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Performance of a 20-stage X-band sine waveguide amplifier, driven by a 40 A, 100kV, cylindrical
electron beam, is studied using numerical simulation and interpreted using Pierce’s classical travel-
ing wave tube theory. For an input signal power level of 1.8 kW, particle-in-cell simulations predict
gain and bandwidth values exceeding 14 dB and 13%, respectively. For an input signal power level
of 7.2kW, particle-in-cell simulations predict gain and bandwidth values exceeding 12dB and
15%, respectively, with output power levels exceeding 110kW at peak gain. Also given are: an
assessment of the space charge factor (Pierce’s QC parameter) for the complex circuit using simu-
lation data, and an evaluation of the harmonic contents in the beam current.

[http://dx.doi.org/10.1063/1.4964141]

I. INTRODUCTION

High power traveling wave tube (TWT) amplifiers are
an integral part of RF systems used for applications such as
radars and electromagnetic effects testing. In examining vari-
ous traveling wave tube configurations, coupled cavity
TWTs typically have the highest power outputs (ranging
from 10s of kW to a few MW, pulsed). Reported gain values
for coupled cavity TWTs have been as high as 35dB with
bandwidths ranging from 2% to 18%.' Because of the rela-
tive complexity associated with the fabrication of coupled
cavity TWTs, the authors chose to explore other, geometri-
cally simpler TWT configurations to determine high power
scaling. The TWT configuration chosen for the present study
and future experiment is a sine waveguide TWT.” The slow
wave structure of the sine waveguide TWT consists of a rect-
angular waveguide that is sinusoidally displaced along the
propagation axis in a direction perpendicular to the H-plane.
This sine waveguide slow wave structure, evolved from a
staggered double-grating waveguide amplifier concept,® has
previously been explored as a potential THz “sheet beam”
ampliﬁer,l as a THz backward wave oscillator (BWO) utiliz-
ing a “sheet beam,” and as a 380 GHz BWO utilizing a
“pencil beam.” In the present study, the authors use both
numerical simulation and analytic Pierce theory to investi-
gate the viability of this structure as a high power X-band
TWT amplifier, driven by a single electron “pencil beam.”
The new feature of this paper, which is rarely addressed in
most publications on TWT designs because of its complexi-
ties, is our attempt to assess Pierce’s space charge factor,
QC, from simulations. The values of QC determined for the
amplifier are compared to those calculated using methods
prescribed by the literature. We also evaluate, numerically,
the harmonic contents that result from the kinematic bunch-
ing (i.e., from the orbital crowding, as in a klystron) in the
electron beam.

1070-664X/2016/23(10)/103102/6/$30.00

Il. SIMULATION GEOMETRY AND SETUP

Particle-in-cell simulations used to investigate the per-
formance of a “pencil beam” driven sine waveguide TWT
were accomplished using ICEPIC.® All ICEPIC simulations
were performed using 0.5 mm x 0.5 mm x 0.5 mm grid reso-
lution. Figures 1(a) and 1(b) provide 2-D and 3-D geometric
views of the sine waveguide TWT simulated in the present
study. At either end of the waveguide, within the upswept
sections, perfectly matched layer (PML)’ was used as an RF
termination. An RF TEO1 mode launching surface was posi-
tioned just below the PML boundary at Y = 6 cm. The wave-
guide initially started out with a WR-90 cross section
(1.02cm x 2.29 cm), but following the curved section con-
taining the beam pipe penetration, the waveguide height
transitions from 1.02cm to 1.90cm before the start of the
slow wave structure.

E8F | Beam PML: a)
24 ‘ Slow Wave Structure
D) =

-10 0 10 20 30 40 50 60 70

Z-Axis [cm]

FIG. 1. (a) 2-D cross section geometry of the simulated sine waveguide
TWT. (b) 3-D mesh plot example of a simulated sine waveguide TWT
geometry (the displayed TWT mesh plot is 5 periods shorter than the simu-
lated device used in this study, giving a better aspect ratio in the figure).
Waveguide width in the X-Axis direction is 2.29 cm.
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http://dx.doi.org/10.1063/1.4964141
http://dx.doi.org/10.1063/1.4964141
http://dx.doi.org/10.1063/1.4964141
http://dx.doi.org/10.1063/1.4964141
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4964141&domain=pdf&date_stamp=2016-10-06

103102-2 Hoff et al.

The simulated slow wave structure consisted of 20 peri-
ods, each of which was 2.7 cm long. These 20 periods have a
displacement amplitude of 5mm. In Figure 1, the full-height
region of the slow wave structure (SWS) begins at Z=9.4cm
and ends at Z = 63.4 cm. On both the input and output sides of
the full-height SWS section were sets of two taper periods in
which the displacement amplitude was linearly tapered to zero.
The walls of the structure were assigned a conductivity of
1.334 x 10°S/m, consistent with stainless steel.

The radius of the beam pipe, in which the beam is
launched, was 4.5 mm and the beam radius is 2.5 mm. A sep-
aration of at least 2.0 mm is maintained between the beam
outer radius and the rippled upper and lower walls of the
waveguide. The slow wave structure was immersed in a
0.3T axial magnetic field, aligned along the Z direction.
Simulation hot tests utilized a zero temperature electron
beam with a voltage of 100kV with a current of 40 A. The
0.3 T axial magnetic field was found to be sufficient to pre-
vent intersection of the 40 A beam with the walls of the
device in all hot test simulations performed in this study.

Previously published sine waveguide TWT amplifier
configurations” as well as TWTs based on the structurally
similar staggered-grid slow wave structure,® utilize a sheet-
like electron beam to drive the amplifier. Sheet-like electron
beams are highly susceptible to the diochotron instability,
which results in distortion and curling of the edges of the
sheet beam.®!' Because the spatial growth rate of the dio-
chotron instability tends to be very high, sheet beam TWTs
must be very short, thus making them suited to small, high
frequency, lower power amplifiers. Use of a cylindrical
“pencil beam” avoids this instability, but does incur a pen-
alty of reduced gain per period as compared with a sheet
beam device.

lll. SIMULATION COLD TEST RESULTS

The dispersive properties of the slow wave structure
were determined using the frequency domain code, ANSYS
HFSS.'? Master-slave bounded eigenmode solution data
was calculated. The calculated dispersion data indicate
pairs of modes, offset from each other by a 27 phase shift,
forming both the first and second pass bands, depicted in
Figure 2. Distance along the kd axis represents the phase
shift across a single SWS period. Also plotted in Figure 2
are the light line and the beam line for 100kV. RF data
from hot test simulations, discussed later in Section IV, did
not yield noticeable microwave generating or amplifying
interactions between the beam and modes 1b and 2b from
Figure 2.

IV. SIMULATION HOT TEST RESULTS
AND DISCUSSION

As discussed previously in Section II, beam parameters
for all hot test simulations were 100kV and 40 A. The beam
was ramped from 0 A to 40 A over a 10ns time period. Prior
to beginning gain studies with injected RF power, the TWT
was verified to be zero drive (no input signal) stable for
at least a full microsecond with these beam parameters. The
distributed loss imposed by the previously described wall
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FIG. 2. Dispersion plot for the sine waveguide slow wave structure, where
kd is the phase shift per SWS period. Also depicted are the light line and the
100kV beam line.

conductivity within the TWT provided an adequate suppres-
sion of self-oscillation, in particular, near the band edge' of
mode 2a, shown in Figure 2.

To study the gain of the TWT, input signals with fre-
quencies between 7.0 and 9.0 GHz were injected in the
upstream waveguide port of the amplifier. Three signal
power levels (1.8kW, 3.6kW, and 7.2kW) were utilized to
excite the slow wave structure. In all simulations, after the
injected beam current reached 40 A, the input RF signal was
ramped from zero to the final power level over a period of
10ns. The input RF power level was held constant for 110 ns
and then ramped to 0. TWT gain for each of the input signal
power level, plotted as a function of frequency is displayed
in Figure 3. Bandwidth, defined as Af/fy (where Af is the
frequency range over which the gain exceeds —3dB from
the peak gain and fj is the center frequency of the aforemen-
tioned frequency range) was nominally around 13% but
increased to 15% as the tube begins to approach saturation at
an input power level of 7.2 kW.

161
14 1
124
10

Gain [dB]
[00)

—=— 1.8 kW input (13% BW)
2] —=— 3.6 kW input (13% BW)
—=— 7.2 kW input (15% BW)

70 75 80 85 90
Frequency [GHZz]

FIG. 3. Sine waveguide TWT gain as a function of frequency for input
power levels of 1.8kW, 3.6kW, and 7.2kW.
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Output power of the amplifier for simulation cases using
1.8kW, 3.6kW, and 7.2kW input signals at 8§ GHz are
plotted in Figure 4. The first portion of the power trace
(~10ns—~25ns) indicates the presence of impedance mis-
matches at the ends of the amplifier. Increasing the number
of taper stages at either end of the full-height SWS was not
found to substantially reduce the effect, indicating the proba-
ble source of the impedance mismatch is the beam pipe pen-
etrations into the waveguide.

A phase space plot of particle axial velocity as a func-
tion of axial position is provided in Figure 5. Particle phase
space data was sampled at t =80 ns for each of three 8 GHz
cases previously discussed. The Z-axis of Figure 5 corre-
sponds to that of Figure 1(a). The downstream end of the
full-height SWS is located at Z = 63.4 cm. The development
of the so-called “Cutler spur” on the phase space plot, in
which the velocity becomes multi-valued at a given position,
indicates the onset of nonlinear operation as the amplifier
progresses toward saturation with increased input power.'*'?
This effect is evident in the 7.2 kW input power case begin-
ning in the vicinity of Z =152 cm. Plots of linear charge den-
sity as a function of axial position are displayed in Figure 6.
In Figure 6 plot of the 7.2kW input power case, the electron
bunch density reaches a peak around Z=52cm and then
begins to decrease before the downstream end of the SWS
(Z=63.4cm). In all cases, some amount of de-bunching
occurs beyond the end of the full-height section of the SWS
as the RF wave loses synchronism with the electron beam.
Electric field magnitude and Z-axis component plots of the
7.2kW input power level case are provided in Figures 7(a)
and 7(b), respectively.

In the 1.8 kW and 7.2kW simulation cases, beam cur-
rent was sampled at the end of the full-height section of the
SWS (Z=63.4cm). FFT magnitude plots of the ratio of
sampled current at the end of the full-height SWS to input
current as a function of frequency are provided in Figure 8.
As described by Dong et al.,'® and evident in Figure 8, a
variety of harmonic AC can be generated on the beam, even

—— 1.8 kW Input Power (8 GHz)
—— 3.6 kW Input Power (8 GHz)
—— 7.2 KW Input Power (8 GHz)

140 -
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FIG. 4. Amplifier output power for 8 GHz input signals with power levels of
1.8kW, 3.6kW, and 7.2 kW.
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FIG. 5. Phase space plot at 80 ns for simulation cases using input power lev-
els of 1.8kW, 3.6kW, and 7.2kW.

when using only a single input frequency. The harmonic cur-
rent is a significant fraction of the AC at the input (funda-
mental) frequency. While these harmonics could be
problematic for amplifiers having multi-octave gain band-
widths, in configurations in which these harmonics do not
fall within the amplification band, there is no intrinsic gain
mechanism and the harmonic components are not strongly
represented in the RF output of the device, as demonstrated
in Figure 9. It should be noted that while the present ampli-
fier configuration would be expected to be relatively insensi-
tive to destabilization due to self-generated out-of-band
harmonics, it would still be expected to be susceptible to
destabilization by self-generated in-band harmonics and by
sources of in-band reflections, such as those resulting from
impedance mismatches due to fabrication imperfections,
window junctions, and severs, etc.

V. PIERCE ANALYSIS

The amplifier gain results discussed in Section IV are
interpreted in terms of Pierce’s classical theory of

041
-0.2

0.0 1.8 KW Input Power (8 GHz)

0.4
0.2
0.0+

.04
.02

Linear Charge Density [nC/mm]

7.2 KW Input Power (8 GHz)

0.0+
-10 0 10 20 30 40 50 60 70 80

Z-Axis [cm]

FIG. 6. Linear charge density as a function of axial position for the simula-
tion cases previously described in Figure 5.
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TWTs.">"'7 Once the beam current, beam voltage, and the
sine-waveguide geometry (including the cold-tube loss) are
specified, the dimensionless gain parameter C, detune
parameter b, and loss parameter d, in Pierce’s theory'>!’
may be determined with the aid of the HFSS and ICEPIC
codes. HFSS yields the interaction impedance, K, and the
circuit wave’s phase velocity, v,, while the cold tube loss
rate is extracted from ICEPIC, all of which may be used to
determine C, b, and d. The remaining parameter, Pierce’s
space charge parameter QC, cannot be easily calculated ana-
Iytically for our geometry, which consists of a pencil beam
in a planar sine waveguide. To gain a deeper understanding
of the ICEPIC simulation results, and a better feel for the
scaling of Pierce’s space charge parameter for the sine wave-
guide TWT, we numerically solved for the value of QC that
forced Pierce’s TWT theory, given by Eq. (3) below, to
match the gain values derived from the ICEPIC simulations
for the 1.8 kW input power level cases depicted in Figure 3.
First, for a small signal electric field with ¢/”7** depen-
dence, the complex propagation constant, f(w), is deter-

. . . . . 15.1
mined from Pierce’s 3-wave TWT dispersion relation'>"’

(8> +40C) (5 +jb+d) = —j, (1)

where 6 = —j(f — B.)/CPe, B = wIvy, b= (vo/v, — D/C, vy is
the beam’s DC velocity, v, is the phase velocity of the slow
wave structure in the absence of the beam, and d is the nor-
malized cold tube circuit loss rate. For a relativistic beam,
Pierce gain parameter, C, is given by'®

20
16 -
12 1.8 KW Input Power (8 GHz)

8 A

g_k ) S— J l B R B

20+
16 -
12 4

8 4

. |

0 L‘ T Li T X T X T . T ¥ T L T X JI ¥ T 'J 1

0 5 10 15 20 25 30 35 40 45 50
Frequency

/I ) [in 1000's]

in

out

7.2 kW Input Power (8 GHz)

FFT Magnitude of (I

FIG. 8. FFT plots of the ratio of input to output current sampled at the begin-
ning and end (respectively) of the SWS.
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FIG. 7. Electric field magnitude pseu-
docolor plot (a) and axial electric field
component pseudocolor plot (b) of the
sine waveguide amplifier operating in
steady state with an 8 GHz, 7.2kW
input signal.

o3 1Ko 2

4V, y(y+ 1) 2)

where K is the interaction impedance which may be inferred
from HFSS, and y = 1/4/1 — vj/c? is the relativistic mass
factor associated with the electron beam (y=1.1957 for a
100kV beam).

According to Pierce’s TWT theory, the small signal gain
(in power) in the circuit wave at a distance z downstream of
the input wave at z=0, which is written as E;(0,¢)
= Ej0e/®, is given by'®

Z oc,éz

3

” 2
’ Eiz ) +a0C Z S ()

3)

where 0;, (i =1, 2, and 3) are the three complex roots to Eq.
(1) at the input frequency wy, and o;, (i =1, 2, and 3), are the
amplitudes of the three (3) modes on the TWT, obtained
from the solution to

o —+ 2% —+ o3 = 0,
o101 + 60y + o303 = 0, @)
0(1(3% + 9(1(3% + 061(3% =1.

Note that the small signal gain given in Eq. (3) includes the

launching loss because it accounts for all three modes of the
Pierce dispersion relation, Eq. (1). Equation (3) has been

1.8 kW Input Power (8 GHz)

o
o®

MhbDIaalydbhhbaaa

N
mmmmm

7.2 kW Input Power (8 GHz)

°
o©

FFT Magnitude [Normalized]

15 20 25 30 35 40 45 50
Frequency [GHz]

0o 5 10

FIG. 9. FFT plots of the RF electric field measured across the extraction
waveguide of the 1.8 kW and 7.2 kW input signal cases.
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shown to be applicable even in the slightly nonlinear regime
in several examples.'®

Figure 3 shows the gain of the amplifier, obtained from
ICEPIC for a 40 A, 100kV beam subjected to a 1.8 kW drive
over 7-9 GHz. Figure 10 shows the values of C, b, and d
over this range of frequency obtained from HFSS. Also
included in Figure 10 is the required value of QC so that the
small signal theory, Eq. (3), matches the observed amplifier
gain from the ICEPIC simulations for the 1.8kW input
power level cases, as shown in Figure 3. We should remark
that the numerical value of Eq. (3) is sensitive to the value of
QC, which, as mentioned previously, is difficult to determine
analytically."’

The commonly used method of approximating the space
charge term, QC, relies on finding the plasma reduction fac-
tor, R, under the assumption that the drift tube is smooth.
The reduction factors for a very wide range of common
geometries were analyzed and tabulated by Branch and
Mirhan,?® along with a relation between QC and the plasma
frequency reduction factor, R*!

V0T =

Rw,/w

1 +Rwp/o’ )

The sine waveguide consists of a pencil beam in a rect-
angular waveguide (which is complex, and not covered in
the literature), so the reduction factor R, which is indepen-
dent of the beam current,® will be approximated in two
ways, as a pencil beam in a cylindrical waveguide, and as a
sheet beam between parallel plates. For both approximations,
the size of the smooth waveguide is taken to be the average
of the sine waveguide, i.e., 1.9 cm separation for the parallel
plates and 1.9 cm diameter for the cylinder.

The resulting values of QC, with C being given in Fig. 10
and Q obtained from Eq. (5), are plotted in Figure 11. Figure
11 shows a poor match to the QC values found from the simu-
lation. The resulting gain is very sensitive to QC, so the

0.09 -
0.081
0.071
0.061

 0.051

O 0.04
0.031
0.021

70 L gs i e Liohail e
Frequency [GHz]

FIG. 10. Values of C, b, and d for a sine-waveguide TWT driven by a 40 A,
100kV pencil beam. The interaction impedance and circuit phase velocity
used in C and b were obtained from HFSS. Also shown are the values of QC
required to match the 1.8kW input power level cases of Figure 3 with
Pierce’s 3-wave TWT theory, Eq. (3).
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FIG. 11. A comparison of QC values calculated using inputs from simula-
tion hot tests and QC values estimated using methods provided in the pub-
lished literature.**!

approximated QC values result in vastly larger gains than
simulation. At 8 GHz, the simulation gain is 14.2dB. Pierce
analysis using the planar QC would result in a gain of
37.3 dB, and using the cylindrical QC would produce 45.2 dB.

VI. CONCLUSIONS

The performance of a high power X-band sine wave-
guide TWT amplifier was studied using numerical simula-
tion and interpreted in terms of Pierce’s classical theory of
TWTs. The 20-stage amplifier model incorporated realistic
wall loss (for a tube comprised of stainless steel) and was
driven by a cylindrical electron beam with a current of 40 A
and a voltage of 100kV. For an input signal power level of
1.8 kW, ICEPIC simulations predict gain and bandwidth val-
ues exceeding 14 dB and 13%, respectively. For an input sig-
nal power level of 7.2 kW, ICEPIC simulations predict gain
and bandwidth values exceeding 12dB and 15%. Output
power levels exceeding 110 kW at peak gain are achievable,
in simulation, when using an input signal power level of
7.2kW. TWT simulation results were used to determine val-
ues for Pierce’s space charge factor, QC. Comparisons of
QC values determined using simulation hot test data were
found to differ substantially from values estimated using
existing published methods.
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