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Summary

Applying subwavelength holes to a novel traveling-wave
tube amplifier is investigated. Plans to increase the on-axis
impedance are discussed as well as optimization schemes to
achieve this goal. Results suggest that an array of holes alone
cannot significantly change the on-axis electric field in the
vicinity of the electron beam. However, models of a beam
tunnel with corrugated walls show promise in maximizing the
amplifier’s on-axis impedance. Additional work is required on
the subject, and suggestions are made to determine research
directions.

Introduction

Considerable attention has been directed recently to the
study of periodic arrays of subwavelength holes and their
effects on transmitting and propagating specific wavelengths
of electromagnetic radiation. For instance, the resonant behav-
ior of surface currents for periodic geometries has been
understood for many years and is central to the study of
frequency selective surfaces (ref. 1). Moreover, recent investi-
gations into the excitation of surface plasmons for a perforated
thin metal sheet have demonstrated complete transmission of
light for specific wavelengths—so called “Extraordinary
Optical Transmission” (ref. 2). Further, layered arrays of
subwavelength holes have been shown to exhibit negative-
index propagation effects for certain electromagnetic frequen-
cies (ref. 3). These findings reinforce Pendry’s seminal work
in surface plasmon excitation (ref. 4). Essentially, any con-
ducting surface can be structured with vacuum or dielectric
holes of specific dimensions to excite surface modes on the
conductor (ref. 4). This report will investigate applying such
subwavelength holes to improve the performance of a pro-
posed 0.4-THz traveling-wave tube (TWT) amplifier.

The slow-wave circuit of the amplifier under investigation
consists of a serpentine-shaped folded waveguide with a
center-mounted, square beam tunnel. A schematic is shown in
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figure 1, with blue and yellow representing vacuum and
perfect electric conductor (PEC), respectively. A rectangular
coordinate system has been selected such that the origin sits at
the center of the beam tunnel. The z-axis, which points down
the beam tunnel, will be referred to as the axial direction.
Also, the x- and y-axes are oriented parallel to the circuit face
and will often be referred to as the horizontal and vertical
directions, respectively. Modeling was completed using CST
Microwave Studio’s eigenmode solver (ref. 5).

For a given current and circuit length, it has been verified
that the power output of a TWT amplifier depends strongly on
the on-axis impedance of the device (ref. 6). For the nth space
harmonic, the impedance is given by

E2
Kn =—2n (1
2Bn"Pre

where Pge refers to the RF power flow through the circuit, B,
is the nth axial phase constant, and Ej, is the magnitude of the
on-axis electric field for the nth harmonic (ref. 6). Since a
larger impedance leads to an increase in electron beam interac-
tion, improvements on the device center around increasing the
magnitude of the axial electric field inside the beam tunnel.

Our approach to increasing the axial electric field in the
beam tunnel involves adding subwavelength holes to the walls
of the waveguide. Each hole acts as a rectangular waveguide
with electric fields perpendicular to the waveguide surface.
This causes the electric field to be at an angle to the surface.
This is demonstrated in figure 2: figure 2(a) shows that in a
surface without holes the electric field is perpendicular to the
surface while figure 2(b) shows that a hole causes the electric
field to be at an angle to the surface in the vicinity of the hole.
By modifying the boundary conditions in this manner, we
investigate developing configurations of holes to increase the
magnitude of the axial electric field inside the beam tunnel. In
addition, the possibility of achieving resonance both inside a
single hole and among many holes in an array will be investi-
gated to further enhance this effect.



Hole Geometry

The geometry of the folded waveguide limits the locations
in which holes can be placed. In an ideal case, the beam tunnel
would be surrounded by an axially symmetric array of holes;
however, the curved geometry of the waveguide creates two
major challenges. First, it is difficult to quantitatively judge
changes to boundary conditions along a curved surface. And
second, microfabricating such a complicated geometry would
be difficult. Hence, this study is limited to areas where the
waveguide surface is flat. In particular, two rectangular
regions with width W and length L exist to the left and right of
the beam tunnel (see fig. 3). Holes added to these areas run
parallel to the axis of the beam tunnel and pass through the
entire length of the circuit.

To model the holes, a simple lattice array was selected as a
template (see fig. 4). This geometry makes good use of the
available space, is easily parameterized for optimization, and
is simple to fabricate. In addition, seven variables were
declared to define the hole structure. Parameters | and w
describe the horizontal (x-direction) and vertical (y-direction)
size of each hole, respectively; hy and v, define the horizontal
and vertical space between holes, respectively; n is the number
of holes in the horizontal direction (the number of columns);
m is the number in the vertical direction (the number of rows);
and s describes the horizontal distance between the hole array
and the sides of its bounding region. No vertical space is
needed between the array and the top and bottom of the
bounding region. Finally, the variables must satisfy the fol-
lowing constraints:

2s+nl+(n-1)hy = L @)
mw+(m -1, <W (€)

with all values nonnegative. The studies included in this paper
involve only a single row of holes, so the values of m and v,
are 1 and 0, respectively. Also, it should be noted that
although the results of only a single row of holes are discussed
here, it is assumed that increasing the number of holes will
produce even greater electric field shaping.

Testing Hole Effectiveness

Three methods were utilized to measure the effects of holes.
First, a qualitative approach was taken to analyze how the
electric field was shaped. For various hole configurations,
surface contour plots of the axial electric fields were taken. In
addition, arrow plots of the electric field vectors were ana-
lyzed at the interface between the holes and the folded
waveguide. Microwave Studio normalizes each field to a
particular mesh and volume, so different hole configurations
will result in different magnitudes and scales. Thus to compare
the effect of holes, we compute the electric field contours of a
structure with holes on one side and no holes on the other side.
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The second approach gives a quantitative approximation of
the holes’ effectiveness. As stated above, the axial electric
field at the hole-waveguide interface must be comparable in
magnitude to the perpendicular (y-direction) field set up inside
the hole. Therefore, two pieces of information are needed to
make an assessment: (1) the strength of the perpendicular y-
field at the hole-waveguide interface and (2) the strength of
the axial field if there were no holes present.

Just as with the contour plots, holes are placed on only one
side of the beam tunnel. Area integrals are then taken on the
holed and nonholed sides of the circuit. First, the square of the
y-component of the electric field is integrated over the cross
section of each hole along the interface. This integral will be
referred to as E% . The same is then done for the square of the
z-component on the nonholed side, integrated over the same
area as EJ. Likewise, this integral is referred to as E7. The
quantitative expression of interest is the ratio of these two
values E2 / E7 . Note that the smaller the value for this
expression, the more the boundary condition is changed.

The third approach involves calculating the on-axis interac-
tion impedance. For this method holes are placed on both sides
of the beam tunnel. In addition, periodic boundaries are used
in Microwave Studio. The results are compared to the imped-
ance of the circuit with no holes on the sides of the beam
tunnel.

Methodology and Results

Initial investigations involved qualitative effects of various
hole configurations on the shape of the axial electric field
inside the circuit.

In order to test the behavior of holes with relatively small
dimensions, a 3 by 3 square array was modeled (see fig. 5). A
simple parameterization was used for this test: D and S were
the lattice constants of the array and the side length of a single
hole, respectively. The constant D was held fixed at 5 pm,
while S took four values smaller than D. For each of four
parameter combinations, no appreciable change in the axial
electric field was observed, indicating that small holes are
unable to adequately change the waveguide’s boundary
conditions.

Further qualitative measurements of the circuit’s internal
electric field indicated that longer holes (more accurately
referred to as slots) are more likely to change boundary
conditions. Three runs were set up to demonstrate this point;
their parameter values can be found in table I. With the
geometry illustrated in figure 6, contour plots of the axial (z-)
component (fig. 7) and vertical (y-) component (fig. 8) were
generated for the electric field. In figure 7, we observe greater
shaping of axial fields inside the waveguide for a single wide
slot than several shorter holes. Likewise, in figure 8, we find
that stronger y-directed fields exist at the waveguide interface
for slots than for holes. Therefore, a single slot of length
1.4W demonstrates the greatest potential to shape electric field
vectors along the waveguide walls. One reason for this



phenomenon is the fact that field components are in competi-
tion inside a hole. To explain, field vectors must point normal
to the surfaces of a hole. Thus, longer slots in the x-direction
have larger surface areas on the top and bottom of the hole.
Since the y-directed field points normal to these surfaces, a
larger surface area means a stronger y-component at the
waveguide interface. Similarly, holes with a longer width in
the y-direction create more surface area along the sides of the
hole, thus maximizing the x-component of fields. Addition-
ally, both the x- and y-fields must also compete with the
strong axial fields just outside the hole. As | decreases, per-
pendicular y-fields inside the hole should become dominated
by stronger axial fields from inside the waveguide.

To verify these observations quantitatively, a single hole
was modeled with w=0.10W. Then L was allowed to vary
from 0.20W to 1.40W, with EZ2 / E} calculated for each
parameter value. Figure 9 indicates that as the length of a hole
increases with a fixed width, the axial and perpendicular fields
become more comparable in magnitude.

If indeed the electric field components are in competition at
the hole-waveguide interface, then for a given hole length,
there may be an optimal width such that E? / EJ is smallest.
To test this hypothesis, three runs were set up. A single hole
was modeled with length = 0.25W, 0.50W, and 1.00W and w
varying from 0.05W to 0.30W. A plot of EZZ/E)% versus width
is shown in figure 10 for each length. As expected,
EZ / E§ reaches a minimum value, representing an optimal
hole width per length. In particular, for lengths of 0.25W,
0.50W, and 1.00W, the most effective widths are 0.09W,
0.14W, and 0.19W, respectively. Three important trends can be
taken from this data: first, longer holes support stronger
perpendicular fields; second, longer holes have a larger
optimal width; and third, the minima of the curves becomes
less defined for longer hole lengths. The first trend verifies our
qualitative results, while the second one tells us there is a
tradeoff between the effectiveness of holes and the amount of
available space. The third, however, has implications in the
fabrication process. A less-defined optimum means that the
accuracy of microfabrication will not become an issue; even if
hole dimensions are slightly off, their effectiveness will not
change significantly.

Although subwavelength slots are capable of reducing axial
electric fields along the waveguide surface, an appreciable
change in these fields along the center of the circuit’s beam
tunnel has yet to be found. As figure 11 illustrates, field lines
can be drastically reshaped along the hole-waveguide interface
with just a single slot on each side, but fields inside the beam
tunnel remain virtually unaffected. This was confirmed by
calculating the on-axis impedance for the cases shown in
figure 9. In addition to the data for a hole width of 0.10W, the
on-axis impedance was also calculated for a hole width of
0.25W. The impedance values were normalized to the imped-
ance of the TWT with no holes. The normalized values are
plotted in figure 12.
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In addition, changes to the angular geometry of the beam
tunnel do not affect the axial electric field inside. Simulations
featuring either a circular beam tunnel or a square one with
rounded edges at the waveguide intersection exhibited no
appreciable change in the central on-axis field. Such results
indicate that boundary conditions must also be changed along
the beam tunnel walls to achieve the desired electric field
shaping. Three ideas worth investigating involve enhancing
two of the beam tunnel’s walls with either a dielectric or
metamaterial substrate, a thin “uniplanar photonic band-gap
structure” (ref. 7), or a series of subwavelength corrugations
(ref. 8).

To investigate the first two ideas, software that supports
negative values of permittivity and permeability for both user-
defined materials and thin film boundary conditions will be
needed to model beam tunnel enhancements. COMSOL’s
finite-element software Multiphysics shows potential to
successfully complete these models (ref. 9).

As for the corrugated beam tunnel, a few preliminary quali-
tative tests were run. It was determined that shallow corruga-
tions alone do not significantly affect fields along the beam
tunnel. Consequently, it is estimated that corrugation depth
should be at least about one quarter of the operating wave-
length to make a noticeable difference. However, since deep
corrugations are weak structurally, we instead investigated
shallow corrugations in conjunction with slots (see fig. 13).
We claim that the presence of slots will create boundary
conditions similar to the corrugations, thus causing the electric
field to react as though there was one long, continuous corru-
gation. On a qualitative level, this claim was verified: the
relative field strength inside the beam tunnel did increase,
more so than any uncorregated geometry modeled (see
fig. 14). Quantitative evidence of a change in the circuit’s
impedance is still pending, though. Overall, more work is
needed to determine the effectiveness of a corrugated beam
tunnel. Parameterization and optimization plans are underway,
and a proposed model for future simulations is presented
(fig. 15). It is assumed that by integrating a shallow corruga-
tion with a holey waveguide, field shaping can be localized to
the beam tunnel to effectively change impedance.

Conclusions

The addition of subwavelength holes into a 0.4-THz
traveling-wave tube amplifier has been investigated. The holes
have demonstrated the ability to weakly change boundary
conditions along the flat surfaces of a folded waveguide. As a
result, controlled shaping of the electric field has been ob-
served, with axial fields reduced at the hole-waveguide inter-
face. Unfortunately, for every simulation, no significant
change in the axial field’s magnitude was observed inside the
beam tunnel. Therefore, no significant change to the on-axis
impedance has been achieved with the addition of subwave-
length holes.



Future work on this subject will involve optimizing array
dimensions, making changes to facilitate microfabrication, and
modifying the beam tunnel to reshape axial fields. It has been
found that a single long slot can support stronger perpendicu-
lar fields and better reduce axial fields than a series of shorter
holes can. The tradeoff for better performance is structural
weakness—a column of slots takes away too much of the
circuit’s structural support, making fabrication a problem. For
that reason, work is being done to test if the effects of a slot
can be duplicated by a single row of holes with the same
combined length. If not, a middle ground must be reached to
balance performance and support.

Investigating alternative hole shapes may also prove fruit-
ful. So far, attention has only been paid to rectangular holes
oriented horizontally. Vertical holes—rectangles with width
greater than length—have not been seriously considered
despite them having a distinct structural advantage over
horizontal holes. Unlike previous tests, the effectiveness of
vertical holes depends on the strength of the x-directed electric
field inside. Furthermore, both qualitative and quantitative
results are lacking with regards to how changing boundary
conditions in the x-direction of the waveguide changes the
axial field. Therefore, we would like to determine the effect
hole placement has on the ratio of the axial electric field to the
x-directed field as well as determine its usefulness as a quanti-
tative measure.

Finally, preliminary computations suggest that corrugations
on the beam tunnel walls warrant further investigation.
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TABLE .—PARAMETER VALUES FOR THREE SINGLE-ROW HOLE ARRAYS IN
TRAVELING-WAVE TUBE CIRCUIT?
[Vertical space between holes v, = 0.]

Runs Number of hole | Number of hole | Length of | Width of | Horizontal space | Spacer,’
columns, TOWS, hole,’ hole,’ between holes,” S
n m | w hy
Single slot 1 1 1.40W 0.10W ---- 0.10W
Two-hole setup 2 1 0.675W 0.10W 0.05W 0.10W
Four-hole setup 4 1 0.275W 0.10W 0.10W 0.10W

“Parameters are shown in figure 4.

"W is width of rectangular section on either side of beam tunnel.
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Figure 1.—Geometry for one period of 0.4-THz folded-
waveguide traveling-wave tube. Vacuum structures
are indicated by blue, whereas yellow areas are
perfect electric conductors.
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Figure 2.—Comparison of electric field vectors along
waveguide wall. (a) Without holes. (b) With holes.

apinBanepp

apinBanepy



N

(PR —

N

P———

i
Beam tunnel —

Figure 3.—Front view of traveling-wave tube. Modeling
of holes is limited to regions in red.
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Figure 4. —Generalized rectangular hole array of traveling-
wave tube amplifier with labeled parameters, where n is
the number of hole rows and m is the number of hole
columns.
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Figure 5.—Traveling-wave tube circuit 3 by 3 square hole
array. D was held constant, and S took four values < D.

Figure 6.—One period of traveling-wave tube ampilifier;
geometry used for results in figures 7 and 8. (a) Cutting
plane for two-dimensional contour plots. (b) View of
circuit with top cut away.
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Figure 9.—Ratio of axial electric field to y-component of
electric field Ef]E,z, calculated for single hole of width
0.10W and varying length. Normalization is with respect
to width of rectangular sections on either side of beam
tunnel W.
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electric field E?fE,% versus normalized hole width for length
of hole = 0.25W, 0.50W, and 1.00W, where W is width of
rectangular sections on either side of beam tunnel. Minima
represent the optimal width for a given length.
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Figure 11.—Front view of axial field at hole-waveguide inter-
section. A single hole is modeled on each side of beam
tunnel. (a) Cutting plane for two-dimensional contour plots.

(b) Traveling-wave tube with front cut away. (c) Axial

electric field contours.
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Figure 13.—Traveling-wave tube slow-wave circuit with Figure 15.—Proposed holey folded-waveguide traveling-wave
corrugated beam tube and slots, both of equal width and tube slow-wave circuit with corrugated beam tunnel.
spacing. The opposite half of circuit is left unchanged for
purpose of comparison.
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