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Abstract: Some key issues associated with the interaction efficiency of a harmonic gyrotron oscillator operating in the
millimeter wave regions were studied. Operating at the third-harmonic, the required magnetic field was reduced to
1.185 T for a 94 GHz gyrotron oscillator, which makes it possible to replace the superconducting magnet by a perma-
nent magnet. A self-consistent code and a particle-in-cell( PIC) software were used to investigate the harmonic beam-
wave interaction. The interplay between the cavity quality factor and interaction efficiency was revealed, and the de-
pendence of both beam voltage and electron beam pitch factor on the coupling coefficient was also studied. Through
carefully choosing operating mode, optimizing system parameters, and using linearly increased axial magnetic field,
the output power of 95 kW and efficiency of 19. 7% was achieved under accelerating voltage of 40 kV, beam current
of 12 A, and transverse velocity spread of 3% . The efficiency can be further increased to 39. 2% by utilizing a single
stage depressed collector( SDC) .
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Introduction

A gyrotron is a fast-wave device based on the e-
lectron cyclotron maser( ECM) instability, which is ca-
pable of delivering high-power radiation in the millime-

ter to terahertz wave regions“'?’]

. At present, gyrotrons
have been widely applied in the fields of electron cy-
clotron resonance heating( ECRH) , electron cyclotron
current drive (ECCD ), dynamic nuclear polarization
enhanced nuclear magnetic resonance ( DNP-NMR ) ,
plasma diagnosis, weather monitoring, ceramic sinte-
ring, high-resolution radar, and so on**'.

The ECM principle brings a gyrotron with capabil-
ity of generating strong radiation than normal vacuum
electron devices( VEDs) in the same frequency ranges,
and the required magnetic field strength approximately
proportional to the radiation frequency, which means a
superconducting magnet is unavoidable for a fundamen-
tal harmonic millimeter-wave gyrotron. In order to re-
duce the operating magnetic field strength in a gyro-
tron, the sth cyclotron harmonic operation was pro-
posed, which reduce the magnetic field to 1/s of the
fundamental scheme. Harmonic gyrotron experiments
have been carried out all over the world to explore the
advantage of low operating magnetic field. In Russia,
several harmonic gyrotron experiments in THz range
have been successfully carried out, including a
1.00 THz third-harmonic gyrotron oscillator'® , a

71 and

0. 258 THz second-harmonic gyrotron oscillator
a 0.4 THz third-harmonic gyrotron oscillator'®’. In Ja-
pan, a second-harmonic THz gyrotron oscillator was
fabricated at University of Fukui (FU), the measured
output frequency was 1.005 THz'”). Besides, the FU
has developed a series of THz gyrotron oscillators ( FU
CW series) , many of which adopted harmonic opera-

. 10-11
tion scheme!'*!,

In America, a 16W continuous-
wave( CW) output power was achieved for a 0.46 THz
second-harmonic gyrotron oscillator at Massachusetts
Institute of Technology ( MIT ) 2] In China, a
0.42 THz second-harmonic gyrotron oscillator has been

tested at the University of Electronic Science and Tech-
nology (UESTC) , the output power of 4.4 kW was a-
chieved utilizing a 8. 1T pulsed magnet'"*.

Although operating at a higher harmonic is with

the advantage of low magnetic field strength, harmonic
operation usually suffers from low beam-wave interac-
tion efficiency because of mode competition and low
coupling strength ™). To explore solutions to increase
the interaction efficiency is a critical problem to be
solved before developing harmonic gyrotron oscillators.
In this paper, a W-band third-harmonic gyrotron oscil-
lator was investigated, much efforts were devoted to re-
veal the interplay between the system parameters, as a
way to improve the interaction efficiency.

This paper is organized as follows. Section 1 gives
the self-consistent nonlinear gyrotron theory which is
used in the nonlinear code. Section 2 introduces the
mode selection, cavity design and choosing of the beam
parameters. Section 3 introduces the simulation re-
sults, which include optimization of the interaction cav-
ity, the relation between the interaction efficiency and
diffraction quality factor, the effect of magnetic field
taper on interaction efficiency, and so on. In order to
evaluate the engineering feasibility of realizing the har-
monic gyrotron oscillator, a permanent magnet is de-
signed, and a single stage depressed collector is intro-
duced in section 4. Finally, a conclusion is made in

section 5.
1 Nonlinear gyrotron theory

The process of beam-wave interaction can be de-

scribed by the following three self-consistent equa-

tions! 2! ,
‘?{ =0 . (1)
Sl
2\ SC mye u,c
1 kop V.
Jm_s(kmnRe)m(%) (ie)™ , (2)
(LR o) =iy 2 L L

Jm_s(kae)(%)H xifo Tde) L (3)
0

where u, =u_/c =yv_/c is normalized axial momentum,
u, =u,/c =7yv,/c is normalized transverse momentum, f
(z) =1f(z) lexp( —ip(z) ) represents the axial elec-
tric field profile function, ¢, is the polar angle of guid-

ing center, P = iu,exp ( —iA) represents normalized
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momentum variable, (2, =eB,/m, is the initial electron

cyclotron frequency, C,, is a normalization constant,

1o = lel/my is the charge to rest mass ratio for an elec-
tron, A = (w/s —02)7 - (w/s = 1) @, is slow time
phase variable, and &, is transverse wave number.
Equation( 1) is the function of axial momentum
which is a constant because the axial force by the
transverse magnetic was ignored in deriving Equation
(1). Equation (2) is the electron motion function
which illustrates the evolution of transverse momentum
of the electron beam. Eq. (3) gives the evolution func-
tion of the electric field amplitude. Therefore, Egs.

(1 -3) constitute a set of self-consistent equations to

describe the beam-wave interaction process.

Table 1 Parameters of TE.) interaction system

*1 TEY) BERAZRZGHMIESH

Cavity radius (mm) 3.56
Length of cutoff section L1(mm) 10
Length of middle section L2(mm) 42
Length of output section L3 (mm) 15
Diffractive quality factor 7432
Ohmic quality factor 16525
Operating mode TEy,
Harmonic number 3
Accelerating voltage(kV) 40
Beam current(A) 12
Maguetic field strength(T) 1.185
Pitch factor 1.5
Velocity spread 3%

2 Cold cavity considerations

Third-harmonic modes are relatively difficult to be
excited because their coupling strength is weaker than

fundamental and second-harmonic modes'™’.

To solve
this problem, a cavity with high diffractive quality fac-
tor Q, is usually used. The axis symmetrical TEj, mode
is employed as the operating mode to release the prob-
lem of strong ohmic loss inherent with high Q, cavity.
A three-section cylindrical cavity with a long middle
section(L,) was chosen as the interaction circuit, the
cavity parameters are listed in Table. 1. Figure 1
shows the uncoupled dispersion curves for the operating
and nearby modes, the beam-wave synchronism lines

of the first 3 harmonics are also plotted under the mag-
netic field of 1. 185 T.
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Fig. 1 The cold dispersion relations and beam-wave
synchronism lines
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According to the linear theory of gyrotron oscilla-
tor, the interaction strength between an electron beam
and a TE_ mode at the s-th cyclotron harmonic is given
by the coupling coefficient *!

H, =, (k,R)J(k,R) , (4)
where s is the cyclotron harmonic number, £k, is the
transverse wave number, R, and R, are electron beam

center radius and the Larmor radius, respectively.

R/mm

Fig.2 Coupling coefficients of the operating mode
along with nearby TE,,and TE, modes
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The coupling coefficients for the operating mode
and the nearby TE,, and TE( modes are shown in
Fig.2. It shows that the coupling coefficient of TEg,
mode reaches maximum at R, =2. 18 mm. The second
term at the right-hand side of Eq. (4) illustrates the
relation between the accelerating voltage and coupling
coefficients, to show the relation clearly, voltage cou-

pling coefficient is introduced
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Hsmu = (vJ_ /6)21’32(kmnRL) . (5)

Beam Voltage/kV

Fig.3 Voltage coupling coefficients as a function of
accelerating voltage for different velocity ratio
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Fig.4 Dependence of start oscillation current on mag-
netic field
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Figure 3 plots the dependence of voltage coupling
coefficient on beam voltage and velocity ratio for mag-
netic field of 1. 185 T. As shown in Fig. 3, the interac-
tion strength increases with the beam voltage at fixed
velocity ratio. Although high voltage will give strong
interaction strength, a moderate voltage of 40 kV was
chosen as the accelerating voltage for the interaction
strength was strong enough as shown in section 3 (insu-
lation requirement was also considered).

Figure 4 gives the starting current curves of all
possible ten modes(see Fig. 1) ats=1, 2, 3 for beam
voltage U =40 kV and velocity ratio a = 1. 5. Here,
starting currents of modes resonant with the third, sec-
ond and first cyclotron harmonics are shown by solid,
dash-dotted and dotted lines, respectively. It is clear
that the operating TE, mode is well separated from oth-

er competing modes. In order to operate at the hard ex-

citation region, the magnetic field of 1. 18T is chosen.
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Fig.5 Dependence of quality factor and interaction effi-
ciency on the length of middle section
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Fig.6 Dependence of output power on magnetic field
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3 Beam-wave interactions

Because the diffractive quality factor Q, is mainly

decided by the length of the middle section(L,), the
dependence of Q, and interaction efficiency on L, was
studied by the nonlinear code and HFSS (see Fig. 5,
parameters of the cavity are listed in Table 1). It can
be seen from Fig. 5 that the diffractive quality factor in-
creased quickly with L,, however there is a maximum
efficiency at L, =42 mm. When L, is shorter than
42 mm, the interaction efficiency is lower because of
the weaker RF field excited in the cavity. When L, is
longer than 42mm, the interaction becomes too strong,
which leads to “over-bunching” , so the interaction ef-
It can also be seen from

ficiency is reduced, too.

Fig. 5 that, the diffractive quality factor for the maxi-
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mum efficiency is 7432 which is approximately half of
the ohmic quality factor 16525.
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Fig.7 Dependence of the output power and efficiency on
the beam velocity ratio
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Figure 6 gives the output power turning as a func-
tion of magnetic field for an ideal electron beam with
the accelerating voltage of 40 kV and beam voltage cur-
rent of 12A. It can be seen that the maximum output
power of about 127 kW was achieved at 1. 185 T. The
output power for electron beam with 3% transverse ve-
locity spread is also shown in Fig. 6. The reduction of
output power and efficiency is very small, which shows
the steady of the operating point to velocity spread.

The relation between interaction efficiency and the
velocity ratio of electron beam was studied for accelera-
ting voltage of 40 kV, beam current of 12A, and mag-
netic field of 1. 185 T. As shown in Fig. 7, there is a
maximum output power point at the velocity ratio of
1.5, and the corresponding output power and efficien-
cy is 127 kW and 26% , respectively.

The start-up scenario of the operating mode simu-
lated by the PIC software is showed in Fig. 8. The ex-
citation time is about 250ns which is longer than the
fundamental and second-harmonic gyrotron oscillators
because of the lower coupling strength. The output
power increases sharply between 250 ~320ns and then
level off after 350ns with the maximum value of
127 kW. Fig. 9 plots the frequency spectrum of the RF
field at the output port, the center frequency is
94 GHzV and it demonstrates no competition modes.

In order to enhance the interaction efficiency, we
have studied the relation between magnetic field taper

and interaction efficiency. The simulation showed that
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Fig.8 Evolution of the output power at the output port
B8 iy O iy %an H Zh R B A ] (9 28 1k

the interaction efficiency can be improved when up-ta-
pered magnetic field was used in middle section of the
cavity. The magnetic taper can be depicted by the fol-

lowing equation ;

B(z) = Bm(l - %AB/B,M +AB x z/Bm/Lm) .(6)
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Fig.9 Frequency spectrum at the output port
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Figure 10 gives the output power and efficiency as
a function of magnetic field taper, which shows that a
small magnetic up-taper can enhance the output power
evidently. The interaction efficiency reaches maximum
at AB/B,,. =1% , the corresponding power and effi-
ciency is 138 kW and 28.5% , respectively( the corre-
sponding output power and efficiency for the cavity with

no magnetic taper is 127 kW and 26% , respectively).
4 Permanent magnet and depressed collector

The magnetic field strength for the W-band 3™ har-
monic gyrotron is 1. 185 T, which can be achieved by

rare earth permanent magnet. In order to evaluate the
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Fig. 10  Output power and interaction efficiency versus
magnetic taper
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engineering feasibility of 3™ harmonic gyrotron based on
permanent magnet, the software MAXWELL was used
to design the magnet, and Nd-Fe-B was chosen as the
permanent material. The magnet structure was carefully
designed to generate an appropriate profile of magnetic
field. The finished structure of the magnet is shown in
Fig. 11, the arrow in the figure denotes the magnetiza-
tion orientation. The material of the squares with no ar-
row is ferrite. The magnetic field profile is shown in
Fig. 12, a 1% up-taper is designed in the interaction
region. The difference between the designed and linear
tapered magnetic field profile is very small which can
be seen from the inset of Fig. 12. It should be noticed
that further optimization was needed for the permanent
magnet to satisfy the needs of special magnetron injec-
tion gun, and a coil was also needed to guarantee the
stabilization of the magnetic field.

Unlike gyrotrons with low diffractive quality fac-
tors where losses are dominated by diffraction, the out-
put power of gyrotrons with high Q, is severely reduced
by ohmic loss. In such a case, the output efficiency

should be calculated by

Pou
Pin

where 7,, is the electron efficiency, ng-is RF efficiency

Nour = = MNa X MNrF ’ (7)

which is the ratio of output power and the lost energy of

electron beam, given by

- Pou - Qohm , (8)
Pou + Poim Qd + Qohm
Eq. (8) indicates that the RF efficiency will decrease

Nrr

with the increasing of diffractive quality factor. Substi-

i -

|
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Fig. 11 Structure of the permanent magnet
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Fig. 12 The magnetic field intensity along the center axis
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tuting Q, and Q,,,, into Eq. (8), the RF efficiency of
69% 1is obtained, which means that 31% of the power

ohm

radiated by the electron beam will be dissipated on the
cavity wall.

A gyrotron converts only the rotational energy into
microwave energy, after beam-wave interaction, the
rest energy of the electron beam will be dissipated in
the collector. In order to recover the rest energy and
enhance the overall efficiency, a single stage depressed
collector is adopted. With a depressed collector, the o-
verall efficiency of a gyrotron is given by

Uy
MO M , (9)
where U, is the accelerating voltage of the electron
beam, and U, is the decelerating voltage of the collec-
tor. To avoid electron reflex from the collector, U,
must be chosen carefully. If the minimum energy of the

electron beam leaving the interaction region is eW_, ,
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then the decelerating voltage U, <W_, . Fig. 13 plots
the energy distribution of the spent electron beam, and
the minimum energy is about 22 keV, so we can set
U, =20 kV which is smaller than the minimum energy
of 22 keV to keep a safe margin. Using Egs. (7) -
(9), the overall output efficiency could be enhance from

19. 7% to 39. 2% when the collector was adopted.

300

]
250

200 |

150 -

Distribution

g

e

_

-

20 3 50 60

Final electron beam energy/keV

_

o O
BES
oS

Fig. 13 Energy distribution of the spent electron beam
K13 i - FEERER R TR

5 Conclusions

The paper presents investigation of the beam-wave
interaction process of a third harmonic gyrotron oscilla-
tor using a self-consistent nonlinear code and a PIC
simulation software. Investigation of linear theory
shows that the beam-wave coupling strength can be im-
proved by increasing the electron beam accelerating
voltage and velocity ratio. It is found that the interac-
tion efficiency achieves maximum when Q, is approxi-

mately half of Q

that the enhancement of 2. 5% efficiency is achieved

om- The nonlinear simulation shows
utilizing a 1% axial linearly tapered magnetic field in
the uniform section of the cavity. Based on the simula-
tion results, a W-band third-harmonic gyrotron oscilla-
tor was optimized. Through carefully optimizing the
cavity structure, beam parameters, tapered magnetic
field profile, the gyrotron oscillator achieved output
power of 95 kW and output efficiency of 19. 7%. A
rare earth permanent magnet is specially designed to a-
chieve magnetic field strength up to 1. 185 T to present
the W-band 3™ harmonic gyrotron. Thus, this gyrotron
oscillator is very suitable for W-band active denial non-

lethal weapon system. This work is also useful for de-

veloping harmonic terahertz gyrotrons.
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Fig. 11  Partially magnified images shown in Fig. 11.
(a) BI; (b) Algorithm II ; (¢) Algorithm [ ; (d) Pro-
posed algorithm
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5 Conclusions

In this paper, a novel adaptive regularization
method was proposed. The regularization term only pe-
nalizes the low-frequency components and protects the
high-frequency which may represent edge. The penalty
threshold is determined by a linear function. The regu-
larization parameter is adaptively selected by a logarith-
mic function based on the ratio of fidelity term and reg-
ularization term. The experimental results show that the
proposed method can preserve the edge well and obtain
better results than the Gaussian MRF-based method
and constant parameter method in both quantitative

term and visual effects.
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