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To develop a high-power continuous-wave terahertz source, a Clinotron operating at 0.3 THz is investigated. Based
on the analyses of field distribution and coupling impedance, the dispersion characteristic of a rectangular resonator is
preliminarily studied. The effective way to select fundamental mode to interact with the electron beam is especially studied.
Finally, the structure is optimized by particle-in-cell simulation, and the problems of manufacture tolerance, current density
threshold, and heat dissipation during Clinotron’s operation are also discussed. The optimum device can work with a good
performance under the conditions of 8 kV and 60 mA. With the generation of signal frequency at 315.89 GHz and output
power at 12 W on average, this device shows great prospects in the application of terahertz waves.
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1. Introduction

In order to develop the potential applications of tera-
hertz waves in space communication, high resolution radar
and so on, it is crucial to develop the terahertz source with
high output power first. In the low frequency band of ter-
ahertz, several kinds of vacuum electronic devices (VEDSs)
can generate continuous wave or pulsed wave with high out-

put power,[ %]

one of which—Clinotron—has the capability
of increasing the beam-wave interaction efficiency and output
power as well,>-1?] showing promising prospects in the de-
velopment of a terahertz source. The most famous research
organization of Clinotron is the National Academy of Sci-
ences (NAS) of Ukraine. As reported in Ref. [13], one type
of Clinotron can work at 345 GHz-390 GHz and an output
power of about 100 mW. Its working current reaches as high
as 160 mA. Another type of “Clinotron-0.95” can work at
272 GHz-334 GHz with an output power in a range of 50 mW-
100 mW as reported.[!!]

Due to the unique feature of transferring the energy of an
electron beam into the strong surface electric field, Clinotron
What is
more, the use of sheet electron beam provides the advantage

can greatly improve the efficiency of interaction.

that each layer of electron beam can interact with electric field
sufficiently to raise the output power.[!3] However, there are
also many problems during the research of Clinotron, such as
the mode competition in the rectangular resonator, the precise
magnetic field system, and the heat dissipation in metal.
Based on the theoretical analysis of Clinotron and the re-
search of field distribution and coupling impedance, the mode
selection in Clinotron is studied in depth. The design of
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Clinotron structure is optimized by the particle-in-cell (PIC)
simulation and the related physical processes are also dis-
cussed.

2. Theoretical analysis

The configuration of Clinotron is shown in Fig. 1. The

rectangular comb is used as the slow wave structure (SWS).

] SWS width |

! w !

(b) view of cross section
Fig. 1. Views of (a) vertical section and (b) cross section of Clinotron (‘bh’
denotes the beam thickness, ‘bw’ the beam width, ‘I’ the period length of

SWS, s’ is the width of comb-gap, ‘d’ denotes the distance between comb
and top, ‘A’ is the depth of a comb, ‘W’ the width of cavity.)
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2.1. Dispersion

It is very difficult to find an exact way to express the
dispersion of the closed resonator with periodic rectangular
comb. An approximate method is usually used to study such a
structure. The whole cavity is divided into two regions, named
I and I, which are studied by applying different boundary con-
ditions. Under the supposition of I < Ay (A9 is the wavelength
in space), the high-order harmonic waves can be ignored in
region I and there is only TEM wave propagating toward the

[14.15] The fields in region II can be considered as

y direction.

TM modes which contain the components of Ey and E;.
Combining with the electric fields in two parts on the bor-

ders of I and II, the dispersion relationship in this cavity can

be obtained as!!®~1]
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2.2. Coupling impedance

The coupling impedance is used to describe the interac-
tion of beam and axial electric field. It is expressed as

Ky = _EP )
2" y2m

where [Bz(") = k,, denotes the transmission constant of the n-
harmonic wave, and the parameter IT denotes the sum of pow-

ers of all harmonic fields in the cavity.[!"]

2.3. Mode distribution in rectangular resonator

The electric fields distributed in a Clinotron resonator are
recognized to be in TMy,, mode, where the subscripts of m
and p indicate the numbers of half wave distribution along the
x and y directions, respectively.[?2!] The field distribution of
E, with TM o mode, the fundamental mode, is computed the-
oretically, and the results are shown in Fig. 2. It is clear that
E, behaves as a standing wave along the z direction and at-
tenuates along the y direction. The field near the surface of
SWS is strongest, which means the field here can interact with
the electron beam most effectively. The coupling impedances
of different modes are computed to compare the influences of
field distributions on the beam—wave interaction, which are
given in Fig. 3.

It is obvious that the biggest coupling impedance occurs
near the surface of SWS for TM,,,0 (m # 0) mode. The value of
impedance drops rapidly with the distance increasing to SWS,
so it is crucial to keep the electron beam as close to SWS as
possible. Moreover, the range of impedance along the x di-
rection is associated with the field distribution. The range of
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the fundamental wave is widest and that of the high-order har-
monic waves are narrow correspondingly. Though the peak
values of the high-order harmonic waves are comparatively
high, the ranges are really narrow, which do not match the
wide spread sheet beam very well. As a result, it is suggested
to make sure that the beam can interact with the TM ;o mode
but not with other high modes. Then, the advantage of sheet
beam can be fully exploited and the output power can be im-

proved.

3. Mode selection

Actually, there will be many modes existing in a cavity at
the same time, which include the high-order harmonic modes
along not only the x direction but also the y direction, such
as TMjp, TMpy,, etc. The presence of high harmonic fields
is really harmful to the device efficiency as indicated above.
The fundamental mode is required to be excited as a main
mode in the cavity and the other high modes are expected to be
suppressed.'?>23 In order to distinguish different modes, the

dispersion relations are analyzed in Fig. 4.

e T'M =t T My = T M,

—— T'M ,
—— M, == TMy; == T'MS, @

1000

800

600 -

400

Frequency/GHz

200

kX 1/m

Fig. 4. (color online) Dispersion curves of different modes in Clinotron
cavity.

Since there are distinct spaces between fundamental
mode and the high modes of p # 0 (TM;; and TM»;), such
kinds of high-order modes are easy to pick off. The keen
competitions come from other kinds of high modes that are
p =0 (TMyo and TM3(). The proposed method here is to se-
lect the mode by designing structure parameters and adjusting
the beam voltage at the same time. As to the beam voltage, the
principle for selection is to adjust the working point to locate
near the w-point of TMj9 mode and to keep away from the
n-point of other modes. The reason is that the group velocity
is close to zero near m-point and the Q value of this mode is
rather high, which both lead to small starting current for TM;q

mode. As can be seen in Fig. 4, there are three beam lines

respectively for the beam voltages of 8 kV, 10 kV, and 12 kV,
and they match modes at different points. Obviously, the line
of 10 kV is much closer to the 7-point of TM 9 mode and far
from m-points of TM»¢ and TM3p modes. So the device will
work easily at TMjp mode when the beam is 10 kV and the
other modes can be avoided. If the voltage is much higher,
say, 12 kV, this beam line will successfully cross TM»o mode
at w-point and leave away from the 7-point of TM| mode. The
device will more likely oscillate at TM»p mode, which is un-
expected. On the other hand, the shapes of dispersion curves
under different parameters are different. Referring to the in-
fluence of SWS periodic length (/) on dispersion in Fig. 5,
it can be found that at the same working point, the distance
among each of the modes of / = 0.1 mm is larger than that
of [ = 0.5 mm. The smaller the value of periodic length, the
flatter the dispersion curve will be. By setting a small value of
[, the gaps among modes are large so that the working points
of high-order harmonic modes are far away from the 7-point,

which is of benefit to the fundamental mode to be excited first.
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Fig. 5. (color online) Influences of periodic length on dispersions for dif-
ferent modes.

Furthermore, different modes need different starting cur-
rents to oscillate in the resonator. The point near 7-phase
of TM |9 mode has priority to be excited. As the current in-
creases, many other modes will be excited in the cavity. Fig-
ure 6 shows the results of modes in the cavity under differ-
ent current densities, obtained by particle-in-cell (PIC) simu-
lation.

More high-order harmonic modes will appear with the in-
crease of current density. As shown in Fig. 6, TM|p mode
(319 GHz) is first to be excited and it is the only mode ex-
isting in the cavity when the current density is smaller than
35 A/em?. Once the current density is larger than 35 A/cm?,
TM;p mode (363 GHz) will be excited in the cavity. If the
current keeps increasing, the TM3p mode (432 GHz) will also

appear at the same time. The results in Fig. 6 illustrate that it is
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feasible to realize the selection of only TM ¢ mode in the cav-
ity by finding the starting current requirements and working at

the advised parameters.
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Fig. 6. (color online) Influences of current density on the oscillation for
different modes in cavity.
4. Optimum design
4.1. Beam voltage

The results of output power, frequency, and starting time
under different beam voltages are compared in Fig. 7.
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Fig. 7. (color online) Influences of beam voltage on (a) output power and
starting time, and (b) signal frequency
Beam voltage determines the device working point on the
dispersion curve. Based on the results of theoretical disper-

sion curve, the range from 8 kV to 10 kV is confirmed to make

the beam interact with the backward wave of —1 order har-
monic. The choices of these working points ensure a higher
output power and shorter starting time as shown in Fig. 7(a).
As arule, the shift of beam voltage will always bring the beam
into interacting with high-order harmonic wave not fully with
the fundamental wave. Once the voltage meets the condition
of high order harmonic wave well, the beam energy will be
sufficiently exchanged into the high harmonic wave and the
performance of the device will change disappointingly. Just
as shown in Fig. 7(b), the increase of beam voltage causes the
working point to change from backward-wave area of funda-
mental mode to that of high-order mode, and the frequency
of output signal is changed. According to the further analy-
sis of PIC simulation results, the distributions of E, for points
A and B in Fig. 7(b) are shown in Fig. 8. It is obvious that
the device is working at TM 9 mode when the beam voltage
is about 8 kV-10 kV, which is exactly the fundamental mode
in the resonator. Meanwhile, with the increase of voltage, the
distribution of point B becomes TM»o mode, the second high
order mode in the resonator. Therefore, in order to acquire
high efficiency and output power, the beam voltage should be
accurately optimized to match the dispersion characteristic of

the resonantor.

(b)
Fig. 8. (color online) Distributions of E; in (a) TM o mode corresponding
to point A in Fig. 7(b), and (b) TM3¢ mode corresponding to point B in
Fig. 7(b).

4.2. Limitation of space charge field

As the source of energy, the amplitude of beam current
plays an important role in determining the output power, and
the results under different currents are compared with each

other in Fig. 9.

—I=69 mA
—I=92 mA
——I1=138 m
——I1=161 m,

w
o

Output power/W
)
S
T

Ju—
(e}
T

e~

1 1 1 1 1

0 10 20 30 40
Time/ns

Fig. 9. (color online) Variations of output power with time for different
currents.
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High current will bring a comparatively good output re-
sult, which is clearly shown in Fig. 9. Meanwhile, the starting
time for oscillation decreases. Under the condition of 69 mA,
corresponding to the current density of 19 A/cm?, the out-
put power is about 10 W. When the current is doubled, i.e.,
138 mA, the output power reaches 30 W, which is three times
as great as the former output power. However, the output
power cannot grow forever by increasing current because of
the limitation from space charge field at the maximal current
density.

The maximum of interaction distance can be described
25[2425]

1
kg sino’

3)

lchr =

where kg, &~ @/ Vg in Clinotron. Commonly, the space charge
field can be ignored as long as the condition of I, < A,/2
is satisfied. Based on the theory of space charge wave, the
wavelength of plasma in the device can be expressed as @), =
\/W , Where pg = Jy /v is the charge density and it
is the only factor that determines the plasma wavelength. Us-
ing the above formulas, the maximum current allowable in the

cavity can be described as

wegmvyw?

Jomax = sin? 4

le]
where o is the angular frequency.

Supposing that the working frequency is 310 GHz, the
maximum current densities are computed for different beam
voltages and inclined angles and the results are shown in
Fig. 10.
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Fig. 10. (color online) Variations of maximum current density with voltage
at different inclined angles.

It can be seen in Fig. 10 that the threshold of current den-
sity does not change greatly at the same inclined angle when
the beam voltage changes, but a bigger inclined angle could
realize the improvement of threshold. By comparing the re-
sults of 1.0° and 0.1°, the threshold is improved ten times un-

der the same voltage of 10 kV. The influence of inclined angle

is actually related to the effect of space charge. The equiva-
lent current near SWS surface is rather strong under the con-
dition of a small angle, which leads to stronger effect of space
charge. On the contrary, when the angle is big, the limitation
from space charge is weakened and thus the threshold would
be improved. Figure 11 shows the output results at different
inclined angles and here the values of current density are all
chosen to be 25 A/cm?.
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Fig. 11. (color online) Variations of output power with time at different
inclined angles.

As shown in Fig. 11, when the beam goes straight along
SWS, the interaction process is badly affected because of the
strong power from the space charge wave. The low values
of current density threshold under the condition of small an-
gle restricts the interaction efficiency. Increasing the inclined
angle is helpful in enlarging the threshold and avoiding the
limitation from the space charge field. The output power in-
creases rapidly with the introduction of larger inclined angle.
However, when the working current density does not exceed
the threshold, it is not suggested to go on increasing the angle.
There are two reasons for this proposition. Firstly, a larger
angle means a shorter distance for effective interaction from
Eq. (3). The output power will then be reduced though the cur-
rent is enough for the interaction, which is demonstrated from
the results of ¢ = 1.1° and @ = 1.7° in Fig. 11. The other
consideration is that the big inclined angle will cause some
other troubles in heat diffusion. Thus, it is strongly suggested
to consider both space charge limitation and the requirement
of output power to make a balance in determining the inclined
angle.

4.3. Feasibility analysis
4.3.1. Manufacture technology

For VED in THz region, the microfabrication is signif-
icant for the device performance so that the common fabri-
cation methods are not suitable any longer. Nowadays, the

advanced methods mainly focus on LIGA (LIthographie, Gal-
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vanik, und Abformung), deep reactive ion etching (DRIE), and
wire electrical discharge machining (WEDM).

Considering the designed Clinotron above, the minimum
scale in the structure is 0.05 mm which is the width of the
comb-gap. This size is about ten times larger than the man-
ufacture precision of WEDM, which could ensure the accu-
racy of specified configuration from the opinion of experience.
What is more, the combs in Clinotron are all of regular rectan-
gles without any complex shapes, thereby reducing the diffi-
culties in achieving them. However, no manufacture is perfect
and even a tiny tolerance may affect the device performance
more or less. As discussed in Ref. [26], the parameters that
could exert great effects on the device are the comb depth and
the period length of SWS. The influences of SWS depth and
period length on dispersion in this Clinotron have been inves-
tigated in Ref. [23]. As shown in this work, in this optimized
Clinotron, the dispersion curve is comparatively flat and the
shifts between adjacent dispersion curves under very close pa-
rameters are really small. Under the tuning voltages, the shift
of working point caused by tolerance will not influence the
performance intensively.

Thus, the optimized device manufactured by WEDM here
is acceptable and the influence of tolerance is under control.

4.3.2. Material

Commonly, the materials used in vacuum electron device
are stainless steel, copper and gold. These metals are able to
provide high power capabilities and good conductive charac-
teristics, although, when the device works in a terahertz range,
the precision of manufacture plays a significant role in deter-
mining its performance. The ability to account for the ohmic
loss during the design stage is essential for properly optimiz-
ing the design parameters in order to achieve the desired per-
formance. An estimate of the additional ohmic loss caused
by surface roughness is fundamental for the proper structure.
The surface roughness should be smaller than the skin depth
(8 = \/2/(wue)) of the used metal, or else it may cause sig-
nificant additional power loss. The skin depth of stainless
steel is computed to be about 730 nm and the skin depths are
214 nm for copper and 17 nm for gold respectively. Thus, it
is preferred to choose stainless steel in this device because the
higher skin depth makes it much more promising in engineer-

ing realization.

4.3.3. Heat dissipation

Besides the manufacture tolerance, the extreme high cur-
rent will cause a lot of problems in experiment too. The
heat will be accumulated in the SWS by electrons and then
the material of SWS will be ruined, thereby destroying the

steady state of the device. Hence the working current must

be properly chosen from the viewpoint of heat dissipation.
In Clinotron, the inclined beam usually strikes on the corner
of the comb and the struck area is supposed to be as large
as 1 pumx0.5 pum. Under the conditions of beam of 8 kV
and 110 mA, the suffered energy storage can easily reach
E, = 0.5 % 10* GeV/em?. Unfortunately, the threshold of
stainless steel is about 0.7 x 10* J/cm?, far smaller than the
value of the above-assumed condition. So it is especially sug-
gested that the current density of less than 30 A/cm? should
be suitable and good for Clinotron. In the meantime, intro-
ducing the method of water-cooling to take the heat away is
necessary. The working repetition frequency of the electron
gun should be chosen to be about 50 Hz so that the water can

have enough time to take the heat away.

4.3.4. Inclined angle

As discussed above, a bigger inclined angle helps to im-
prove the threshold of current density. However, an extremely
big angle will also cause great energy of beam stuck on the
SWS, which will affect the output results. Thus, the tradeoff
value of angle should be analyzed in depth to ensure that the
beam will not only meet the limitations from the space charge
field and heat diffusion but also support the need of beam-wave
interaction. When the working conditions are confirmed, it is
convenient to design the inclined angle directly from formula
(4). Based on the beam voltage of 8 kV and current density
of 25 A/cm?, the optimized inclined angle is computed to be
1.2°. This inclined beam is feasible and effective.

4.4. Optimized results

Based on the aforementioned research and the consid-
erations on engineering feasibility, the optimized structure
is finally summarized in Table 1 and the results from PIC
simulation'?’-?! are given in Fig. 12.

Table 1. Optimized structure of Clinotron.

bh/mm bw/mm [/mm s/mm h/mm  d/mm
0.1 24 0.1 0.05 0.2 0.2

W/mm  SWS width/mm  voltage/kV ~ J/ (Alcm? ) B/T al/(®)
2.6 2.6 8 25 0.6 1.1

In this simulation, beam voltage is set to be 8 kV and
the current is 60 mA, which means that the current density is
about 25 A/cm?. The guiding magnetic field is 0.6 T and the
inclined angle of beam is 1.1°. Consequently, the frequency
of output wave is 315.89 GHz and the average output power is
12 W, corresponding to an efficiency of 2.5%. The choice of
low current density ensures that the heat accumulated on ma-
terial could be dissipated in time by water, guaranteeing the

continuous-wave (CW) state of this device.
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Fig. 12. (color online) Simulation results of optimum structure: (a) RF current and structure, (b) current, (c) FFT of E; at output port, and (d) output power.

5. Conclusions

Based on the interaction between beam and strong field
near SWS surface, Clinotron is able to generate a consider-
able output power in THz region. The application of a sheet
beam also helps to improve the efficiency of this device, mak-
ing Clinotron a kind of potential oscillator generating terahertz
waves. By analyzing the dispersion and coupling impedance,
the field distributions of different modes in Clinotron are stud-
ied. The research emphases are the method of mode selec-
tion and the detailed conditions for operating at fundamental
mode. The performance of Clinotron is analyzed by PIC sim-
ulation and the issues of manufacture tolerance, material se-
lection, inclined angle and heat dissipation are also discussed
theoretically. Finally, the optimum structure can work under
the conditions of beam voltage of 8 kV, current of 60 mA and
guiding magnetic field of 0.6 T, and it can reach a good and
steady performance. Its output power is about 12 W on aver-
age and the frequency is 315.89 GHz.
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