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Abstract—A sheet-beam traveling-wave amplifier has been pro-
posed as a high-power generator of radio frequency (RF) from
95 to 300 GHz, using a microfabricated RF slow-wave structure
(Carlsten, 2002). The planar geometry of microfabrication tech-
nologies matches well with the nearly planar geometry of a sheet
beam, and the greater allowable beam current leads to high-peak
power, high-average power, and wide bandwidths. Simulations of
nominal designs using a vane-loaded waveguide as the slow-wave
structure have indicated gains in excess of 1 dB/mm, with extrac-
tion efficiencies greater than 20% at 95 GHz with a 120-kV, 20-A
electron beam. We have identified stable sheet beam formation and
transport as the key enabling technology for this type of device.
Also, due to the high aspect ratio in the slow-wave structure, the
RF coupling is complicated and requires multiple input and output
couplers. The RF mode must be transversely flat over the width
of the electron beam, which impacts both the vane design and the
input and output coupling. In this paper, we report on new in-
sights on stable sheet-beam transport and RF mode control in the
slow-wave structure.

Index Terms—Beams, electron beam focusing, electron tubes,
millimeter wave power amplifiers, traveling-wave tubes.

I. INTRODUCTION

ANEW need for high-frequency, high-power sources has
been emerging for advanced radar and communications

needs, with frequencies in the band between 100 and 300 GHz
and peak powers as high at several hundreds of kilowatts,
and with bandwidths of up to 10%. After investigation of
different high-frequency gain mechanisms, including dielectric
Cherenkov masers [2] and two-beam amplifiers, we determined
that planar microfabricated traveling-wave tube (TWT) ampli-
fiers could best satisfy the needs of these new missions [3].
This type of source consists of a very thin sheet electron beam
passing through a periodic slow-wave structure that could be
either single or double sided [4]. We have focused our technical
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Fig. 1. Definition of terms used to describe planar ridged waveguide
geometery.

efforts on understanding the underlying physics and technology
of the double-sided interaction and developing a demonstration
experiment. One promise of this technology is that with mi-
crofabrication technology, it is scalable to high frequencies at
low-beam voltages (10 kV or less for amplification at 100 GHz,
20 kV for amplification at 300 GHz).

Earlier work [5] has identified the key enabling technologies
as: 1) the sheet beam formation and transport; and 2) the RF
mode control in the structure. Our analytic and experimental
program have focused on these two issues, mostly for the nom-
inal parameters of a 20-A, 120-kV beam with elliptical cross
section 1 cm by 0.5 mm, in a vane-loaded waveguide with pe-
riod 0.5 mm, and vane tip–to–tip gap of 0.75 mm. This relatively
high beam voltage was picked for our initial investigation be-
cause the higher beam voltage leads to a larger structure period
and adds additional beam stability. This allows us to conven-
tionally machine our test structures for faster turn around and
stage our study of sheet beam transport stability.

The goal of this paper is to report on technology develop-
ments we have made on understanding the RF interaction, beam
transport, and RF coupling and mode control. In Sections II, we
will describe the main features of the interaction. Then we de-
scribe stable sheet beam transport, followed by one-dimensional
(1-D), as well as two and one-half-dimensional, particle-in-cell
(PIC) simulations verifying gain and saturated efficiency. Sec-
tion VI describes experimental issues, including mode shaping
in the slow-wave structure and RF coupling.

II. DESCRIPTION OF THE INTERACTION

The interaction is based on the ability to slow down the phase
velocity in a waveguide by introducing vanes, as shown in Fig. 1.
The geometry is defined by a period , a vane height , a vane
separation , and a vane tip separation . The geometry is
assumed to be infinite horizontally (the dimension coming out
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Fig. 2. Depression of the maximum frequency as the vane height is increased.
Solid line corresponds to an empty waveguide, dot-dashed line to a vane height
of 0.25 of the gap half-height, long dashed line to 0.5 of the gap half-height,
medium dashed line to 0.75 of the gap half-height, and the dotted line to 0.9 of
the gap half-height.

of the paper) and the beam is thought of as very thin in the ver-
tical dimension. The geometry in Fig. 1 is used for a modal
analysis [1]. Some results from that analysis are presented in
this section.

In an empty waveguide, the RF mode phase velocity is greater
than the speed of light. In an empty waveguide, the mode prop-
agation number is given by , where is
the speed of light and is the guide half-height, and where the
mode propagation is of the form , with frequency
and axial wavenumber . The phase velocity is simply

, which then must be always greater than the speed of light.
We assume the RF in a vane-loaded waveguide is in a TM

mode, so the transverse magnetic field must be of the form

(1)

where we have used Floquet’s theorem to account for the peri-
odicity in and . The Maxwell curl equations give
us the nonzero electric field components in terms of

(2)

The presence of the vanes does two things: 1) it introduces
nonzero amplitudes of space harmonics (from Floquet’s the-
orem); and 2) it depresses the extent of the pass band of the
space harmonics. At a given frequency, there are, in general,
multiple solutions in . Each solution corresponds to one of
the values in (1). We can additionally consider a
frequency, defined by . If the beam frequency
is the same as the RF at a given wavenumber, the beam
velocity is the same as the phase velocity, and synchronous
energy exchange can occur. In Fig. 2, we plot the decrease
of the pass band as the vane height is increased. Since the
phase velocity of the RF mode is , decreasing

Fig. 3. Gain versus frequency for the nominal geometry at 95 GHz, as
calculated with the modal code DETER.

the frequency at a given wavenumber decreases the mode’s
phase velocity, eventually to the point that it is the same
as the electron beam’s actual velocity. Once that happens,
synchronous energy exchange can occur between the beam
and the RF mode. This interaction is with the fundamental
forward mode [ in (1)]. By knowing the power flow
and the field strength in the waveguide, a Pierce-type analysis
could be done to estimate the growth in the RF mode [3].
However, we use the more exact modal analysis code DETER,
described in [1], for gain and bandwidth calculations, as shown
in Fig. 3. The maximum gain for our nominal parameters of
a 20-A, 120-kV sheet beam with cross section of 1 cm by
0.5 mm in a vane-loaded waveguide with period of 0.5 mm
is about 13 dB/cm. The gain is about 2/3 dB per structure
period, which is consistent with lower-frequency, high-cur-
rent TWTs. The waveguide vane parameters (as defined in
Fig. 1) are , , , and

. Significant gain extends over a bandwidth of
a few GHz.

Our experimental investigation of this interaction is based
on the parameters used in Fig. 3. To produce a sheet electron
beam, we are using a 120-kV, 20-A electron gun, and form a
1-cm by 0.5-mm beam ellipse with a solenoid and a pair of
quadrupoles, described more in Section IV. Alternatively, an
elliptical solenoid can be used, replacing the normal solenoid
and quadrupoles [6]. Stable elliptical beam focusing can be
provided by either a PPM or a wiggler field configuration. Both
are described more in Section III. A structure for synchronism
at 95 GHz is then inserted into the wiggler for the interaction.

III. STABLE SHEET-BEAM TRANSPORT

The magnetic field for either a wiggler or PPM con-
figuration is of the form , where

and . If and , the field is known
as a wiggler field (it can be visualized as a vertical field pe-
riodically varying, with the beam slightly moving back and
forth horizontally). If and , the field is known as
a periodic permanent magnet (PPM) field (it can be visualized
as an axial field periodically varying, with the beam slightly
rocking back and forth between the vertical and horizontal
directions). We are using Sharlemann’s notation [7], and will
also be following Bookse’s development [8]. Those previous
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Fig. 4. Sheet beam calculation using PUSHER in a 2.5-kG wiggler field: (a) vertical beam envelope and (b) vertical beam emittance.

developments separated the PPM and wiggler analyzes, which
will be combined here. The field is of the form

(3)

After small argument expansions and wiggle averaging
[7]–[9], these transverse equations of motions are found

(4)

and

(5)

where we have dropped the cross terms (that go as ).
Both configurations have identical vertical focusing, but since
is smaller than , the wiggler focusing (the term) will have

greater horizontal focusing than PPM focusing (the term). The
cross terms are ugly, and have the potential to introduce non-
simple-harmonic oscillator terms, which are negligible at 95
GHz [9], but could be significant at higher frequencies. The
preaveraged equations of motion are fairly complicated; some
of the averaged terms look like and some look like

, which means that the preaveraged equations of mo-
tion are more than just the driven Matthieu equation and have
more complex regions of stability [9]. In particular, due to the in-
creased transverse motion in the wiggler field, the stability limit
for the wiggler field is only about three-quarters that for the PPM
field. However, both fields lead to equivalently nice, stable flow
at about one-quarter to one-third the Matthieu stability limit [9].

Direct integration of the particle equations of motion with the
three-dimensional (3-D) code PUSHER [9] verifies the stable
transport of the sheet beam with transverse emittance of 2.7 mm
mrad, in the nominal design wiggler field of 2.5 kG, with no
emittance growth, as shown in Fig. 4. Particles were evolved

Fig. 5. Two and one-half-dimensional PIC simulations of wiggler transport
using TUBE (no RF modulation).

using the exact external magnetic field in PUSHER, but the
space-charge fields used the Lawson elliptical form [10]. The
sheet beam transport analysis for these parameters reveals a
rather unique situation: the horizontal beam transport is space-
charge dominated, but the vertical beam transport is emittance
dominated. Simulations with field errors show that mixing in
even 10% PPM field components into the wiggler field ( ,

) does not significantly degrade the transport.
A 2.5-D PIC simulation using the PIC code TUBE verifies

the stable transport with the wiggler field, as shown in Fig. 5.

IV. PIC SIMULATIONS OF THE INTERACTION IN 1-D AND

TWO-HALF DIMENSIONS

For a comparison between the modal analysis code DETER
and the PIC code TUBE, first we show in Fig. 6 results from a
TUBE simulations in which the electrons in TUBE were con-
strained to move only axially (a 1-D simulation). In these cal-
culations, the RF drive signal was imposed onto the electron
beam through a standing-wave mode, and the traveling RF mode
was launched by the bunching of the electron beam. The max-
imum gain is about 12 dB/cm, in reasonable agreement with the
DETER gain of about 13 dB/cm (Fig. 3). The particles’ energy
is shown in Fig. 6(b), demonstrating both bunching and net en-
ergy loss. The extraction efficiency is about 24%.

The actual transverse dynamics reduce the gain and extrac-
tion efficiency slightly (gain still about 12 db/cm and about 22%
extraction efficiency), as shown in Fig. 7. The initial beam ex-
pansion shown in Fig. 8 is due to the beam emittance of each
beamlet. This beam emittance also increases the beam energy
spread, and additionally mixes each particle’s individual energy
as the transverse motion due to the vertical emittance changes
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Fig. 6. A 1-D TUBE simulation of the nominal 120-kV geometry. (a) Axial electric field versus axial position (1 mesh unit is equal to 50 �m). (b) Electron
relativistic mass factor versus axial position showing particle bunching and energy extraction, for an initial voltage modulation of 3 kV on the beam.

Fig. 7. Two and one-half-dimensional TUBE simulation of the nominal 120-kV geometry. (a) Axial electric field versus axial position (1 mesh unit is equal to
50 �m). (b) Electron relativistic mass factor versus axial position showing particle bunching and energy extraction.

each particle’s potential depression. The vertical beam expan-
sion in Fig. 8 at the end of the simulation volume is due to the
beam emittance as the net velocity of the beam is decreased from
the RF extraction (due to the fact that the beam is emittance
dominated in the vertical plane). The transport is actually quite
decent considering that after the RF interaction, the particle en-
ergies range from about 60 keV to about 150 keV (a final energy
spread of about 90 keV).

V. 120-kV EXPERIMENT

The RF demonstration experiment concept is shown in
Fig. 9. A 120-kV electron gun produces a cylindrical electron
beam. This beam is then formed into a high aspect-ratio
elliptical shape with a solenoid and quadrupole doublet. The
elliptical beam is transported in a wiggler section, and an
RF slow-wave structure is inserted into the wiggler structure
for RF interaction.
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Fig. 8. Transverse particle motion for saturated extraction case using TUBE. Rapid initial vertical expansion of the beamlets is due to the beam emittance, which
leads to an effective energy spread. Decreased beam velocity at the larger axial positions leads to beam expansion due to the emittance rather than the beam’s space
charge.

Fig. 9. Experimental schematic, showing beam formation section, transport section, and RF interaction structure.

The 120-kV electron gun used in the 95-GHz experiment
was built by MDS Company, Oakland, CA, and uses a standard
Pierce geometry with a Semicon cathode. A fully 3-D trajec-
tory tracing simulation using AMAZE [11], is shown in Fig. 10,
outlining the formation of a 1-cm by 0.5-mm elliptical beam by
the solenoid and quadrupole doublet. The design of forming the
sheet beam follows the work of Basten et al. in [12].

The placement of the beam line solenoid, quadrupoles, and
wigger are shown schematically in Fig. 11.

We have identified the two major RF structure design issues
to be: 1) maintaining a sufficiently flat RF mode transversely
across the structure; and 2) providing well-matched coupling
into and out of the RF structure. The motivation for having a
flat RF mode is because all electrons across the sheet beam hor-
izontally need to be bunched and decelerated at the same rate.
However, because the total current decreases as we move hori-
zontally from the center of the beam, there must be transverse
power flow toward the side walls (because less RF power is ex-
tracted from the beam toward the horizontal edges). As a re-
sult, we believe that the optimum field shape will be somewhat

Fig. 10. AMAZE simulation of the sheet beam formation using a solenoid and
a quadrupole doublet.

different than completely flat. The ideal transverse mode shape
will later be determined through 3-D MAGIC [13] simulations.
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Fig. 11. Experiment schematic showing the beamline focusing optics.

Fig. 12. Mode shape is achieved by capacitively coupling the vanes to the slow-wave structure endwalls. (a) MAFIA geometry of the vane to end-wall coupling,
showing the wall undercut and the vane overcut. (b) RF mode field amplitude (vertical axis) plotted versus length along the SWS and horizontal position along the
vanes for one vane period. Mode flatness can easily be kept more uniform than 1% over the width of the beam, if desired.

Our design goal with two ans one-half-dimensional PIC calcu-
lations has been more generally to be able to finely control the
transverse mode shape. The input/output coupler issue is also
complex. It is hard to launch a flat mode in such an overmoded
structure. This problem is aggravated because multiple output
waveguides will be needed. Even oversized (so-called “tall”)
waveguides will breakdown if greater than 50 kW at W-band
are passed through them. This requires multiple (8–10) output
waveguides to be used for a high-power experiment.

In Fig. 12(a), we see an MAFIA calculation of one-quarter
of the nominal 95-GHz slow-wave structure (SWS), and in
Fig. 12(b), the field profile as calculated in MAFIA. A flat
mode is achieved by capacitively coupling the vane ends to the
side walls, tailoring the mode shape with a wall undercut, and
a vane overcut.

Designing the input and output couplers turned out to be a
harder problem than maintaining transverse mode flatness, es-
pecially for very wide structures (2-cm-wide or so for our 1-cm-

wide sheet electron beam), due to overmoding of the structure.
To solve this RF design issue, we first studied coupling into
narrow structures, and we eventually developed a design ca-
pable of greater than 7.5% bandwidth. Such a design is shown
in Fig. 13. The structure shown in Fig. 13 has a width only about
one-quarter of the width of a structure properly designed for the
sheet beam, as described in Section III. The concept is to in-
troduce antisymmetric RF modes in both the upper and lower
waveguide, and the transverse fields cancel as the two waveg-
uides merge, leaving the desired mode in the SWS, as shown in
Fig. 14. The VSWR is 1.55 or less over the 7.5% bandwidth,
with at least 13 dB of isolation (and more typically 30–40 dB of
isolation).

Recent work has indicated that the input coupler for the wide
structure may be easier to design if only one input waveguide
is still used entering from both the top and the bottom [14]. In
this case, the input waveguides would need to expand to even
a greater width, with internal shaping required to maintain a



CARLSTEN et al.: TECHNOLOGY DEVELOPMENT FOR A mm-WAVESHEET-BEAM TRAVELING-WAVE TUBE 91

Fig. 13. Nominal coupler design for narrow SWS. (a) Interior view and (b) exterior view. Note even for the narrow structure, the input and output waveguides
need to be expanded significantly to the width of the SWS.

Fig. 14. Field pattern in the coupling waveguides, showing the field
cancellation and net axial field component after combining.

transverse flat field inside them. Unfortunately, this solution is
not acceptable for the output couplers in the final design, due
to the power handling. However, this solution will be fine for
initial, gain measurement experiments, which are intended to
remain low power (100 W–1 kW). In Fig. 15, we show a choked
waveguide (the small grey parts are undercuts and overcuts to
make the field pattern within the choke area very flat). In Fig. 16,
we see a two-input coupler design with the resulting flat input
RF mode to the vane-loaded structure.

VI. SUMMARY

We have identified the major technological problems in a
high-frequency, sheet-beam TWT to be:

1) stable transport of the sheet beam itself;
2) transverse power flow in the RF structure;
3) maintaining control of the transverse mode shape in the

slow-wave structure;
4) design of the input and output couplers.

In this paper, we have described how to achieve stable sheet
beam transport with a wiggler focusing configuration for nom-
inal beam parameters of 120 kV and 20 A, even under the condi-
tions of a large energy spread induced by strong beam/RF inter-
actions. The wiggler focusing is robust, does not degrade with
minor field errors, and, for achievable periods, does not lead to
a large beam ripple. We also have described how to control the
transverse mode shape in the slow-wave structure by capaci-
tively coupling the vanes to the side walls in the structure. In
addition, we have shown an input/output coupling design that
leads to very good bandwidth (7.5%) for a relatively narrow
structure, and we have demonstrated how to extend this type of
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Fig. 15. Nominal choke waveguide design. Small grey part are tuned to provide a flat RF field within the choke region.

Fig. 16. Two input coupler design (without the beam inlet pipe). This design is similar to the one shown in Fig. 13, but the input waveguides are much wider to
accommodate the wide SWS. The figure on the right shows the internal electric field profile, which can be made transversely very flat.

coupling design to a wide structure, suitable for a high aspect-
ratio elliptical beam.
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