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Design of a TE,, ,, mode cylindrical cavity for MW level gyrotron
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Abstract: A cylindrical gyrotron cavity is designed and optimized with a high order mode TE,, ,_to deliver an out—

put power of megawatts level at 140 GHz. Analysis on mode competition indicates that the two adjacent modes

TE;; ,o_and TE;, |,, involve in competition and cause significant decreasing of output power of TE;, ,,.. To sup—

press the competition hysteresis loops of TE;, |,, and TE,; ,,_ with TE,, ,,_are calculated which indicates TE,, |,

can inhibit growth of the other two modes with decreasing magnetic field from its low efficiency single mode oscil—

lation zone while it turned out just the opposite with increasing magnetic field due to the earlier oscillation of the

competitors. Based on the results a multimode time-dependent calculation including 42 modes is carried out with

magnetic field dropping from 5.59 T to 5.51 T the results show that mode competition is successfully suppressed

the operation mode TE,, |,_realizes stable single mode oscillation with an output power of 0. 96 MW and an electron

efficiency of 36.7% at 140 GHz.
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Introduction

Gyrotrons can produce hundreds of kilowatts or
higher continuous-wave ( CW) power in millimeter wave
and higher frequency bands '* . They have important
applications in magnetically confined fusion such as
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plasma startup heating current driving and diagnos—
tics *® . To handle an output power of MW level the
operating mode order should be increased as high as pos—
sible to minimize the heat density on the cavity wall but
the mode competition deteriorates rapidly which restricts
the further increasing of the mode order. In gyrotrons
with cylindrical cavities which have realized MW level
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output power high order modes such as TE, ,, ’
TE ¢ ’ TE; 4 ? and TE; :

used and achieved continuous operation time of hundreds
of seconds while higher order modes such as TE,, , "

12 13
TE34 10 TE32 18

numerical calculations or short-duration experiments to
further reduce heat dissipation difficulty. However sta—
ble operation of the higher order modes is always threat—
ened by the mode competition. In the modes mentioned
above TE,, |, is a promising candidate for MW level long
Cavity designs with TE,, ,, have been
carried out with PIC simulations in Ref. 12 and with a
multimode time-dependent code named SELFT in Ref.

14 which show the TE,, |, cavity have sufficient pow—
er capacity and acceptable efficiency for long pulse gyro—
trons around 170 GHz.

In this paper a cylindrical TE;, , cavity is de-
signed with an in-house developed code GYO. We main-
ly focus on the possible competitors to the TE,, ,, mode
and try to avoid the interference in the steady operation.
A time-varying magnetic field is introduced into the start—
ing process to realize single mode stable oscillation. The
RF losses in the cavity is calculated which is far less
than the critical value. The structure of the article is or—
ganized as below: the first part briefly reviews the theo—
retical models used in GYO which consists of LN-mod-
ule for linear theoretical calculation SSC-module for sin—
gle-mode self-eonsistent theoretical calculations — and
MTC-module for multimode time-dependent theoretical
calculations. The second part presents the design of the
cavity and suppression of competition modes. In the third
part the loss power density on the cavity wall is obtained.
Conclusion will be given in the end.

have been successfully

and so on have been studied with

pulse gyrotrons.

1 Theoretical model

The theoretical models used in GYO consist of the
linear theory the nonlinear self-consistent theory and the
multimode time-dependent theory which correspond to
the LN module SSC module and MTC module. The lin—
ear theory is always used to obtain the oscillation starting
conditions and the nonlinear self-consistent theory re—
presents the stationary interaction of a single mode and
the beam which could be used to optimize the parame—
ters. The multimode time-dependent theory can include
several modes in the calculation and acquire multimode
interaction state in time domain which is helpful in a-
nalysis of mode competition.

One of the most important parameters derived from
the linear theory is the threshold current which could be
described as
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where

= [ N x,, - m? ] mn (2)
G,, = Jm + s(k,.R.) (3)
where f= |flexp( —up(z)) is field profile function @
is quality factor of the cavity Z, is wave impedance in
vacuum 7 is charge-mass ratio s is the harmonic num-
ber m — +s corresponds to the case of azimuthal co+o-
tation and counter-—rotation of the wave and the electron
B o is transverse velocity and B, is axial velocity of elec—
trons normalized by light speed ¢ respectively k£ 1is
transverse wave number R, is injection radius of the
beam A (z) is the mode detuning parameter given by
Al =21 -2 (4
Vo Yo
where w is frequency of wave and (), = eB/m, is non—rel—
ativistic cyclotron frequency of electron. The coupling co—
efficient represents the coupling strength between electron
beam and specific mode and could be described by "

Joulk, R) -

“r = () B,

Equation ( 5) indicates the strongest coupling oc—
curs at the first maximum of J,_ (%, R,) which is also
the first zero of J°,_(k R,) .

The nonlinear self-consistent theory is composed of
the adiabatic equation for electron motion and the wave
equation for the RF field profile function which can be
expressed respectively as '/
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where P =u, exp( —iA) is normalized momentum varia—
ble u, =vyv,/c is the normalized transverse momentum

B =v4/c is normalized initial axial velocity A =(w/s
-Q) 7+ w/sty, — ¢ is slow time phase variable () =
Qro/c =Qyr/voc is normalized cyclotron frequency of
the electron r, is an arbitrary radius for normalization

t, is the moment when electrons enter the cavity 7=1¢ -
ty ¢ is the polar angle of guiding center F=C, X mnf/

¢’2'""" is normalized field profile function C

{V 7, -m) J.(x,)}"
stant r, =r,/r, is normalized wave guide radius R, =
R,/r, is normahzed injection radius k,,
malized transverse wave number { = a)z/vzﬂ =w(t-1t)
is normalized z coordinate of the electron.

The multimode time-dependent theory could be de—
rived from the nonlinear self-consistent theory based on
the fact that characteristic rise time of fields in the re—
sonator is much longer than the electron transit time in
the cavity as well as the wave period which are given
by '®

mn
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and

dig, !
i +w, —w, = 2é‘oanRem"( t) (9)

where a,(t) is amplitude and ¢, is phase of the field
w, is a nearby reference frequency g, is permittivity of
free space N, (1) = iﬁrdadzf( z) ;f « J,eY/Wis the

complex slow-time-scale component of the electron-heam

* . .
is the waveguide transverse-mode vector

n

polarization e
— 2m -
function J, = j d( wyt) J,e' is the tf current density
o

J, is the transverse current density of the beam W =

L
L dz| flz) 1?. The definition of other variables in ( 8)
and (9) is the same as in (6) and (7)

script identifies the mode n.

except the sub—

2 Design of the cavity and realization of single—
mode steady operation

A simple three-segment structure including down ta—
per uniform section and up taper is adopted in the cavi—
ty. The length of the uniform section is expressed as L
and the radius of the uniform section is R;,. R, is set as
25. 45 mm according to the cutoff frequency of the
waveguide. The cavity structure and field distribution un—
der different L are shown in Fig. 1( a). The resonant
frequency and the (QHactor of the cavity are shown in
Fig. 1(b).
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Fig.1 (a) Cavity structure and field distribution (' b)

resonant frequency and ( factor of the cavity
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We choose co-rotation of the wave and the beam for
better beam-wave interaction which means the operation
mode is TE;, ,,.. With beam voltage 75 kV beam cur—
rent 35 A pitch factor 1.5 and injection radius 12. 16
mm the output power of the cavity is calculated with
SSC module the results are shown in Fig. 2. As shown
in the figure the output power rises with L but the
growth rate slows down when it reaches 16 mm. Although
longer cavity length can increase output power slightly it
will bring the risk of deterioration of mode competition
so we choose L to be 16 mm the maximum output power
could reach 1.1 MW at magnetic field of 5.52 T with an
efficiency of 41.9% .
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Fig.2 Output power versus magnetic field under dif—
ferent L calculated by SSC module
2 SSC L

Now we consider the modes which might participate
in competition with operation mode TE,, ,,. The coupling
coefficients and corresponding eigenvalues of the nearby
modes are plotted in Fig. 3( a) in which TE,, ,,, and
TE,; ;. have the coupling coefficient similar to TE,, |,..
The threshold currents of the modes are plotted in Fig. 3
(b) we can see that many of the neighbor modes have
starting current below 35 A and therefore are capable of
oscillating so the process of starting oscillation is also a
process of competition among these modes.

The MTC module is used to study the starting
process of the oscillation 13 modes thought to be most
dangerous are included according to Fig. 3( a) and fixed
static magnetic field is adopted. The results are counted
in Fig. 4(a) which shows that TE,, ,,_can only achieve
stable oscillation between 5.57 T and 5. 68 T but fails at
magnetic field between 5.44 T and 5.56 T where TE,; |,
or TE,, |, , dominates the oscillation. The results of SSC
calculation of the three modes are also given in Fig. 4
(a) which expect an output power of 1. 1 MW for
TE,, . but only 664 kW could be achieved according to
the MTC calculation due to the competition of TE,; ,_and

TE3I 11+

Fig. 4 ( b) shows the time behavior of the modes
with a fixed magnetic field of 5.55 T the initial power of
each mode is set to be 0. 1 kW. The power of TE, ;,
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Fig.3 (a) Coupling coefficient of co-rotating modes ( blue

circles) and counter—rotating modes ( red squares) together
with the eigenvalues of the modes ( black diamonds) . (' b)
Threshold current curves of co-rotating modes ( solid lines)
and counter—rotating modes ( dashed lines) whose eigenval—

ues are close to TE,,

TE,, ;. TEy . TE,, ,_and TE,, ,, grow together in
the beginning while TE,, ,,, have the maximal growth.
The output power of the other modes reaches the inflec—
tion point at about 5 ns after the output power of
TE;, |, grows to saturation all the other modes are sup-
pressed and the system is dominated by TE;, |,, the ex—
pected operation mode TE,, ,,_fails to achieve stationary
oscillation finally.

The magnetic field we use in the calculations above
is a fixed one which doesn’ t seem to achieve an effi-
cient operation state for TE,, ,,_ mode. From Fig. 4( a)
we can see that TE,, ,,_ can obtain stable oscillation at
magnetic field between 5.57 T and 5.68 T due to the
inhibition effect of the preset field on the other mode a
time-varying magnetic field which decreases after the op—
eration mode achieving stable oscillation might be helpful
to improve the efficiency. To verify the feasibility of the
method it is necessary to obtain the hysteresis curves of
TE; ,,, and TEj; . with TE;, ,,_ first. The scanning
range of the magnetic field is chosen to be 5.45 T ~5.59
T the scanning process is that the magnetic field decrea—

Fig.4 (a) Output power versus magnetic field calcu—

lated by SSC ( blue dashed lines) and MTC ( black sol—

id lines) . ('b) Output power of each mode versus time
at B=5.56 T
4 (a)SSC ( )  MTC (
) ;(b)B=5.56T

ses from 5.59 T to 5.45 T at a uniform speed in 500 ns
then maintains 5.45 T for 100 ns and then rises to 5. 59
T again in 500 ns. The calculated hysteresis loop of
TE4; o and TE,, ,,_is shown in Fig. 5(a) . As shown in
the Fig. 5(a) TE,, ,,_starts oscillation first at B =5. 59
T while TE,; ,. damps rapidly. In the process of mag—
netic field falling from 5.59 T TE,, ,_remains dominant
and its output power increases gradually and reaches the
maximum at about 5.5 T. After that the output power of
TE,, ,,_ begins to decrease as the magnetic field decrea—
ses. When the magnetic field reaches 5.485 T the dom—
inant mode is switched from TE;, ,,_to TE,; ,,.. The out—
put power of TE,, ,,_decreases rapidly while TE,; ,,_rises
to the peak. As the magnetic field continues to decrease
the power of TE,, ;,_is still rising until it reaches 5.45 T.
After the retention time of 100 ns the magnetic field be—
gins to increase TE,; |, remains dominant until the mag—
netic field increases to 5. 58 T where the oscillation mode
is switched from TE,; ,_to TE,, ,,_again. In the magnetic
field area between 5.485 T and 5.58 T both modes can
achieve steady single-mode oscillation the dominant
mode is determined by the changing direction of the mag—
netic field. Similar conclusion can also be obtained from
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the hysteresis loop between TE;, ,,, and TE,, ,,_as shown
in Fig. 5(b) . In fact the above phenomenon is caused
by the inhibition effect of the mode which obtains a cer—
tain oscillation amplitude first on the other modes. So to
realize a high-power output of TE,, ,,. we can start at ar—
bitrary magnetic field between 5.57 T and 5. 68 T where
TE,, ,,. can retain single-mode steady oscillation and
change the magnetic field to a more efficient point after
the expected mode is excited.

10° e
zsr g
1] S SN
. 10
= —TEs0
g 10°
g " R TEs 0
=] i
100 f |fid .. ]
i i
10*2_ .E 1 H e
- TR oo R I G >
548 550 552 554 556 558 5.60 5.62
B/T
10°
10°
i
10! ;
iA
E it
§ 10° ,'.' ——TE34 0. End
il
3 i =T
o H
= § '
10 i ;
ad i
¥ ;
102 i ¥iSegpart
(-).i\l'. > A emee - —
Y n n n AT, . m
10 548 550 552 554 556 5.58 5.60 5.62
B/T
(b
Fig. 5 (a) Hysteresis loop between TE,, ,_ and
TEy; . ( b) Hysteresis loop between TE,, ,,_ and
TE,, 11, . The magnetic field varies as: decreasing from

5.59 T to 5.45 T in 500 ns then maintaining 5.45 T
for 100 ns and then rising to 5.59 T again in 500 ns

5 (a) TEy . TEy 7 (b) TEy o
and TE;, ;. :
500 ns 5.59T 5.45T 5.45T
100 ns 500 ns 5.59T

The dependence of magnetic field on time we use fi—
nally is shown in Fig. 6 which also contains the corre—
sponding MTC calculation results including 42 neighbor
co—rotating and counter—rotating modes. From Fig. 6 we
can see the magnetic field maintains 5. 59 T for 5 ns
during which the output power of TE, ,,_ increases to
more than 100 kW  while most of the other modes have
negative growth rate except several modes growing with it
and reaching their inflection point at about 4 ns. After
that the magnetic field starts to decrease and the power
of TE, ,,. continues to grow. The system achieves single
mode steady operation of TE,, ,,_ at last with an output

10°
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10!

10°

Power/kW

10"

102

103

0 5 10 15 20°

Fig.6 MTC calculation results including 42 modes with
time-varying magnetic field

6 42 MTC

power of 964 kW and an efficiency of 36. 7% at magnetic
field of 5. 51 T. The mode competition is successfully
suppressed and the power of all other modes is far less
than 1 kW at the end of the calculation. The output pow—
er of TE;, ,,_is still smaller than the maximum 1.1 MW
obtained by SSC calculation which may be caused by
the influence of the other modes with small amplitudes on
the interaction between the operation mode and the
beam.

3 Ohmic wall loss

In the interaction cavity some amount of RF power
is lost due to the ohmic wall loss which would heat the
cavity and elevate the temperature of the wall. So cooling
system is needed to keep the temperature within a certain
range. To ensure feasible operation of the gyrotron a
general limitation is set for the wall loading as 2 kW /cm’
for CW operation " . The ohmic wall loss can be calcu—
lated as below *

)

dPlusS 6 1 mz
= 2](15‘ NI
(10)

dA dmuwly, —m " 2
where § = ,/2/u,wo is the skin depth g, is the permit—
tivity o is the electrical conductivity. The other parame—
ters are the same as before.

The wall loading of the cavity is calculated as in
Fig.7 the peak loss power density is about 0. 67 kW/
em’ with an output power of about 1 MW which is far
less than the critical value. It makes the heat dissipation
easier and is helpful to improve the stability and reliabili—
ty of the gyrotron.

df

dz

4  Conclusions

A cavity operating at TE,, ,,_is designed in the arti—
cle. According to the analysis of eigenvalues and cou—
pling coefficients of the neighbor modes TEs; ,. and
TE;, |,, are more dangerous to the operation mode than

the else which is verified by MTC calculations. Using
the time-varying magnetic field method the mode compe—
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