of the different voltage operating points for the fixed geometry is
performed. The expected collector efficiency and reflected current are
subject to change if the depression potentials are varied. The collector
potentials and magnetic field in the collector can be changed during ex-
periments. The magnetic field line of the beam center in the ExB region
as shown in Fig. 3(a) is used for the analysis of the collector potentials
with the results shown in Fig. 3(b). The range of the axial position of the
bottom helix is between O mm to 580 mm, while it is between 40 mm
to 620 mm for the upper helix. The collector efficiency is represented
by equipotential lines while the reflected current is represented with
an overlay of a few equipotential lines and shadows. The region below
a reflected current of 50mA is considered safe for operation, while a
reflected current above 200 mA should be avoided. The nominal voltage
operating point with depression potentials of 11.25kV and 46.125kV is
not optimal. A slight adjustment of the potentials to 13.5kV and 45kV
could be considered to increase the collector efficiency to 78.8% and
decrease the reflected current to 51 mA. However, it should be noted
that the difference in the voltages between both electrodes and with it
the strength of the ExB drift is decreased by around 10% by using the
more optimal voltage operating point.

3. Adaption of the SP MDC to different gyrotrons

The modular structure of the SP MDC prototype is a promising
concept for future modifications of individual subcomponents without
the need for reproduction of the complete MDC. Another benefit of the
modular design is the adaptability of the MDC to a variety of different
gyrotrons that are operated at various frequencies. With increased
flexibility of the MDC, an earlier experimental campaign is feasible
in case of unavailability of the optimized equipment as other non-
optimized components like gyrotrons or magnets can be used for an
enlargement of the possible experimental setups.

The flexibility and robustness of the MDC is demonstrated through
its adaptation from the KIT 2MW 170 GHz coaxial-cavity gyrotron to
the Wendelstein 7-X (W7-X) Upgrade SP gyrotron for 140 GHz opera-
tion in the designated 5.6 T Super Conducting (SC) magnet. However,
it is also compatible with 105GHz operation of the W7-X Upgrade
SP gyrotron in a 4.2T SC magnet, and multi-frequency operation as
well as at different harmonics with the KIT 2MW 170 GHz coaxial-
cavity gyrotron. All operation scenarios which are investigated in this
work are listed in Table 1 and are described in detail in the following
subsections.
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Table 1
Operation possibilities of the SP MDC prototype on different gyrotrons.
Gyrotron with Operation Magnet Magnet Collector Total Lower Middle Upper
Sec. nominal frg enc nominal applied beam coil coil coil coil
frequency q y field field radius current current current current
2.3 261(\)/Ia‘:(viall7c(z)n?ilt{yz 170 GHz 10T 69T 98 mm 30KkA -t 7.4KkA -t 7.4KkA -t 15.2KkA - t
98 mm 24KA - t 5.6kA -t 6.7kA -t 11.4kA - t
31 IOMWI40GHZ 056, 42T 42T
W7-X 100 mm 22KkA -t 5.1KkA -t 5.8kA -t 11.4KkA - t
1.5MW 1 H
3.2 s VV\\IW ;‘(OG % 140GHz 5.6T 5.6T 100 mm 22KkA -t 3.5kA -t 6.0kA -t 12.2kA -t
3.3 izﬂa‘)/(\liallizwilt{yz 136 GHz 10T 5.5T 98 mm 27kA - t 7.5kA -t 6.2KkA - t 13.4KkA - t
2MW 1 H.
3.4 coa‘)/(vialz:(;\(/}ityz 204 GHz 10T 8.3T 98 mm 34KkA -t 7.8kA -t 8.6kA -t 17.5kA - t
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Fig. 5. Optimization of the SP MDC operation with the W7-X Upgrade gyrotron at
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Fig. 4. Adaption of the SP MDC to the W7-X Upgrade SP gyrotron operated in a
4.2T magnet. (a) Kinetic energy spectrum of the spent electron beam. (b) Theoretical
collector efficiency based on the kinetic energy distribution. (c) Magnetic field line of
the beam center in the ExB region. (d) Simulated collector efficiency.

3.1. Operation of the W7-X SP pre-prototype at 105 GHz

One possibility of SP MDC prototype operation is the adaption to
the 1.5MW 140 GHz W7-X SP pre-prototype gyrotron operated in a
4.2T SC magnet at a frequency of 105 GHz. The mechanical adaption
is possible with a second version of the lower assembly with matching
dimensions to the mirror-box, as shown in Ref. [10]. Due to the avail-
ability of other suitable magnets, we decided to use this non-optimized
mode because it is the first possibility at KIT for MDC verification
with a MW-class gyrotron. The operation of the W7-X gyrotron in the
4.2T magnet is possible however, the operation mode is limited to
co-rotating modes with a magnetic field in the positive z-direction.
Counter-rotating modes (against the electron rotation) with the same
direction of the magnetic field are not possible due to the launcher

the electrons at azimuthal position of the straight gap. An operating
point with a less optimized co-rotating mode is chosen therefore to
achieve a spread in the kinetic energy distribution of the spent electron
beam for MDC experiments, which is shown in Fig. 4(a).

Based on the kinetic energy distribution an analytic investigation is
carried out to calculate the maximum collector efficiency at a range of
depression potentials applied to both electrodes. The result is shown
in Fig. 4(b). In the investigation, reflected currents are neglected, and
all electrons are collected with the least kinetic energy remaining.
In the regime of a low depression potential of the second electrode,
where no electrons are collected at the first electrode, the collector
efficiency is not influenced by the potential of the first electrode. As the
potential of the second electrode increases, a larger number of electrons
is collected at the first electrode. Consequently, the collector efficiency
is also influenced by the depression potential of the first stage.

A beam radius in the ExB region of 98 mm is considered for
operation with the W7-X pre-prototype, which is identical to the KIT
2MW 170 GHz coaxial-cavity gyrotron. The adjusted center line of the
beam is shown in Fig. 4(c) and is achieved with the coil currents
listed in Table 1. It should be mentioned that a flat beam line as
for the nominal case is not achievable with the fixed coil geometry
and magnetic field profile of the 4.2T magnet. The simulated results
with a 98 mm beam radius are shown in Fig. 4(d). Unfortunately,
the majority of collector voltage operating points show a reflected
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Fig. 6. Adaption of the SP MDC to the W7-X Upgrade SP gyrotron operated at the
nominal frequency of 140GHz. (a) Kinetic energy spectrum of the spent electron
beam. (b) Theoretical collector efficiency based on the kinetic energy distribution. (c)
Magnetic field line of the beam center in the EXB region. (d) Simulated collector
efficiency.

current above 50 mA and a significant amount reach a reflected current
above 200 mA. The expected collector efficiency is limited, as the most
promising voltage operating points are probably not achievable in
operation. Hence, the operation of the SP MDC with this magnetic field
profile is not beneficial and must be optimized.

In order to optimize the magnetic field profile in the collector, it is
essential to identify the limiting factor of the previous profile. A fixed
potential of the second electrode at a level where the potential of the
first electrode does influence the collector efficiency, as indicated by
the value of 34KkV, results in an increase in reflected current with the
depression potential on the first electrode. In other words, the reflected
current is reduced with an increased potential difference between both
electrodes. For the case of mechanical optimization, a few options are
possible to counteract the weak performance with an increase in the
strength of the ExB drift. However, for electromagnetic optimization,
a simple increase in the beam radius solves the issue. The improved
magnetic field profile is adjusted to a beam radius of 100 mm, an
increase of 2mm to the nominal operation. The adjusted beam center
line from Fig. 5(a) is achieved with the coil currents listed in Table 1.
The results with significantly reduced reflected current are shown in
Fig. 5(b). Collector efficiencies of 70% to 71.5% are achievable with
maximum reflected currents between 50 mA up to 100 mA.

3.2. Operation of the W7-X SP pre-prototype at 140 GHz

The operation of the SP MDC in the W7-X Upgrade SP gyrotron
at the nominal frequency of 140 GHz [13-15] is another possibility
for MDC experiments at KIT. The gyrotron offers a microwave output
power of 1.5MW with a hollow cavity design and dense kinetic en-
ergy spectrum of the spent electron beam as shown in Fig. 6(a). The
theoretically calculated collector efficiency based on the kinetic energy
spectrum is at high levels for a two stage MDC design as shown in Fig.
6(b). The mechanical adaption of the MDC is identical to Section 3.1.
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The critical aspect of adaption of the MDC prototype to the W7-X
Upgrade SP gyrotron is the magnetic field profile in the ExB region due
to the faster diverging magnetic field lines of the different magnet and
fixed positions of the additional collector coils. A beam center radius
of 100 mm is chosen for this investigation as the reflected current of
the collector is increased with a beam radius of 98 mm, similar to the
operation at 105 GHz. The adjusted beam center line from Fig. 6(c) is
achieved with the coil currents listed in Table 1. The simulated collector
efficiencies for a variety of collector potentials are shown in Fig. 6(d). A
collector efficiency of up to 77% is achievable with a reflected current
below 50 mA, while a collector efficiency of 80% is achievable with a
reflected current under 150 mA.

3.3. Operation in a coaxial-cavity setup at 136 GHz

The KIT 2MW 170GHz coaxial-cavity gyrotron was studied in
the past for extension to multi-frequency operation [16]. One of the
considered frequencies is 136 GHz with the Transverse Electric TEyg |5
mode which is co-rotating with the magnetic field in the positive axial
direction. A switch to counter-rotating modes with a magnetic field in
the negative axial direction is not possible with the fixed geometry
of the SP MDC as described earlier and counter-rotating modes with
a magnetic field in the positive axial direction would require a new
launcher geometry. The advantages of a multi-frequency gyrotron is on
one hand the universal application to different kinds of fusion machines
and on the other hand, a possibility to modify the heating position in
the plasma without moving parts.

Operation of the multi-frequency coaxial-cavity gyrotron at 136 GHz
is foreseen in the 10 T SC magnet at KIT in the FULGOR test-stand. No
mechanical adaption of the MDC is required due to operation with the
nominal gyrotron and magnet. The kinetic energy distribution of the
spent electron beam is shown in Fig. 7(a) and the theoretical maximum
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Fig. 8. Adaption of the SP MDC to the 204 GHz coaxial cavity multi-frequency gyrotron
operated in the 10T magnet at KIT. (a) Kinetic energy spectrum of the spent electron
beam. (b) Theoretical collector efficiency based on the kinetic energy distribution. (c)
Magnetic field line of the beam center in the EXB region. (d) Simulated collector
efficiency.

collector efficiency is shown in Fig. 7(b). The spread in the kinetic
energy distribution is higher compared to the nominal operation at
170 GHz and is a limiting factor in the maximum achievable collector
efficiency. The identical beam radius of 98 mm as for the nominal
operation was chosen for operation at 136 GHz with the beam center
line shown in Fig. 7(c). A close match of the beam line to the nominal
operation was achieved due to the identical gyrotron magnet which
is just operated with different currents. The coil currents are listed in
Table 1.

The simulated collector efficiencies for a variety of collector po-
tentials are shown in Fig. 7(d). A collector efficiency of up to 73%
is achievable with a reflected current below 50 mA, while a collec-
tor efficiency over 77% is achievable with a reflected current below
150 mA.

3.4. Operation in a coaxial-cavity setup at 204 GHz

Similar to the operation of the KIT 2MW 170 GHz coaxial-cavity
gyrotron at 136 GHz multi-frequency operation was studied with exten-
sion to 204 GHz [16]. The co-rotating TE,, ; mode was chosen as prime
candidate for 204 GHz operation of the coaxial-cavity gyrotron due to
similar relative caustic radius of the mode compared to the nominal
TE;4 19 mode. Operation is also foreseen in the 10 T SC magnet at KIT
in the FULGOR test-stand, which eliminates the need for mechanical
adaptation. A major difference of this operation point compared to the
other cases are the characteristics of the spent electron beam kinetic
energy spectrum as shown in Fig. 8(a). The spectrum is widely spread
and has a high probability of the slowest electrons in contrast to the
reduced probability of the slowest electrons in other gyrotrons. Such
an energy spectrum would require high collector depression potentials
in order to achieve a high collector efficiency as shown in Fig. 8(b).
However, when both collector potentials of a two-stage collector are
close to each other, the strength of the ExB drift is reduced.
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A close match of the beam center line to the nominal operation
was achieved due to the identical gyrotron magnet as shown in Fig.
8(c). However, due to the increased magnetic field in the cavity, a
higher magnetic field must be also applied in the Ex B region to achieve
the desired beam radius of 98 mm, again reducing the strength of the
ExB drift. The coil currents are listed in Table 1 and are significantly
higher compared to the other gyrotrons presented in this work.

Despite the limitations of the kinetic energy spectrum and the
increased magnetic field in the ExB region, a collector efficiency of
77% is achievable with a reflected current below 50mA and is not
significantly improved if a higher reflected current is acceptable. All
simulated voltage operating points are shown in Fig. 8(d). It can be
seen that the most optimum operation points cannot be used with the
existing MDC design, due to not strong enough ExB drift as expected
from the theoretical investigation. The electron beam radius in the
ExB region could be increased to increase the depression potential
of the first electrode without affecting the reflected current, however,
the expected improvement is not high when the theoretical maximum
collector efficiency in Fig. 8(b) is considered.

3.5. Operation at higher cyclotron harmonics at 170 GHz

Operation of a vacuum electron tube at the second harmonic of the
electron cyclotron resonance frequency is a possibility for reduction
of the required magnetic field in the cavity. Until now, high power
MW-class gyrotrons are operated at a fundamental mode however,
investigations are currently ongoing for a gyrotron operated at the
second harmonic with at least 1 MW output power at a frequency
above 100 GHz [17-19]. The most significant disadvantage of gyrotron
operation at a harmonic mode is a decreased interaction efficiency
between the electron beam and the microwave. In order to compensate
for this disadvantage, the utilization of an MDC is key to boost the
overall tube efficiency to competitive values in comparison to gyrotrons
operated at the fundamental frequency.

Mint * "IRF
Motal = 1= (1= ) - flegy . @

As an example, based on Eq. (4) with an efficiency of the Quasi-
Optical (QO) system of 7z = 90% and a collector efficiency of 5., =
80%, a total gyrotron efficiency of #,,, = 50% is achieved with an
interaction efficiency of only #;,,, = 20%. Considering an increased
interaction efficiency close to n;,, = 25%, the total gyrotron efficiency
would be at 7, = 56%.

At KIT it is currently studied to operate the 2 MW 170 GHz coaxial-
cavity SP pre-prototype with slight modifications in the 6.87T SC
magnet at half magnetic field at 170 GHz. Gyrotron operation in the
6.87 T SC magnet is at the moment not foreseen in the FULGOR test-
stand due to the cryogenic operation, which would be required for
MDC implementation. However, from a physical point of view, there
is no limitation, this operation point is the most up-to-date and most
promising so far, and no mechanical adaptation of the MDC is required.

The kinetic energy distribution of the spent electron beam is shown
in Fig. 9(a) and the theoretical maximum collector efficiency is shown
in Fig. 9(b). The minimum kinetic energy is much higher compared
to the other gyrotrons shown in this work due to an increased accel-
eration potential and decreased interaction efficiency which results in
increased collector efficiencies compared to fundamental gyrotrons. A
beam radius of 99 mm is chosen for the first investigation with the beam
line shown in Fig. 9(c). The adjusted beam center line is achieved with
the coil currents listed in Table 1.

In simulation, collector efficiencies of up to 85% are achieved with
low reflected currents below 50 mA which is close to the theoretical
maximum. The results are shown in Fig. 9(d). With reduced magnetic
field in harmonic gyrotron operation a different MDC behavior is
observed at high potential differences between both electrodes above
30kV. At such operation points, the ExB drift is too strong and fast
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Fig. 9. Adaption of the SP MDC to the 170GHz coaxial cavity gyrotron operated
in the 6.87T magnet at KIT at the 2nd harmonic. (a) Kinetic energy spectrum of
the spent electron beam. (b) Theoretical collector efficiency based on the kinetic
energy distribution. (c) Magnetic field line of the beam center in the ExB region.
(d) Simulated collector efficiency for different voltage operating points with different
limits for reflected current.

electrons (with kinetic energies above the deceleration potential of
the second electrode) are collected at the first electrode with sig-
nificant remaining energy, thus reducing the collector efficiency and
significantly increasing the current collected by the first electrode.
In order to operate the SP MDC prototype at such voltage operating
points a decreased beam radius could be used with the disadvantage
of increased levels of reflected current for the high efficiency operation
points.

4. Conclusion

The tolerance analysis of the SP ExB MDC prototype developed
and built at KIT shows a robust behavior of the MDC to geometrical
variations of mm up to cm with still acceptable operation performance.
Even after optimization to a specific voltage operating point, a slight
adjustment of the depression potentials can improve the performance
of the MDC on the KIT 2MW 170 GHz coaxial-cavity gyrotron. For
all other gyrotrons studied in this paper, it is possible to operate the
SP MDC prototype with adjustments in the current of the additional
collector coils and the depression potentials of both collector stages in
a wide range of voltage operating points.
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