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Simulation of transverse field sweeping system for a MW-class gyrotron
with single-stage depressed collector
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Abstract: The simulation of transverse field sweeping system ( TFSS) for a 170 GHz, MW-class gyrotron with
single-stage depressed collector ( SDC) is presented in this paper. The adoption of SDC aims to recover part resid-
ual kinetic energy of spent electrons as well as to improve the total efficiency exceeding 55% . Transverse field
sweeping system is coming into use to expand the spent electron trajectory length to 1100 mm to keep the specific
heat dissipation on the collector surface within technically acceptable limits. Furthermore the modulation depth of
sweeping signal and the number of transverse coils are simulated to get an optimal result 38. 9% and 6 leading to an
acceptable peak averaged power density 117.1 W/cm®. In order to ensure the safety and feasibility in actual situa-
tion, the cooling system with axial groves for collector is also designed and the thermal and fluid analysis are car-
ried out by commercial available software ANSYS. The maximum temperature of inner and outer collector surface
are 156.09 C and 140. 35 C respectively. The range of water temperature at the inlet and outlet are 20 ~26.68 C
and 38.01 ~58.56 C respectively.
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submillimeter-wave device which can generate MW -class

Introduction long pulse even continuous wave ( CW) output pow-
) ) o er''? Nowadays, it appears in various applications in-
Gyrotron is a novel high power millimeter-wave and cluding material processing, biological imaging, and
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plasma heating for the International Thermonuclear Ex-
perimental Reactor (ITER) and so on'"?!. For ITER,
the electron cyclotron resonance heating decides the fre-
quency 170 GHz of gyrotron. This program needs
20 MW CW output power in total *'. So the output pow-
er of single gyrotron at 170 GHz must reach at least
1 MW even more. There are many research organiza-
tions coming into developing MW -class output power of
gyrotron at 170 GHz such as Japanese, Russian and Eu-
ropean groups[s’ﬂ .

The collector is a critical component of a gyrotron
which would dissipate the residual power of spent elec-
trons after interaction with RF field in cavity. High power
density tends to melt the collector wall resulting in reduc-
ing degree of vacuum in whole tube. Simultaneously,
during the operation of long pulse even continuous wave
(CW) , the high power loading may give rise to metal fa-
tigue in inner collector wall easily. The typical efficiency
of a gyrotron is 30% ~35% 781 Since the output power
of a gyrotron at 170 GHz needs to reach 1 MW at least,
the residual power is still in MW-class level with calcu-
lating efficiency above. So it’ s significant to reduce dis-
sipated power density to an accept level usually 500 W/
cm’” for OFHC or 1000 W/cm” for Glideop'®’ .

The power density is associated with total power as
well as deposition area and in direct proportion to power,
area reversely. Thus, there are two ways to achieve a-
bove goal. One is reducing total power namely using de-
pressed collector where the potential of collector is lower
than body potential to generate a decelerating electrostat-
ic field recovering electron energy longitudinally. Be-
sides, it’ s meaningful to require high efficiency for high
power gyrotron, the use of depressed collector can also
enhance the total efficiency above 50% by recovering
part kinetic energy of spent electrons. The other is in-
creasing total electron spreading areas namely using mag-
netic sweeping system including transverse field sweeping
system (TFSS) and vertical field sweeping system ( VF-
SS). The VFSS always shows upper and lower turning
points with nearly equal maximum peak power density.
The coil frequency is limited to 5 ~ 10 Hz due to eddy
current excited by high coil frequency weakening the
magnetic field penetrating. Then advanced transverse
field sweeping system ( TFSS) catches our eyes "'
The sweeping frequency of TFSS is up to 50 Hz which is
much higher than VFSS’s. The power supply for TFSS is
3-phase AC thyristor controller which is much simpler
and cheaper than VFSS’s. Above two merits make TFSS
have more promising prospectm].

In this paper, Sect. 1 presents the analysis of single-
stage depressed collector. The depressed potential 30 kV
and the calculated total efficiency exceeding 55% have
been achieved. Section 2 presents the concept of TFSS,
then analyzes the effect of the number of TF_coils and
modulation depth of sweeping signal on peak averaged
power density. Section 3 gives the thermal and fluid a-
nalysis by finite element software ANSYS.

1 Single-stage depressed collector anal-
ysis

A collector is one of most important component of

gyrotron. As axial magnetic field reducing, the gyration
radius of electron is increasing and transverse energy
convert into axial kinetic energy dissipated in collector
wall with heat. Because only transverse energy of elec-
tron beam can interact with RF field and the interaction
efficiency is relatively low, plenty of electron energy have
no contribution to RF output power and are wasted in
vain. This behavior limits the whole efficiency of high
power gyrotron as well as the power capacity of collector.
The depressed collector is capable of recovering axial e-
lectron energy with retarding electrostatic field produced
by potential difference between collector and body of
tube. For the sake of easy fabrication and cost effective-
ness, we adopt single-stage depressed collector here.

The operating parameters of electron beam are V,
=80 kV, [,
guiding center radius of 10. 1 mm in cavity. The 35% e-
lectronic efficiency has been used to calculate the beam
power after interaction with RF for a gyrotron at a fre-
quency of 170 GHz and the residual beam power is ap-
proximately 3. 64 MW. The energy distribution of spent
electron is obtained by beam-wave interaction code. The
choice of reasonable decelerating potential need to avoid
reflected electrons and recover residual energy as more as
possible.

The collector is electrically isolated from body of
tube with a high voltage ceramic insulator. The decelera-
ting potential is 30 kV, the maximum electric field
strength is supposed to satisfy vacuum constraint which
the breakdown strength is 10 kV/mm, otherwise the un-
wished pulse shortening and damaged surface may ap-
pear. The depressed collector has been simulated and
optimized by using CST Particle Studio software. The op-
timal collector radius and thickness are 400 mm and 3
mm, respectively. Figure 1 shows the equipotential lines
and electron trajectory on collector. The maximum elec-
tric field strength is 1. 12 kV/mm which is low enough to
achieve the vacuum condition. The collector efficiency 7,

and the total efficiency 5 are calculated by
P

c = ’ (1)
T’/ (] _nc)Pbcam

beam

=70 A, pitch factor « =1.3, an average

beam

7.

T (1 -mom, @
where P, is total beam power, 7, is electronic efficien-
cy equally the ratio of RF output power to total beam
power and P, is recovered power. The calculated collec-
tor efficiency is 57% with 5, 35% . Simultaneously, the
total efficiency 7 exceeding 55% has been achieved. The
dissipated power density distribution is showed in Fig. 2.
Figure 2 indicates that the spent electrons impinge inner
collector wall with a deposited area nearly 450 mm. The
maximum power density is about 482 W/cm’ within the
limit condition 500 W/cm” for OFHC copper. But the
power density distribution is inhomogeneous and the max-
imum power density is still in a high level remaining a
small safety margin, resulting in a higher requirement for
the design of collector cooling system. So we employ the
magnetic field sweeping system for collector in order to
smoothen power density distribution as well as to reduce
power density further.

beam
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Fig.1 The equipotential lines and electron trajectory
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Fig.2 The dissipated power density distribution along z
axis
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2 Simulation and analysis of TFSS

The TFSS usually consists of two or three pairs of
solenoid coils called TF_coils which are generating trans-
verse sweeping magnetic field and one solenoid coil
called VF _coil which is generating static longitudinal
magnetic field. The former is powered by AC power sup-
ply while the latter is powered by direct current power
supply. Here we employ three pairs of coils namely 6
coils which have 60 degrees phase shift between two ad-
jacent coils. That is to say the phase constant equals 0°,

60°, 120°, 180°, 240°, 300° for each coil respective-

ly"'”. Six TF _ coils generate rotating magnetic field
which would cause elliptic shape of electron trajectory
rather than circle as usual. This behavior spreads out e-
lectron deposition area and increases trace length so that
lowering the peak power density obviously. The Fig. 3
show elliptic electron trajectory clearly from different
views.

To find out the influence of number of TF_coils on
dissipated power density, we keep it constant that the
size and radial height of TF_coil to see variation of the
peak power density and spread trace length by changing
coil numbers. The simulated results are listed in table 1.

(b) LA

Fig.3 The elliptic electron trajectory
(ES I ] R 5/

Table 1 The simulated results with variation of TF _ coil
number
x1 HEBHLZERTUER
Number of TF_coil 4 5 6 7
Peak power density/W/cm? 243.68 138.57 128.73 121.56
Trace length /mm 850 930 1040 1340

722.57 578.05 481.71 412.90

Azimuthal distance /mm

From Table 1, it is seen that azimuthal distance be-
tween adjacent coils decrease with the number of TF_coil
increasing, the trace length of spent electron increase
and peak power density on collector surface decrease.
When the number of TF_coil increases from 6 to 7, the
peak power density reduces by approximately 7 W/cm”,
while the trace length of dissipated electrons increases by
nearly 300 mm, which means the influence on peak pow-
er density generated by number of TF _coil has become
weaker and weaker and results in larger collector longitu-
dinal size. Besides, thinking the condition of current
power supply for solenoid coil, it’ s feasible to choose 3
pairs of coils namely 6 coils as transverse field sweeping
system.

Other parameters of TFSS geometry are listed in Ta-
ble 2. The whole profile of TFSS is showed in Fig. 4.

Table 2 The parameters of TFSS geometry
%2 TFSS #M5H

Supplied current/
(kA-turns)

TF_coil 460 700 18
VF_coil 427 930 13.5

Radial height /mm Axial height /mm

Axial height
Radial
height
VF_coil
DC

()BT LA

Fig.4 The whole profile of TFSS
4 TFSS 454

The dissipated power density distribution is vital to
next thermal analysis and its peak value determines maxi-
mum hot temperature of collector surface. Since the sup-
plied current wave varies cyclically in time, the time-av-
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eraged power density has been employed to measure dis-
sipated power density distribution.

To calculate time-averaged power density, the in-
stantaneous power density and their corresponding
weights in time must be gotten first, then multiplying
them and getting a sum at different time. As for sweeping
signal which is saw tooth or triangular wave, the weights
are equal in any time. But sinusoidal signal has a various
rates of descent or climbing corresponding to different
weights. The variation between rates and weights are in
opposite direction which means that high rates represent
low weights and low rates represent high weights. Be-
sides the value of weights are related to samples that we
take in current cycle.

The profile of peak power density with different sam-
ples is showed in Fig. 5. When samples are close to 36 x
2° =18432, the peak power density reaches to a nearly
constant 128.7 W/cm” with an increasing percentage of
0.12% only. For samples we take above, the single in-
tegral interval is small enough namely 0. 02° for one cy-
cle 360° as showed in Fig. 6. And the whole dissipated
power density distribution on collector wall with peak
power density 128.7 W/cm” is showed in Fig. 7.
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Fig.5 The profile of peak power density with different
samples
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Fig.6 The divided intervals for one current cycle
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It’ s inevitable to give rise to some unexpected errors
in practical fabrication process due to misalignments and
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Fig. 7 The whole dissipated power density distribution on
collector wall with peak power density 128.7 W/cm’
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machining errors. The sensitivity analysis have been per-
formed about the effect of the location of TFSS on peak
power density. The simulated results are illustrated in
Fig. 8. Figure 8 (a) shows the variation of peak power
density as a function of axial deviation. The peak power
density are fluctuated in a range from 127 W/cm” to 134
W/em® with a maximum deviation of 4. 1% . As showed
in Fig. 8 (b), the peak power density increases relative-
ly quickly when radial deviation becomes larger than 3
mm. But the peak power density is no more than 135 W/
em’ with a maximum deviation less than 5% .

In order to reduce peak power density further, a
way of modulated transversal sweeping has been adopted.
The lower peak power density alleviates the limited con-
ditions of the design about water cooling system of collec-
tor, supports the stable and long time operation of gyro-
tron.

For modulated transversal sweeping, it’ s a varied
value in time that not only magnitude but also phase of
coil current. In that case, the electron trajectory has a
sweeping rotating motion on collector inner wall and
moves back and forth along the symmetric z axis at the
same time. The local hot spots will be shifted up and
down scattering to ambient area so that the peak power
density is going be reduced obviously.

We utilize the modulated signal waveform of sinu-
soid. The optimal modulated frequency 10 Hz has been
employed to simulate the influence of modulation depth
between the average and the max range of current magni-
tude on peak power density. The simulation result is
showed in Fig. 9. The larger modulation depth may result
in higher peak power density due to reducing electrons
strike areas. Finally the optimal modulation depth of
38.9% has been found with a peak power density only
117.1 W/cem® and the power density distribution is
showed in Fig. 10. This behavior enhances the collector
power density capacity by a factor of 1. 09 and 1.76 com-
pared to unmodulated transversal sweeping and SDC
without TFSS leading to a higher safety margin for collec-
tor of gyrotron.

The table 3 gives a comparison between this
schemes and other existing schemes from several aspects
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Fig.8 (a) The peak power density as a function of axial
deviation, and (b) radial deviation
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SO NCIEINES S SN R

including operating frequency, collector dissipated pow-
er, adopted schemes and peak power density'""*/. The
schemes 1 operates in lower values both in operating fre-
quency and collector dissipated power. The peak power
density is 130 W/cm® with TFSS only. The schemes 2
employs VFSS with peak power density above 400
W/cm’. Furthermore, the power supply for VFSS is
much more complex and expensive than TFSS’s. This
schemes adopt the same techniques with the schemes 3.
Nevertheless, the collector dissipated power and peak
power density are nearly twice and quarter respectively
compared to schemes 3. The lower power density guaran-
tees higher operating safety margin as well as enhances
power capacity of collector to a large extent. At the same

0
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Fig. 10 The power density distribution with modula-
tion depth of 38.9%
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time, it also offers the possibility of higher RF power out-
put for single gyrotron at 170 GHz.

Table 3 The comparison between this schemes and other ex-
isting schemes

x3 AXMHEMABFHRMOLE

Operating Collector dissipated Peak power density
~ Adopted schemes )
frequency/GHz power/ MW /(W/em®)
Schemes 1 94 0.1 TFSS 130
Schemes 2 170 4.2 VFSS 430
Schemes 3 170 1.5 TFSS, Modulation 435
This schemes 170 3.6 TFSS, Modulation 117

3 Thermal and fluid analysis

The thermal analysis of collector is necessary to en-
sure the safety and feasibility in actual situation. The e-
normous heat generated by dissipated power transfer from
inner surface to outer surface of collector wall by conduc-
tion and then are absorbed by coolant due to convection
motion. The influence of heat radiation is neglected in
this case. The oxygen free high conductivity ( OFHC)
copper is used as collector material and deionized water
is used as coolant. The non-uniform power density distri-
bution are loaded on inner collector wall as heat flux in
commercial available software ANSYS for more accurate
simulations.

The design of collector cooling system with axial
grooves has been taken into account which has a capabil-
ity of reducing the temperature of collector wall at some
extent for more interface with coolant compared to the
surface without grooves. The single groove geometry is
showed in Fig. 11. The parameters of groove geometry
are groove width 5°, groove height 5 mm, groove number
45, the corresponding hydraulic diameter is 8. 8§ mm.
Furthermore, the water flow rate is 900 I./min, the ini-
tial water temperature is 20°C. The contour plot of tem-
perature distribution on collector with/without TFSS are
showed in Fig. 12(a-b). A comparison is summarized in
Table 4. The maximum temperature of collector inner or
outer surface without TFSS exceed two times higher than
those with TFSS, as well as the constrained temperature
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300°C for collector material.
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Fig. 11  The structure of single groove
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Table 4 The temperature distribution on collector with TFSS
and without TFSS
x4 RAETRRA TFSS S AKERRED

Power density/

Collector inner Collector outer

(W/em?) surface/C surface/C
With TFSS n,, 173,07, 159.02,,,,
Without TFSS 482 452.27 406.59

max max max

This high temperature value gives a serious result
which plenty of copper molecule have been evapotrans-
pired to high voltage ceramic insulator. So the insulating
property has been deteriorated between collector and
body of tube leading to a bad performance for gyrotron.
This comparison implies that the implement of TFSS is
indispensable to make sure high effective and stable op-
eration of tube. It is also showed in Fig. 13 that the pro-
file of temperature distribution of collector inner wall a-
long z axis corresponding to Fig. 12 (a). The profile has
a great agreement with dissipated power density distribu-
tion in Fig. 10. There are two peak values positioned in
approximately 200 mm and 500 mm from original point.

Besides the effect of water flow rate is also studied
with identical groove geometry above. The result is ob-
tained in Fig. 14 and corresponding simulated calculating
results for heat transfer coefficient and Reynolds number
are showed in Fig. 15.

With the increase of water flow rate, the maximum
temperature of inner or outer collector wall reduce gradu-
ally whereas the heat transfer coefficient and Reynolds
number increase. And when water flow rate becomes
higher than 600 L/min, the declining rate of maximum
temperature becomes lower and lower. The heat transfer
coefficient alpha o and Reynolds number Re are deter-

mined by following two equations
0.8

v

a =8B Do , (3)
where B is a constant determined by the physical charac-
teristics of coolant. , v is the velocity of water and the D,
is the hydraulic diameter'”’. Since the geometry of
groove remains constant, the hydraulic diameter has no
change and alpha will increase with the increase of water
flow rate. The heat transfer coefficient o characterizes
the capability of transferring heat from solid to fluid.
Thus the higher alpha means more heat in collector wall
will be absorbed by the coolant deionized water and of
course the maximum temperature of inner or outer collec-
tor surface become lower.

v D,
R, = ’ (4)

e )

v
where v is the kinematic viscosity of the fluid "', As the
geometry of groove and the characteristics of coolant re-

1.73e+02

9.66e+01
8.90e+01

Fig. 12 The contour plot of temperature distribution on
collector (a) with TESS, (b) without TFSS
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Fig. 13 The profile of temperature distribution of
collector inner wall along z axis
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main constant, the D, and v have no change. So the
Reynolds number R, is in direct proportion to the water
flow rate. Finally, we take water flow rate 1100 L/min
namely the water velocity 2.3 m/s for each groove as the
optimal value within the experimental tolerance lim-
it'™"") In this case, the alpha is 6000 W/m” + °C and
the R, is 20062 which means the coolant DI water is tur-
bulent flow so the capability of transferring heat is in the
highest level among three kinds of liquid conditions,
laminar, transient and turbulent. The temperature distri-
bution of collector cooling system is listed in Table 5. The
maximum temperature of collector surface and outer water
are lower than safety limit 300°C and 70°C , respectively.
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Table 5 The temperature distribution of collector cooling
system
RS WERRAREHNEEST

Collector inner surface Collector Outer surface Inlet water Outlet water

156.09,, . 140.35,,  20~26.68 38 ~58.56

Temperature/C

4 Conclusion

The single-stage depressed collector enhances the
total efficiency of tube exceeding 55% . The transverse
field sweeping system spreads out spent electron trajecto-
ry length from 450 mm to 1 100 mm. Thus, the peak
power density reduces to 128. 7 W/cm® from 482 W/
em’. As the supplied current of TFSS was modulated by
10 Hz sinusoid wave, the peak power density reduces to
117.1 W/cem® with the modulation depth of 38.9% fur-
ther. The number of TF_coils has been chosen to 6 ac-
cording to peak power density and the feasibility of power
supply. The thermal and fluid analysis are carried out by
ANSYS code. The simulated results show that the maxi-
mum temperature of inner and outer collector wall are
156.09°C and 140.35°C respectively with groove number
45, groove width 3°, water flow rate 1 100 L/min. The
implementation of SDC and TFSS confirm the increase of
total efficiency and the reduction of power density. These
results bring specific guidance for the development of a
MW -class gyrotron.
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