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Abstract—A high-power gyrotron traveling-wave amplifier op-  at millimeter wavelengths. A gyroklystron amplifier operating
erating in the low-loss TE« mode has been constructed atthe Uni- in the low-loss Th; mode has produced an average power of

versity of California, Davis that will be driven by a 100-kV, 5-A elec- 10 kW at 94 GHz [3]. However, the bandwidth, limited by the
tron beam with a pitch angle (v /v.) of unity and velocity spread fth - ) | h ' 104 ’

of 5%. The amplifier is predicted by large-signal simulations to @Q of the cavities, was less than 1%.

generate 140 kW at 92 GHz with 28% efficiency, 50-dB saturated A gyrotron traveling-wave tube amplifier (gyro-TWT) with a
gain and 5% bandwidth. The stability of the amplifier from oscil-  nonresonant traveling-wave circuit is capable of much broader
lation has been investigated with linear codes. The threshold cur- pangwidth. Unfortunately, gyro-TWTs have been plagued by

rent for the absolute instability of the TEq, operating mode for the . I . R A
chosen operating parameters is predicted to be 10 A. To SuppresslnStabllltles' In one of the first gyro-TWTs [4], oscillation at

the potential gyro—backward-wave oscillator interactions, the in- the cutoff frequency due to an absolute instability [5] forced
teraction circuit with a cutoff frequency of 91 GHz has been loaded the device to be strongly detuned, which lowered the gain and
with distributed loss so that the single-pass attenuation is 90 dB at bandwidth. The performance was improved by making the
93 GHz. The coaxial input coupler has a predicted and measured \ya|is more resistive (by a factor 6f1000) [6]. Gyro-TWTs can
coupling of 1 and 2 dB, respectively. also oscillate as a gyro-backward-wave oscillator (BWO) at the
_Index Terms—Absolute instability, coaxial input coupler, dis- Doppler-shifted cyclotron frequency and its harmonics [7]. It
g;aljgte\(/jva{\?zihggr(OT-\t/)\/aTC)k;VrﬁL?i}givgy?c?t?gftt?;v(elglmwg O\a\;a?/}érg;g&\i/- was shown experimentally that this oscillation can also be sup-
fier, magnetron injection gun (Mlb). pressed by increasing the (_:lr_cwt’s attenuation [S]QrBa_md _
TE;;1 gyro-TWT, which exhibited both types of oscillation in
its initial copper circuit, was stabilized by making the walls of
I. INTRODUCTION the circuit extremely resistive [9]. The added insertion loss was

IDE-BAND high average power amplifiers are require@pproximately 100 dB near th(_a cutoff frequency. T_he result.ing
in the 92-96-GHz atmospheric window for advanceB'g_h performance amplifier displayed an exceptionally high

radar applications [1], [2]. The highest average power from&in of 70 dB. More recently, a Tk gyro-TWT produced
conventional linear beam slow wave device at 94 GHz is 1 k87 KW in theKa-band by also adding a considerable amount
and is produced by the CPI 8783 extended interaction amplifif, /0SS to the circuit [10]. In addition, it must also be noted
Further advances are made difficult by the problem of passiffifit @ high power gyro-TWT [11] was recently operated at
an intense electron beam through the extremely narrow circ second-harmonic with an extremely wide bandwidth of
needed to support a slow wave at this frequency. Fast wave §&%0 by utilizing a novel helically corrugated beat-wave circuit
vices are capable of significantly higher power because their ciRecially designed for stability by substantially altering the
cuits can be significantly larger. Gyrotron devices, which enfupled dispersion diagram.

ploy a fast wave circuit, generate the highest average power! his paper describes the design of a high-performance
94-GHz Tky; gyro-TWT [12] that applies the same technique

. . ) . of employing distributed wall loss to achieve stability as in
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Fig. 1. Dependence of threshold current for absolute instability on velocity

ratioor = v /v, for three values of magnetic field (100 k. /r., = 0.45).  Fig. 2. Dispersion diagram of the operating mode (intersection of unbroken
curves) and possible oscillating modes (intersections of broken curves with

o ) ] _ negativek.) (100 kV, vy /v. = 1.0).
The organization of this paper is as follows. The loss required

for the amplifier's stability is determined in Section II. Sec- 80 : : :

tion Il describes how the required loss was achieved. The pre-

dicted large-signal characteristics of the amplifier are presented

in Section IV. Two important ancillary components, the coupler

and electron gun, are described in Sections V and VI, respec- 2

tively. Section VII contains the summary.

60
40

Il. STABILITY 2 S i A 1

The amplifier design was developed by following the
marginal stability design procedure [13]. Because a large 0102 |Io‘ 12)4 I‘()S "
axial velocity is beneficial for stability and wide bandwidth, o/p '
the operating voltage of a high power gyro-TWT should be copper
as high as practical. A voltage of 100 kV was chosen. Tg o » )
reduce the interception of electrons by the wall, the guidiq%g'fé&l??g?fe;ncf ?%V}' ar:(:ffe'ss“(\f%olz\t;z i;ﬁ'f?'ﬂ'?ngthlfgrg,);rgBV;/O n
center of the beam is 45% of the wall radius, which is slightly.o,r./r,, = 0.45). . ) ’ !
inside of the mode maximum. Small-signal codes have been

employed to investigate the stability of the amplifier. FirSiyeq) heam is shown in Fig. 3. Generally, modes that are excited
the amplifier must remain stable from the absolute instabilip(ear their cutoff, where the wave impedance is highest, have
of the operating mode [5], which occurs when the gain e |owest start-oscillation length. However, wall loss is more
sufficiently high that. the .bandW|dth extends to' the Cum%ffective close to the cutoff. The 'ﬁﬁ mode (the superscript
freqtuirlmy [$4].bAt I£h|s gomt, a \(;/Ia\{{e ?;[ cutoff V_I‘_’;:l Eﬁcorﬂerefers to the harmonic number) is closest to cutoff and seen to
unstable and a backwar waye wilf start to grow.' e thres %most sensitive to wall loss. The ﬁﬁEmode is least sensitive,
electron beam current for this from saddle-point theory [Sfy ;s s anticipated that it will be stabilized by the beam’s

[15] is shown in Fig. 1 for a 100-kV beam whose guiding Ccenter, oci L
. ; . . t d.F Il tivity G0 000pcy, wh u
radius, r., is 45% of the wall radius. Since the JEmode i Setﬁg ?lez?srt(ie\ity o?ir daegat:orspilespzl y: 179 f( Cl OYVG S.recprﬁ)

|(siop0re|?\|/f::)eld /:: o:sclll.l(zi t%;‘lt?glo:AOngSuiL F:?ggggsza;ﬁ?jtte{ﬁe TEgll) mode is stable for an interaction length of 15 cm.
and loss will add further stability, there is a comfortable safety
margin for our planned beam current of 5 A.

The dispersion diagram for the amplifier is shown in Fig. 2. To produce the required attenuation, the wall of the in-
To vyield strong amplification over the broadest bandwidtheraction waveguide was coated with Aquadag, a resistive
the cyclotron resonance line nearly grazes thg,;TiBode. To carbon colloid often used to discharge electron buildup on CRT
enhance the efficiency, the magnetic field is slightly detunestreens. Aquadag had also been used in the ultrahigh gain TE
(B/Bgy = 0.995, whereB, is the grazing magnetic field). It is gyro-TWT at National Tsing Hua University [9]. Acheson, the
evident there are several potential gyro-BWO modes [7], [16] etanufacturer, reports that Aquadag’s resistivity usually falls in
the fundamental cyclotron frequency and at the harmonics. Tihe range of 36 000-80 000)pc., an extent that includes our
short interaction length needed to stabilize these modes wodkkired value. The value reported in Ref. [9] vd&s000pc,,.
yield insufficient gain to even overcome the launching los§he actual value depends on the preparation and application
However, a recent gyro-TWT experiment [9] has found thamethod.
loss can stabilize gyro-BWO modes. The critical length for the There was some concern because the material can alter the
start of gyro-BWO oscillation in the amplifier with loss and arcutoff frequency due to its finite thickness. Therefore, the high-

Il. Loss



896 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 30, NO. 3, JUNE 2002

—~ /é\ HFSS-Copper Guide
P U A 0 - r ;
LE) ________ PETREELAE 1) ;/
o o HFSS-Resistive Guide
% — . (p/p,,, = 70.000)
N 0.09 mm ~ 50 )
) 0.07-mm - 2 Y - L
8 0.05mm [ 4 mm =
— b : 0.03 mm = =0.01 mm ©v -100
o 30 fht R — 0.0 mm-— | e 0.03 mm 8
] . / Ar =0.00 mm -— 0.05 mm HFSS-Copper Guide with Inner
E / e T 0.07 mm — Semiconductor Tube
g -40 + crrrrrrrls =—0.09 mm g -150 (Ar=0.05 mm, p/pc‘" =70,000)
L . y—
= ,_/ | plp,., = 70,()0(% % ol em
-50 = : : W= 2
90 95 100 105 110 é} —20()9() 0 e 7-77(;4 ! 9‘6 bt ;S_A_A_ATOO
Frequency (GHz) = GH
requency z

Fig. 4. Dependence on frequency of insertion loss fogT®aves through

circuit loaded with a semiconductor liner for several values of thickneddg. 6. Dependence on frequency of giEmode’s insertion loss through
(ro = 2.01 cm,p = 70 000pc,). The loss forAr = 0.01 mm is nearly 12-cm-length circuit from HFSS simulation (curves) and measurement
indistinguishable from the unloaded case. (symbols). The broken curve shows the HFSS predictions for a semiconductor
tube with a resistivity 70 000 times copper within copper waveguide. The
unbroken curves are the predictions for a metallic waveguide with the resistivity
of copper and 70 000 times copper.

p/%ch: 7,000 1

sistivity of 70 000 times copper. Furthermore, both agree with

'
W
T

5 the HFSS simulation of transmission through 12 cm of unloaded
i ‘ Ar =0.05 mm metallic waveguide, whose resistivity is 70 000 times copper,
v which is the case that had been found to suppress tl'gé> TE

90 95 100 105 110 . g
. gyro-BWO (Fig. 3). Specifically, the loss was measured to be
Frequency (GHz) 90 dB at 93 GHz, as desired.

Fig. 5. Dependence on frequency of insertion loss fog,T®aves through

circuit loaded with a semiconductor liner for several values of resistivity-
2.01 cm, Ar = 0.05 mm). V. LARGE-SIGNAL CHARACTERISTICS
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R 5y the measurements of our final Aquadag-loaded circuit to our
~ i HFSS simulation of several appropriate cases. It is seen that
% - 200,000 the measurements of the lossy circuit agree well with the HFSS
3 j" oo ' simulation of transmission through 12 cm of copper waveguide
5 b 20,000 ' ] loaded with a 0.05-mm thickness semiconductor tube with a re-
=
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Our self-consistent nonlinear particle-tracing code [18], [19]
frequency structure simulator (HFSS) [17] was employed to d&as modified so that it includes distributed wall loss and then
termine the optimum thickness and resistance of the lossy nemployed to evaluate the large-signal characteristics of the am-
terial. HFSS models the loss layer as a semiconductor. It welifier. The code also includes reflections from the finite-mis-
found, however, that the attenuation is not dependent on timatch of the input and output couplers and the loss taper. The
value of the dielectric constant. Fig. 4 shows that the loss iamplifier parameters are given in Table I. So that the wave is not
creases with the material’s thickness, but it is unproductive mped in the high power region, there is no loss added to the
make the thickness greater than the skin depth. The primary fafal 2.5 cm of the circuit and the loss in the preceding 1 cm is
fect of making it any thicker is to alter the effective cutoff fredinearly tapered. When it is equipped with the proper collector
guency. For a resistivity afd 000pc., the skin depth at 94 GHz and cooling, this would allow the device to operate continuously
is 0.057 mm. Since it is desired that the loss layer not altat an average power of 140 kW with only 50-Wfpeak wall
the cutoff frequency by more that a few percent, the thicknemding, well below the typical upper limit of 1 kW/crfor
should not be greater than a few percent of the wall radius. Figedntinuous wave (CW) gyrotrons [20], albeit with all metal sur-
shows that for a thickness of 0.05 mm, the highest attenuatifaices. The power handling capablity of Aquadag is not known
occurs for a resistivity in the range o0 000pc,—200 000pc..  for sure, but it is likely that it can handle this load since it is reg-
If the resistivity is any greater, then the loss is reduced becauserly baked at 200C as part of its normal curing process. Fur-
the thickness is significantly less than a skin depth, as is seentiermore, Aquadag combined with iron has been successfully
occur forp = 700 000pcy,. used in the severs of high average power coupled-cavity TWTSs.

The desired effective wall resistivity @/ p., = 70 000 was Employing a fairly thick annulus of lossy ceramic so that it cor-
achieved by coating the first 12 cm of the interaction circuit witresponds to the outer lobe of the gbEnode as employed in [10]
sixteen layers of Aquadag. Through trial and error, by varyirig another method for distributing the required loss and handling
the dilution ratio with water, the precise value needed to sughe high power. Fig. 7 shows the axial profile of the convective
press the TEl) gyro-BWO mode was attained. Fig. 6 comparegower growth in the amplifier. There is an inflection point near
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Cutoff Frequency 91.0 GHz Frequency (GHz)
Lossy Wall Resistivit 70,000 pea ! ) . -
Y Y Pe Fig. 8. Saturated bandwidth of the output power (unbroken line), efficiency
Guiding Center Radius, r¢ 0.45 1y (unbroken line), and gain (broken line) for an axial velocity spread of 0% and
5% (Table I).
Circuit Radius, ry 0.201 cm
/—’/—1&\\
Lossy Circuit Length 11.0 cm ~ ™
Loss Taper Length 1.0 cm
Copper Circuit Length 2.5cm o o
Total Circuit Length 14.5 cm
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Fig. 7. Axial power growth of 92.25-GHz wave in the loaded,T Eircuit for

three values of input power (Table I).
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the beginning of the unloaded region where the growth rate in-
creases. Theory indicates that a gyro-TWTs gain will decrease
by one third of the added loss [21]. Although the loss reduces the
growth rate, it was found to have little effect on the efficiency.

For an axial velocity spread akv. /v, = 5%, the predicted

peak power is 140 kW with an efficiency of 28% and a saturated

- a—

/

~J

9. Schematic of the Td coaxial-filter input coupler. (a) With hidden

bandwidth of 5%, as shown in Fig. 8. The large-signal gain Fn
50 dB, even though the circuit has 90 dB of loss at the frequency
of 93 GHz.

e. (b) Cut through the center.

California, Los Angeles TE) gyro-TWT [22] and the coupler

in the high average power 94 GHz JEgyroklystron [3]. As

shown in Fig. 9, the input signal is injected from conventional
A coaxial input coupler has been designed with HFSS witlectangular waveguide into the coaxial siEnode of a coaxial

a 1-dB insertion loss over a bandwidth of 3%. It is similar tgavity and then into the desired JEmode of the cylindrical

the azimuthal phase velocity coupler used in the University ofteraction waveguide within the inner coax through five slots in

V. TEg; COUPLER
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@ Fig. 11. Bandwidth of the insertion loss through the,TEEoaxial-filter input
Hag 2 coupler [Table Il(a)] from measurement and HFSS and for a future coupler
- 1 [Table 1i(b)] from HFSS.
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Fig. 10. Intensity of electromagnetic waves in the,TEoaxial-filter input 9 98 100
c_oupler from HFSS. (a) An ax_ial view cut through the axis. (b) A cross-section %0 22 94
view through the coaxial cavity. Frequency (GHZ)

the wall. The design parameters are given in Table ll(a). Fig. . 12. Bandwidth of the insertion loss through the,TEoaxial-filter output
shows the input and coupled waves from HFSS in two planggupler from measurement and HFSS [Table li(c)].
In Fig. 10(a), the effect of the upsteam short is evident. The
short is merely a radial discontinuity one quarter wavelenggitedicted bandwidth of 7% is much more suitable for the
upstream in the drift tube to cutoff and reflect the wave. Furthamplifier’s predicted bandwidth of 5% (Fig. 8), the initial tests
upstream is an annular load to terminate the circuit. In this wayill employ the former design, since good transmission of the
the coupler is a good match for all modes. From the symmetlectron beam is a more important concern in the early stages.
of the wave pattern in Fig. 10(b), it is clear that a;]Evave An output coupler has been fabricated with the parameters in
in the coaxial cavity is coupling to a T wave in the inner Table lI(c) to monitor the output power. To avoid high power
waveguide. breakdown in the rectangular waveguide, it was designed for a
Fig. 11 compares the measured coupling with the HFSS pmsupling of 10-20 dB. It has the same coaxial geometry, but
dictions. Whereas HFSS predicts greater thdnrdB coupling is a four-port coupler. The Tf& coaxial cavity connects to a
over a 3% bandwidth, the input coupler actually exhibits second identical rectangular waveguide positioned i8@z-
minimum of —2-dB coupling over this bandwidth. The inputimuth from the first. The fourth port is terminated to yield a good
coupler’'s performance is limited by the 96.5-GHz cutoff ofmatch. Fig. 12 compares the measured coupling of the output
the upstream short. The discontinuity in the bandwidth can beupler with the HFSS predictions. The output coupler exhibits
shifted to higher frequency by reducing the inner diameter gfeater than-10 dB coupling over a 5% bandwidth. The mea-
the short. Fig. 11 also shows the wider bandwidth predictedred coupling is 5-10 dB higher than the HFSS predictions.
for the design in Table II(b) with a reduced diameter short arithis may be due to the fact that the coupling is very sensitive
where the resonant frequency of the coaxial cavity has beerthe length of the coupling slots and there is some uncertainty
increased to 95 from 94 GHz. Although the modified coupleras to their exact length. However, this poses no problem for the
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TABLE 1
DESIGN PARAMETERS OF THETE,; COUPLERS (&) INPUT COUPLER, (b) FUTURE INPUT COUPLER, AND (C) OuTPUT COUPLER
(@) (b) ()
Coax cavity outer radius, rogt 3.586 mm 3.586 mm 3.586 mm
Coax cavity inner radius, rip 2.51 mm 2.61 mm 2.51 mm
Coax cavity length, Leay 2.87 mm 2.70 mm 2.87 mm
Circular waveguide radius, ry 2.01 mm 2.01 mm 2.01 mm
Circular short radius, ry 1.90 mm 1.80 mm --
Dimensions of rectangular input guide 2.87mm x |[2.70mm X | 2.87 mm X
1.435 mm 1.35 mm 1.435 mm
Dimensions of coupling slots (five) 2.0 mm X 2.7 mm X 1.3 mm X
0.3 mm 0.4 mm 0.3 mm
Axial position of cavity start 0.0 mm 0.0 mm 0.0 mm
Axial position of coupling slot center, z¢ 1.0 mm 1.35 mm 0.6 mm
Axial position of short, zg -0.53 mm -0.27 mm --
Azimuthal position of rectangular waveguide 0o 00 00, 180°
Azimuthal position of five slots 369, 1089, 369, 108°, 369, 1089,
1800, 2520, | 1800, 2520, | 1800, 2520,
3240 3240 3240
TABLE Il 36
DESIGN PARAMETERS OF THESINGLE-ANODE MIG a
Cathode Voltage -100kV 35
Emitted Current SA m
Cathode Angle 74° " |
Electric Field 70kV
Magnetic Compression 32 =
Cathode Radius 5.1 mm
Emitting Strip Length 1.9 mm Y 0 10 20 30
Guiding Center Radius (Circuit) 0.9 mm Z(Cm)
Guiding Center Spread (Circuit) 10% Fig. 13. Electron trajectories and electrostatic contours for the MIG from
FINELGUN simulation and the magnetic field profile.
o = v/v, (Circuit) 1.0
Axial Velocity Spread (Circuit) 5% single-anode magnetron injection gun (MIG) electron gun has
Cathode Loading 9 Alem® been designed using the variable mesh code FINELGUN [24].
The initial values were found by solving the set of equations for
Jemis/ I 03 the constants of motion given in Ref. [23]. For a MIG gun with a

sufficiently large cathode angle, itis no longer necessary to keep

. . . . . .the gap between the inner and outer electrodes larger than twice
experiment, since this coupler is just a monitor and the coupllrﬂge Larmor radius. For large angles, the geometry becomes less

Ihna"cshzeiﬁ::ig?i?)?l:;(tjsa;do?g?rtifd;.cr)]re?gtzs(?;g/gmes ?If t')nter885xial and more planar. The design parameters of the MIG are
. ' 9 Ve WITDE isted in Table I1I. The MIG has a very large cathode angle of
absorbed in a downstream annular load. 74° and is shown in Fig. 13. The 100-kV, 5-A electron beam
with v, /v, = 1.0 has a predicted axial velocity spread of 5%.
The MIG gun has been fabricated. It is a modification of the
To achieve the wide bandwidth predicted by theory (Fig. 8NTHU MIG design [25] and employs a dispenser cathode man-
it is crucial that the electron beam has a low velocity spread.actured by Spectramat. The edges of the emitting strip have

VI. ELECTRON GUN
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have solenoidal and gradient coils. By positioning the emitter at
the null of the gun gradient coil, both the amplitude and gra-
dient of the axial magnetic field at the cathode can be indepen-
dently adjusted. A 100-W coupled-cavity TWT amplifier will
drive the gyro-TWT into saturation and a 1-kW EIO is avail-
able as a back-up source.

(1]

[2

(3]

[4]

(3]

been coated with Molybdenum to suppress edge emission. The

MIG has been activated and theV characteristics have been

(6]

measured. The gun displays a space-charge-limited perveance
of 1.3 P at 1 kV, but will be temperature limited to a perveance [7]

of 0.16 uP at the operating value of 100 kV.

VIl. SUMMARY

(8]

The design of a high-power gyro-TWT amplifier that is pre- (]
dicted by a large-signal simulation code to generate 140 kW at
92 GHz with 28% efficiency, 50-dB saturated gain and 5% bandfi0]

width has been presented. It will operate in the low-losg,TE

mode and be driven by a 100-kV, 5-A, MIG electron beam with

vy /v, = 1 andAv, /v, = 5%. When fitted with cooling and

(11]

an appropriate waveguide collector, the device is potentially ca-
pable of cw operation. The stability of the amplifier from oscil-
lation has been checked with linear codes. The operating beanp)
currentis less than the threshold value for absolute instability. To
suppress the potential gyro—-BWO interactions, the interaction
circuit has been loaded with lossy Aquadag. The required insert3]
tion loss for the circuit at 93 GHz from theory is 90 dB, which
was achieved. A coaxial input coupler with 3% bandwidth was
designed with 1-dB coupling and measured with 2-dB couplingj14]
In addition, another coaxial input coupler was designed with

0.5-dB coupling over a 7% bandwidth.

[
A wire-wound helical waveguide [26]-[28] was considered as

the interaction circuit for this T& gyro-TWT. This waveguide

[16]

takes advantage of the unique purely azimuthal nature of the

TEy,, wall currents and attenuates i waves withm # 0, but
transmits Th,, waves with little loss. It is an ideal Tgg mode

selective circuit. This will be the subject of future investigations.

(17]

(18]

The initial tests have begun and are being performed in a

50-kG superconducting magnet. The axial profile of the mag-
netic field is shown in Fig. 14 together with a schematic of the

[19]

gyro-TWT amplifier. The solenoid contains four independent

compensated coils. The two interaction coils produce a ver
weak magnetic field in the gun region and the two gun coil

20]

produce almost zero field in the interaction region. Both regions
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