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ABSTRACT A new conceive of high-order mode multi-beam Extended interaction Klystron (EIK) at the
terahertz (THz) band is proposed. The interaction circuit based on the coaxial coupled cavity at TMjg,1,0-
2w mode is designed and analyzed. Benefiting from the larger transverse space of the coaxial coupled
cavity operating at high-order mode, multiple electron beams are formatted to reduce the current density
of each electron beam. The crucial parameters associated with the interaction are determined by theoretical
calculation and optimized by three-dimensional (3D) Particle-in-Cell (PIC) simulation. The results of
theoretical analysis and PIC simulation demonstrate that the EIK operates at TMg,1,0-27 mode without
mode competition and self-oscillation. Driven by ten individual electron beams with the voltage of 20 kV,
the current of 0.1 A and the current density of 318 A/cm?, the maximum gain of 48 dB is achieved at the
center frequency of 300 GHz with a 3-dB gain bandwidth of 200 MHz. And the corresponding output power
and efficiency are 312.5 W and 1.56 %. The results indicate that the proposed EIK is a practical approach to
generate high power terahertz waves using the thermal beam with a low compression ratio.

INDEX TERMS Terahertz, extended interaction klystron, high-order mode, multi-beam, coaxial coupled

cavity, PIC simulation.

I. INTRODUCTION

The extended interaction device is a kind of vacuum elec-
tron device with high power, efficiency and reliability at
millimeter and sub-millimeter wave frequencies, including
Extended interaction Klystron (EIK) and Extended interac-
tion Oscillator (EIO). Benefiting from the development of
micro-fabrication technology and electronic optics technol-
ogy, the extended interaction devices have been put into
the applications that require excellent performance, ehigh
stability and compact dimensions, such as satellite commu-
nication and the space-born radar [1]-[4]. However, there
are many challenges in developing the extended interaction
device at the terahertz band, the other factors such as con-
ductivity, electron velocity spread and thermal dissipation
become more significant than at lower frequencies [5], [6].
In addition, the dimension of the device decreases rapidly
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while the frequency increases to the terahertz band, which
enormously increases the precision requirements of fabri-
cation. The planar interaction circuits for millimeter wave
EIKSs such as ladder-type circuits and folded waveguides, are
expected to be expanded to THz band, due to the promotion
of high precision fabrication technology including Wire Elec-
trical Discharge Machining (WEDM), lithographic (LIGA)
and Nano Computer Numerical Control (CNC) milling [7],
[8]. Moreover, the ladder-type extended interaction cavity
operating at high-order mode is a potential solution [9].
Therefore, current challenges about the micro-fabrication
of interaction circuits are perhaps trumped by the difficulties
in producing small diameter, high current electron beams [5].
For a practical beam optics system optimized for a lifetime
and electrical stresses, the current density emitted from the
cathode must be kept within a reasonable range, and the
compression of the beam is also limited. Thus, the beam
current is inevitably restricted, which results in a significant
reduction in output power and efficiency. One solution is to
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FIGURE 1. (a) Schematic of the TM;q ; o mode coaxial coupled cavity
with seven structural periods. (b) cross section of the cavity.

coaxial cavity

develop the sheet beam devices that are expected to break the
limitation of beam current and raise the power level[10]-[12].
However, the propagation of the electromagnetic waves in
the beam tunnel is difficult to be cut off completely, which
causes the signal feedback between cavities and results in the
undesired oscillation. Another potential approach is to use the
multi-beam interaction system to reduce the current density
of beams [13], [14].

In this paper, a new type of EIK operating at TMg,1,0—27
mode with ten electron beams is proposed to overcome the
above restrictions. Compared with the conventional EIKs
operating at fundamental mode, the proposed high-order
mode EIK has a large structure to accommodate multiple
beams, which is expected to reduce the current density of
the beams and suitable for the present technology of the
cathode.The current density of the electron beam is very high,
and the current density of the cathode does not reach the
current density of the electron beam. In Sec. II, the high-
order mode interaction circuit including the coaxial coupled
cavity and the multi-extraction output cavity with axial output
circuit are designed, and their crucial parameters associate
with the interaction are analyzed and determined. In Sec. III,
the possibilities of mode competition and self-oscillation are
evaluated. The main performances and the power capability
of the proposed EIK are demonstrated by 3D PIC simulation
in Sec. IV. Conclusions and discussions are given in Section
V.

Il. INTERACTION CIRCUIT DESIGN
A. HIGH-ORDER MODE COUPLED CAVITY
The schematic of high-order mode coaxial coupled cavity
with seven structural periods that is used as the bunching
cavity is shown in Fig. 1, The cavity material is Oxygen-free
copper, the main parameters of the coupled cavity are listed
in TABLE 1. The coupled cavity consists of

seven coaxial cavities, which are coupled periodically by
ten coupling tunnels. In general, the higher order mode has
a higher frequency in the same cavity, in other words, at the
same resonant frequency, the cavity operating at higher order
mode has a larger dimension than that operating at the lower
order mode. Therefore, the TMj,1,0 mode is selected as the
transverse operating mode in pursuit of a larger dimension.
In order to maintain the phase consistency of the axial electric
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TABLE 1. Parameters of coupled cavity.

Symbol  Quantity Value

d gap length 0.12 mm
L period length 0.272 mm
W, width of coupling tunnel 0.4 mm
Ra outer radius 2.648 mm
Ry beam radius 1.8 mm
R radius of beam tunnel 0.12 mm
1 resonant frequency 300 GHz
R/Q characteristic impedance 18 Q

Qo intrinsic quality factor 1100

V/m

0.8
0.6
0.4
0.2

-0.2
-0.4
-0.6
-0.8

FIGURE 2. Normalized axial electric field pattern of TM;g ; ¢_27 mode at
300 GHz.

field in each period of the coupled cavity, the 27 mode
is selected as the longitudinal operating mode. The axial
electric field pattern of TMg,1,0—27 at 300 GHz is given by
electromagnetic (EM) simulation using CST-MWS solver, as
shown in Fig.2. According to the field pattern, ten cylindrical
beam tunnels are arranged in where the axial electric field is
extreme.

The gap coupling coefficient is an important parameter
that reflects the interaction between the electron beam and
the field. The case of a single gap is firstly considered.
Because of the non-reentrant beam tunnel and the narrow
gap, the amplitude of the axial electric field in the gap is
approximately equal at any position. Referring to the research
of [22], the square of the coupling coefficient M of a single
gap is defined as

in (0 /2) 1" 12 (veRp) — I2 (7R
M2 = M2M? = sin (0 /2) |” 15 (ve Z)_ i (VeRp) 0
Qd/z Iy (veR:)
where
w
04 = Bed = —d
0 ©)

v = /e — 2 =/ (0/90)* — (@10)?
where M, is the axial coupling coefficient; M, is the radial
coupling coefficient; 8; is the gap transit angle; S, is the
longitudinal propagation constant of the beam; y, is the radial
propagation constant of the beam; Iy and /; are 0®-order and
15t-order first kind modified Bessel-functions, respectively;
Vo is the electron velocity, which is determined by the beam
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FIGURE 3. (a) Gain bandwidth factor F and (b) efficiency  of a single gap
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voltage V. Thus, the coupling coefficient is a function of the
gap length and the electron velocity.

For a bunching cavity, to optimize the gain bandwidth,
the gap length should be adjusted to maximize the gain
bandwidth factor defined as F = M 2 (R/Q). Assuming that

the beam tunnel radius R; is 0.12 mm and the beam radius
Ry is 0.1 mm, the relationship between the gain bandwidth
factor F' and the gap length d for different beam voltage Vj
is illustrated in Fig. 3(a). The cathode with a larger radius is
used to compress to the radius of the electron beam.,and we
have mentioned it in our design. The gain bandwidth factor
can be improved by raising the beam voltage, and the gap
length corresponding to the maximum value is larger. For
an output cavity, the gap length should be optimized to the
highest efficiency. The efficiency 7 of the output cavity with
a single gap can be estimated by

P(mt MZI%ZL QO

= = 3
"= P " Vo Qo+ Qex )
where
o wou
1 +jQL1(60/60r - a)r/w) . @)
o= 1/Q0+ ]/Qext

where: Z; is the gap impedance; Qy is the loaded quality
factor; Qg is the intrinsic quality factor; Q. is the external
quality factor; Iy is the DC beam current of individual beam;
i1 is the fundamental component of the induced current, it can
generally reach 1.4 to 1.7 times of the Iy for multi-stage
bunching; m is the number of beams, in this paper, m is equals
to 10. Assuming that Q.y = Qo, o = 0.1A,i; = 1.51p, R, =
0.12 mm, R, = 0.1 mm, the relationship between the effi-
ciency n and the gap length d for different beam voltage Vj
is given in Fig. 3(b). Similar to Fig. 3(a), the efficiency is
improved by raising the beam voltage, and the optimum gap
length increases with the beam voltage.

However, the high beam voltage may lead to the breakdown
of electron gun because of the small dimensions at THz
band. Therefore, our EIK operates with the beam voltage
of 20 kV, then the optimum gap length of the bunching cavity
is 0.11 mm and that of the output cavity is 0.13 mm, as shown
in Fig. 3(a) and Fig. 3(b), respectively.
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FIGURE 4. (a) Efficiency 5 of the output cavity with single gap versus the
beam current 10 and the beam radius Ry, (b) beam current density
JO versus the beam current 10 and beam radius Ry,.

However, in order to balance the efficiency and band-
width, and considering the deviation of theoretical calcu-
lation, the gap length of all the cavities are optimized to
0.12 mm by P- IC simulation. If the operating beam voltage
is determined, the period length L of the coupled cavity can
be calculated by

dvp

Lzﬁ (5)

where ¢ is the phase shift of field, and ¢ = 27 when the
coupled cavity operates at 27 mode; v, is the phase velocity
of field. We make v, equal to vo, and the beam voltage at this
condition is called synchronous voltage.

B. BEAM PARAMETERS

In theory, the gap coupling coefficient is largest if the beam
radius R} equals to the beam tunnel radius R,. However, to
prevent electrons bombard on the walls of the beam tunnels,
the ratio of R, and R; need to be restricted. If the beam
voltage Vp is 20 kV, assuming R, = 0.83Rt, i1 = 1.51p,d =
0.13mm, the relationship between the estimated efficiency
of the output cavity, the beam current Ip and the beam radius
Ry is given in Fig. 4(a), the relationship between the current
density Jo of beam, the beam current and the beam radius is
given in Fig. 4(b). Fig. 4(a) indicates that the efficiency can
be improved by increasing the beam current or decreasing the
beam radius, but at the expense of an evident increase in cur-
rent density of beam, as shown in Fig. 4(b). To achieve an effi-
ciency of 1.5%, the current density of beam needs to exceed
1000 A/cm?2. Besides, the radius of the beam tunnel should
be small enough to cut off the propagation of electromagnetic
wave in the tunnel while accommodating the electron beam
with an appropriate current density. Therefore, the electron
beam with small diameter and high current density is the key
to improve the output power and efficiency of devices.

The cold cathode based on the field emission principle has
an extremely high current density [16], [17], but the total cur-
rent is low, and there are other problems such as inconsistent
electron velocity and low reliability, thus, the thermalcathode
with high current density is more appropriate for some time
to come. Recently, high emission current density of up to

214385



IEEE Access

F.-M. Lin et al.: 0.3 THz Multi-Beam EIK Based on TM;g 1 o Mode Coaxial Coupled Cavity

50-100 A/cm? have been achieved with a meaningful life by
thermal cathode in the experiment [18], [19]. Besides, for
the high power klystrons, a conventional approach is to use
magnetic field compression to improve the beam current den-
sities to over 100 A/cm?. However, a high compression ratio
requires a strong magnetic field of the focus system. The most
advanced designs have the ability to focus a 100 mA thermal
beam through a tunnel diameter of 0.125 mm [6]. After
considering various factors comprehensively, the parameters
of both electron beams are set as Vo = 20 kV, Iy = 0.1 A,
Ry = 0.1 mm,and R, = 0.12 mm, thus the current density
of the electron beam is Jy = 318 A/cm?, which is feasible
for the thermal beam with high emission current density and
low compression ratio (<20). However, the efficiency is only
0.4 % under this condition according to Fig. 4(a), thus the
efficiency single gap is difficult to be improved because of
the limitation of beam current.

C. MULTI-EXTRACTION OUTPUT CAVITY

If the multi-gap coupled cavity operates at the 27-mode,
the characteristic impedance is proportional to the number
of gaps, thus, it is an effective approach to improve the
power and efficiency of devices. Referring to the research
of [15], and introducing the radial coupling coefficient (M, ),
the square of the multi-gap coupling coefficient can be
defined as

272 N
M? = M; jg’ [N +2Y (N —n)cos (n,BeL):| (6)
N n=1

where: N is the number of gaps, and the value of B.L is
an integral multiple of 27 when the cavity operates at 2w
mode. Fig. 5(a) gives the square of the multi-gap coupling
coefficient M versus the beam voltage V. Around the syn-
chronous voltage of 20 kV, the value of M? for different
number N of gaps tends to a fixed value, which is equal to the
coupling coefficient of a single gap. However, when the beam
voltage deviates from the synchronous voltage, the variation
of M? is more significant with the increase of N. Actually,
the electrons lose part of kinetic energy and slow down when
they pass through the gap, which is equivalent to the drop
in beam voltage. The estimated efficiency 5 of the output
cavity versus the number N of gaps is given in Fig. 5(b).
Benefited with the linear growth of the R/Q of coupled cavity,
the efficiency is improved significantly with the increase
of the number of gaps, but ultimately saturates because of
the decrease in M2 caused by the deceleration of electrons.
Therefore, it is meaningless to increase the number of gaps
without restriction. Besides, increasing the number of gaps
may cause the mode competition.

To overcome the above problem that a single multi-gap
output cavity cannot extract energy from the beam efficiently,
a multi-extraction output cavity is proposed, as shown in
Fig. 6. The energies of beams are extracted twice by two
TMi0,1,0 mode coaxial coupled cavities with five periods,
and the output power signals are superimpose in the same
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FIGURE 5. (a) Square of the multi-gap coupling coefficient M for different
number N of gaps, (b) efficiency 5 of output cavity versus the number N of
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FIGURE 6. (a) Sketch of the multi-extraction output circuit, (b) Side view
of the multi-extraction output circuit, (c) cross section of the
multi-extraction output circuit.

phase by the axial output circuit. The axial output circuit is
consisted of the rectangular coupling holes with a width W),
of 0.46 mm, the mode converters with a radius R, of 1.3 mm
and the circular waveguide at TMo; mode with a radius R,
of 0.46 mm. The mode converters is used to convert the
TM; o mode in the coupling holes to the TMp,; mode in the
circular waveguide, and they connect with the middle gap
of each coupled cavity by the coupling holes arranged along
the angular direction, which can minimize the distortion of
the field pattern in the gaps caused by the output circuit.
The heights of the coupling holes and the mode converters
are equal to the gap length of 0.12 mm. External quality
factor Q. can be used to characterize the coupling between
the cavity and the load, it is calculated by the group delay
and given in Fig. 7. For circuit topology, the output ports
of two identical output cavities are connected in parallel,
thus, the Q. of multi-extraction output cavity is half that
of a single output cavity, as shown in Fig. 7(a). The width
of the coupling hole has a significant effect on the external
quality factor, as shown in Fig. 7(b), the Q,,; decreases with
the increase of the W, which means that the coupling is
improved. Fig.8(a) gives the guide wavelength of the output
circular waveguide corresponding to the waveguide radius
R,, and the external quality factor versus the waveguide
radius is given in Fig.8(b), and it shows that the QO increases
with the increase of the R,.

In order to superimpose the output power signals in the
same phase, the phase of the field in each cavity should be
identical, and the distance L. between the middle gaps of each
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FIGURE 8. (a) Guide wavelength and (b) Qg of the multi-extraction
output cavity versus the waveguide radius Rg of the circular waveguide.

coupled cavity should be equal to the guide wavelength of the
output waveguide. From (6), if the electron passes through
a period length, the phase shift of the field is 27, therefore,
the drift distance L; between the coupled cavities should be
an integral multiple of the period length, such as 0.544 mm,
which is two times of the period length of 0.272 mm. How-
ever, the electrons have decelerated as they pass through the
first coupled cavity, thus, the Ly is slightly shorted to 0.51 mm
according to PIC simulation. Then, we have the value of L.
is 1.87 mm. Thus, the radius of the circular waveguide is set
to 0.46 mm from Fig.8(a). According to the circuit theory,
the load will obtain the highest power when the Q. is equal
to the Qp of 1100, thus, the width of the coupling hole is
determined to be 0.46 mm according to Fig.7(b). Benefiting
from the flexibility of the same phase by adjusting the dis-
tance between the coupled cavities and the guide wavelength
of output waveguide, and no additional combiner is needed,
which is beneficial to simplify the device.

IIl. STABILITY ANALYSIS
For the cavity operate in high-order mode, the risk of mode
competition could not be ignored because of the numerous
resonant modes coexist in the cavity. There are two transverse
modes adjacent to the TMjg, 1,0 mode are named as TMg ; o
and TMj 1,0 according to the pattern of the axial electric
field in the cross section. Moreover, the coupling between
cavities induces a sequence of longitudinal resonant modes.
For a coupled cavity with the period length

L and the number of periods N, N longitudinal modes are
corresponding to the phase shift of the single period

9=ﬂL=%n,n=0,l,2...N—l %)

where S is the propagation constant of the field. Increasing
the number of periods will lead to more resonant modes,
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TABLE 2. Frequencies and instantaneous bandwidths of interfering mode.

Mode f£(GHz) O BW(GHz)
TMy 1 0-3/71 299.2 1320 0.23
TM,,10-2n 300.0 1100 0.27
TMio,10-1/77 301.6 1082 0.28
420
400 =TM, 0
—.380 ™ 10
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FIGURE 9. Dispersion curves of three adjacent modes and beam line of
20 kv.
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FIGURE 10. Dispersion curves of TM¢ ; o mode for different width of
coupling tunnel.

resulting in a fairly narrow frequency spacing between
some modes. The dispersion characteristic of coupled cav-
ity is an intuitive approach to identify the possibilities of
mode competition. As an example, the dispersion curves
of the TMjp,1,0 mode coupled cavity with seven periods
is illustrated in Fig. 9. The TMjg,1,0 — 1/77 mode and
TMo 10 — 3/77 mode may interfere with the operating mode
(TM10,1,0 — 27) because of the narrow frequency spacing.
TABLE 2 gives the resonant frequencies fr and the instan-
taneous bandwidths BW calculated by the intrinsic quality
factor Qp.

It is clear that the frequency spacing between the operating
mode and either of the adjacent modes is wider than the sum
of half-bandwidth of the two modes, which confirms that
mode competition will not occur when the coupled cavity
operating at TM1,1,0 — 27 mode. The width of the coupling
tunnel determines the coupling between the cavities, which
affects the dispersion characteristics. The dispersion curves
of TM9,1,0 mode for different width of the coupling tunnel is
given in Fig. 10. With the increase of the width of the coupling
channel, the fluctuation of dispersion curve increases, which
provides wider spacing of resonant frequency to prevent
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mode competition. However, the characteristic impedance
will decrease with the increase of the width as a result of more
and more electric fields exist in the coupling tunnels, thus the
width of the coupling tunnel should be set at a compromise.

The electron beam will exchange energy with the RF field
at the resonant modes near the beam line. Fig. 9 indicates
that the TM¢,1,0 — 27 and the TM;,1,0 — 27 mode exhibit
the possibility of generating self-oscillation. Uncontrollable
self-oscillation will destroy the pattern of field and disturb
the bunching of the electron beam, resulting in the deteri-
oration of gain and stability. To prevent the uncontrollable
self-oscillation, the total power loss of the whole interaction
circuit must be positive, which is judged by the stability
condition expressed as, where G is the equivalent circuit
conductance of the cavity, G, is the conductance of the
beam [20]. G; reflects the Joule-loss of the cavities, it is
always positive. However, G, describes the power exchange
between the electron beam and the RF field, it is positive
when power transferred from the beam to the field is less
than that absorbed by the beam, and becomes negative on the
contrary. The normalized beam conductance is

_Ge _ ped P
Gy 4 dp,
where Gop = Ip/Vp is the DC beam conductance. Thus,
the normalized beam conductance is a function of the beam

voltage. Substituting (6) into (8),the normalized beam con-
ductance of coupled cavity can be defined as

~ Be {d|MzMr|2 [

g ®)

N
ge = N+ (N —n)cos (n,BeL):|

4N? dBe ~
N
s d[(N — nc)i cos (nB.L)] } ©
o Be
where
d MM, 2 sin (0a/2) I§ (veRp) = I (veR)
dpBe 0a/2 1§ (veRy)
d [64 cos (64/2) — 2sin (64 /2)]
X
0
sin (04 /2) | BeRAIT (veR:)
- (10)
(6a/2) Io (veR:)
and
N N
Z d[(N — n)cos (nB.L)] _ —Z n (N — n) sin (nfL)

dpe

n=1 n—1

(11)

Fig. 11(a) gives the g, of proposed coupled cavity with
seven periods at TMjg 1,0 — 27 mode and the TM1;,1,0 — 27
mode, obviously, the g, is positive at the operating beam
voltage of 20 kV, thus, it is believed that the coupled cav-
ity is stable. Fig. 11(b) indicates that, with the increase of
period numbers, the change of G, becomes more significant.
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FIGURE 11. Normalized beam conductance Ge versus beam voltage V,
for (a) the competition modes and (b) the number N of periods.

TABLE 3. Parameters of each cavity.

Cavity f(GHz) R/Q(Q) M O Oeut

input cavity 300 13 034 1150 1100
bunching cavity 300 18 034 1150 )

output cavity 300 26 0.34 1100 1100

Besides, the positive range of G, is reduced with the increase
of period numbers. In other words, the coupled cavity with
more periods requires a beam voltage with higher precision
and stability, otherwise, the g, will be negative when the beam
voltage is slightly higher than the operating voltage.

IV. PIC SIMULATIONS AND ANALYSIS

A. SIMULATION AND RESULTS

The complete interaction circuit of the TM g, 1,0 mode multi-
beam EIK proposed in this paper consists of an input cav-
ity with the same structure as the single output cavity,
the bunching section with four bunching cavities and a multi-
extraction output cavity containing two identical output cav-
ities, as shown in Fig. 12(a). The conductivity of the cavity
material is set to 5.8 x 107 S/m. The synchronous tuning of
the cavities is utilized to raise the gain, and the important
parameters of each cavity are given in TABLE 3. Same
as the conventional klystron, the bunching section of the
proposed EIK utilizes variable drift distances to enhance
the bunching of the beams. In the case of small signals,
the drift distances in the first two sections are approximately
one-quarter of the reduced plasma wavelength for the opti-
mal bunching process. To prevent the over bunching, so the
drift distances in the next three sections should be shorter,
which are determined by the PIC simulation. Finally, the drift
distances between the cavities in the bunching section are
arranged as 4.5, 4, 2, 2,and 1mm, respectively. Driven by
ten individual DC electron beams with the beam voltage Vj
of 20 kV, the beam current Iy of 0.1A and the beam radius
Rp of 0.1 mm, the performances of the proposed multi-beam
EIK are demonstrated by the 3D PIC simulation using CST-
PIC solver. The minimum focus magnetic field to maintain
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FIGURE 12. (a) Longitudinal section of the model of TM;q ; ¢ mode multi-beam EIK and a snapshot of the normalized axial electric field pattern, (b) a

snapshot of the normalized axial electric field pattern at cross sections of the output cavity.
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FIGURE 13. (a) The signal of the output power without an RF drive signal
of 300 GHz, (b) frequency spectrum of the output signal.

the focus of the beam called Brillouin field can be given
By = 0.83 x 1073(I0)'/2 /[Rp(V)'/*] = 0.22T.

The theoretical calculation indicates that the interaction
circuit satisfies the stable condition, however, even if there
is no input signal, the rising edge of the DC electron beams
inevitably excites a weak oscillation signal of the operating
mode with a frequency of 300 GHz, as shown in Fig.13.
The stable DC electron beams can be regarded as loads of
the cavities because of the positive G,, thus the oscillation
will gradually decay and remain a small amplitude, as shown
in Fig.13(a). This controllable oscillation of operating mode
does not destroy the stability of the device and the quality of
the output signal.

The signal with power of 5 mW at desired center frequency
of 300 GHz is injected into the device, and a snapshot of
normalized axial electric field pattern at longitudinal sec-
tions of the whole interaction circuit is shown in Fig. 12(a).
The electric field has the same pattern within each gap and
becomes stronger cavity by cavity. Fig. 12(b) gives a snapshot
of the normalized axial electric field pattern at cross sections
of the output cavities. Obviously, the field pattern agrees well
with TM19,1,0 mode, thus, it is convinced that the device is
operating at TMjp,1,0 — 27 mode. The steady output power
signal is obtained after 8 ns, as shown in Fig. 14, the saturated
output power is Py, = 0.5 x 252W=312.5W. As a contrast,
the TMjo,1,0 mode multi-beam EIK with a single output
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FIGURE 15. (a) Frequency spectrum of output power signal with an RF
drive signal of 300 GHz, (b) phase space of electrons in the last cavities.

cavity is modeled and simulated under the same conditions,
and its ouput power signal is also given in Fig. 14.
Obviously, the maximum output power of the EIK with a
multi-extraction output cavity is nearly twice that of the EIK
with a single output cavity. Therefore, the multi-extraction
output cavity has been proven to improve the efficiency of
EIK significantly. The frequency spectrum of the output sig-
nal is very pure within a wide band, as shown in Fig.15(a),
which signifies that no model competition occurred. There-
fore, the correctness of stability analysis in Sec. III is proved.
Fig.15(b) shows the phase space of the electrons in the last
bunching cavity and the multi-extraction output cavity. The
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FIGURE 17. (a) Voltage of the middle gap of the first output cavity, (b)
voltage of the the junction between the coupling hole and the coupled
cavity.

stepwise enhanced modulation of the beam is observed, and
most electrons drastically decelerate in the output cavity,
indicating that the energy of electrons is converted to the
electromagnetic fields and coupled to the load. The gain curve
of the input power and frequency is shown in Fig. 16. The
maximum output power of 312.5 W is obtained for an input
power of 5 mW at the center frequency of 300 GHz yielding
a gain of 48 dB, and the 3-dB gain bandwidth calculated from
Fig. 16(b) is about 200 MHz.

B. POWER CAPACITY ANALYSIS

The simulation results show that the proposed EIK has good
performances, however, the device may not be able to with-
stand such large power because of the small size dimension
and the restrictions of surface roughness. A strong electric
field may lead to the breakdown of narrow gaps. According
to the PIC simulation, the axial electric field in the middle gap
of the first output cavity is strongest, and the voltage of the
gap is given in Fig. 17(a), the voltage will increase to 397 V
over time. The coupling holes can be regarded as the rectan-
gular waveguides with a sectional dimension of 0.46 mm x
0.12 mm, and it is cut-off for the electromagnetic waves at
300 GHz. Complex reflection exists at the junction between
the coupling hole and the coupled cavity, thus, it is difficult
to calculate the power capacity of the coupling holes theoret-
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ically. But the voltage of the junction can be obtained by PIC
simulation conveniently, as shown in Fig. 17(b), the voltage
will increase to 380 V over time. Ideally, the electric field
strength of the breakdown limit called Ep, isup to 1.3 MV/cm
in the vacuum, however, because of the limitation of process
conditions, the actual Ej, is much smaller. According to the
research of R.

Hawley et al. [21], a conservative Ep, of 100 kV/cm is
reasonable. Thus, the breakdown voltage of the gap with a
length of 0.12 mm is 1.2 kV, which is much higher than 397 V
and 380V, thus, the risk of gap breakdown is very low in the
proposed EIK.

The power capacity of output circular waveguide operating
at TMp,; mode is defined as

2 p2
nEerg (12)
2ZTM

Pbr =
where Zry, is the wave impedance of TMo 1 mode, R, is the
radius of the waveguide. Then we have the power capacity
of the output circular waveguide at TMp 1 mode is 160 kW,
which is much higher than the maximum output power
of 312.5 W. Synthesize the analysis above, it is believed that
the power capacity of the proposed EIK is enough.

V. CONCLUSION

Conventional EIK is facing a series of difficulties when it
extends to the THz band, the most prominent of which is
the rapidly reduced dimension and the higher requirement
of the current density of the electron beam. To deal with
these problems, a novel TM1g,1,0 mode multi-beam extended
interaction klystron is proposed in this paper, and the inter-
action circuit including the coaxial coupled cavity and the
multi-extraction output cavity are designed and analyzed,
and the crucial structure parameters are determined. The
TMi0,1,0 — 2w mode is determined as the operating mode
for larger dimensions and higher R/Q. There are ten electron
beams are formatted with the voltage of 20 kV and the overall
current of 1 A (0.1 A x 10), and the current density of each
beam is 318 A/cm?, which is easily achieved by the electron
gun that using thermal cathode with low compression ratio.
The results of the 3D PIC simulation confirm that the device
works at the TMj9,1,0 — 2w mode without mode competi-
tion and self-oscillation, and the modulation of the beams is
intense. The maximum output power is 312.5 W with a gain
of up to 48 dB at the center frequency of 300 GHz, the 3-dB
gain bandwidth of 200 MHz is relatively narrow because of
the high Q-factor cavities and the synchronous tuning. The
results of PIC simulation indicate that the multi-extraction
output cavity can significantly improve the output power and
efficiency. The power capacity of the interaction circuit is also
analyzed briefly, the results indicate that the power capacity
has a lot of margins. In summary, the TM19,1,0 mode multi-
beam EIK proposed in this paper provides a great potential
approach for developing the high power terahertz sources.
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