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1 OBJECTIVES 
The objectives of this contract were 

• Thrust Objective: to develop and research optimized vacuum electronic sources utilizing 
advanced computational codes and state-of-the-art micro-fabrication techniques. The 
emphasis of this program was to use micromachining to develop THz regime TWTs with 
emphasis on folded-waveguide (FWG) TWTs. 

• Research Impact: very-high-data-rate wireless communications, covert wireless 
communications (space-space, space-earth, earth-earth), advanced materials spectroscopy 
sources, high-resolution radar, remote sensing, advanced security scanning, and new THz 
technology applications. 

The terahertz (THz) region of the electromagnetic spectrum (~ 300 - 3000 GHz in frequency or 
~ 0.1 - 1.0 mm free space wavelength) has enormous potential for high-data-rate 
communications, advanced electronic materials spectroscopy, space research, medicine, biology, 
surveillance, and remote sensing. For example, determination of the electrodynamic response of 
advanced electronic materials, chemicals, and opto-electronic devices in the THz regime is 
extremely important from a basic science point of view. In this frequency regime, the photon 
energies span the energies of both quantum correlation gaps in interacting electron systems and 
conformational resonances in many organic and inorganic molecules. Also, the time scales t ~ 
\l2nf are of the same order as typical inelastic electron scattering times in many electronic 
materials and devices. Therefore, with adequately powerful spectroscopic sources covering 
appreciable bandwidths in the THz regime, one can effectively "undress" a material's basic 
charge excitations. This allows one to base advanced mm-wave and submm-wave electronic 
system designs on a fundamental understanding of the intrinsic materials' behaviors at these 
frequencies, rather than on limited empirical data typically dominated by extrinsic defect or other 
measurement configuration artifacts. Similarly, clear and precise identification of unique 
chemical signatures can be obtained from trace amounts of an unknown sample (i.e., remote 
security monitoring of production of weapons of mass destruction). Using carrier frequencies 
above 300 GHz, oscillator and amplifier sources with -10 % fractional bandwidths would enable 
very high data rate (> 10 GB/s) wireless communications with high security protection. If 
adequately powerful, compact, and wideband sources were available, this capability could be 
realized with extremely simple, low-cost amplitude modulation schemes (e.g., simple amplitude 
modulation and diode receivers). 

The critical roadblock to full exploitation of the THz band is lack of coherent radiation sources 
that are powerful (0.01 - 10.0 W CW), efficient (> 1 %), frequency agile (instantaneous 
fractional bandwidths > 1 %), reliable, compact, and relatively inexpensive. To minimize the 
size of the prime power supply, the device voltage should be < 12 kV in order to utilize compact 
solid state DC power conditioner technology. Solid state sources satisfy the low voltage 
requirement, but are many orders of magnitude below the combined requirements for power, 
efficiency, and bandwidth. Typical fast-wave vacuum electronic devices (VEDs) in this regime, 
such as gyrotrons and free electron lasers, tend to be large, expensive, high voltage and very high 
power, unsuitable for most of the applications cited above. Figure 1 shows the approximate CW 
power capabilities in different frequency bands of compact coherent radiation sources that are 
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currently available based on reports in published literature. It should be noted that both the 
impatt diodes and the BWO sources have fairly narrow instantaneous bandw^idths and very low 
efficiencies (< 0.01%). Moreover, neither of these high frequency sources provides a high power 
amplifier capability. 
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Figure 1 Compact coherent radiation source capabilities. 

To address the need for compact THz radiation sources (amplifiers and oscillators), we 
investigated the development of micromachined Vacuum Electronic Devices, or "micro-VEDs" 
during this Phase II effort. During the past several years, several developments have enabled 
micron-dimensioned three-dimensional structures (1 - 100 |j.m). Options include x-ray 
lithography (LIGA), ultraviolet lithography (using advanced photoresists such as SU-8), micro- 
electric discharge machining (micro-EDM), and deep reactive ion etching (DRIE) [1, 2, 3, and 4, 
5]. 

Micromachining methods bring a powerful new capability to the VED designer's toolbox. They 
enable the precision fabrication of microstructures needed for high frequency operation. They 
introduce mask-based-replication (heretofore the sole domain of solid state microelectronics) that 
can lead to cost-per-device savings and increased yields. Among other benefits, micromachining 
can provide superior high frequency wall conductivity as a result of surface smoothness 
compared with conventional mechanical or EDM approaches. 

Micro-VED (|j,VED) technologies are already being applied to the development of millimeter- 
wave klystrons at Stanford Linear Accelerator Center [1], THz regime klystrons at the University 
of Leeds [5] and NASA's Jet Propulsion Laboratory [6], and transit time oscillators at the 
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University of Michigan [7]. The emphasis of this program has been to investigate 
micromachining as a means to develop THz regime TWTs with emphasis on folded-waveguide 
(FWG) TWTs [8]. 

The FWG-TWT has several features that make it attractive for THz-regime |j,VED applications: 
it employs a relatively simple circuit to design and fabricate, it is amenable to micromachining, 
and it has been demonstrated to be capable of forward-wave amplification with appreciable 
power and bandwidth [9]. A three-dimensional (3D) view of the FWG slow-wave circuit is 
shown in Figure 2. We pursued computational and experimental studies of jaVED FWG-TWT 
amplifiers and oscillators to establish their feasibility for sources in the 0.2 - 1.0 THz frequency 
regime. 

Figure 2 Three-dimensional cutaway view of one bend in a simulated folded waveguide 
circuit using MAFIA, 

The task descriptions for the Phase II effort were as follows: 
TASK 1. Obtain optimized vacuum device designs. 
Using advanced electromagnetic codes and the vast experience of the proposal team, several 
vacuum electronic devices were investigated by designing several devices with similar operating 
parameters and comparing their performance. Computational analyses included cold-test and 
large signal analyses. An optimum device design was determined from the resuhs of these 
investigations. 

TASK 2. Fabrication 
University of Wisconsin investigated methods to fabricate the devices designed under Task 1. 
Prototype circuits were fabricated in UW shops, outside shops, or a combination of both. UW 
machine shops, researchers, and research staff have prior experience in similar microwave circuit 
fabrication tasks, and they drew upon this experience. 

TASK 3. Experimental validation 
Scaled laboratory experiments were conducted to confirm the computational design predictions. 

TASK 4. Documentation 
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All reporting requirements as stated in the STTR Phase II contract have been met, with the 
submission of this final report. In addition, progress has been described at international IEEE 
sponsored conferences as well as in IEEE sponsored journals. 

Table 1 shows a detailed chart that identifies critical dates, tasks, and deliverables associated 
with the work performed. 

Table 1 Critical dates, tasks and deliverables 
Quarter Task Deliverables 
YEARl 
1-4 Investigate several vacuum 

device designs 
Computational analyses 

1-4 Investigate fabrication 
techniques for low loss, high 
performance devices 

Fabricated prototype circuits 
and material characterization 
results 

1-4 Prepare experimental test stand 
for device characterization 

Experimental   test   stand   for 
device characterization 

YEAR 2 
1-2 Complete    optimized    device 

design  based  on  comparisons 
completed in year 1 

Complete specification of 
optimized device geometry and 
operating parameters 

1-2 Establish fabrication procedure 
for optimized device 

Established              fabrication 
procedure for optimized design 

2-3 Fabricate     scale     model     of 
optimized design 

Fabricated scale model 

3-4 Experimental    characterization 
of device. 

Experimental device data 

2 Status of Effort 
We have introduced planar traveling wave tubes in designs suitable for batch fabrication and 
operation at frequencies approaching the terahertz regime. Simulations with a variety of 
specialized tools indicate intrinsic efficiencies of 1% for ~ 600 GHz operation under realistic 
conditions, resulting in compact and ultimately inexpensive sources of ~ 56 mW power at these 
frequencies. 

Optimized designs for representative folded waveguide amplifiers and oscillators have been 
completed using a suite of high-level computational tools. Several fabricated prototype circuits 
have been completed based on these designs. Various microfabrication approaches have been 
explored and contrasted for commercial feasibility. Experimental testing of one concept for a 
TWT oscillator using a scaled experiment at 50 GHz has shown good correlation between 
simulated predictions and laboratory measurements. 



3 Accomplishments/New 
• Invented and completed feasibility analyses for micro-fabricated TWTs that will enable 

low-cost, extremely-high-data-rate (> 10 GB/s) advanced digital communications 
capabilities using THz frequencies, as well as lower cost, higher yield production of 
millimeter-wave slow-wave amplifiers for air-borne radar and missile seeker 
technologies. 

• Successfully demonstrated the recirculated feedback oscillator concept experimentally at 
a scaled frequency. In depth studies have been completed to investigate several 
parameters including: 

o    return path attenuation 
o   spectral evolution 
o   small-signal gain 
o   drive characteristics 
o   phase sensitivity 

• The first accurate, physics based, particle-in-cell model has been established to represent 
the recirculated feedback oscillator. The model shows good agreement with experimental 
results. 

• Three complementary microfabrication methods have been explored and compared for 
eventual commercial feasibility. The methods include xray LIGA, UV LIGA, and DRIE. 
A fourth method, polymer micromolding, has been identified that shows promise as well, 
possibly best suited for lower frequencies. 

As reported in the first year's annual report, several folded waveguide (FWG) slow-wave circuits 
were designed and analyzed using computational models. The most promising slow-wave circuit 
for THz applications in terms of the feasibility of accurate fabrication and performance is the 
folded waveguide circuit as sketched in Figure 3. 

e-beam 

—►!   U— 

Figure 3 Folded waveguide circuit sketch. Indicated are the transverse dimensions, a and b 
of the rectangular guide, and the beam hole radius, re. 

Designing FWG-TWTs to meet gain, bandwidth, power, and operating frequency band 
specifications is nontrivial due to the dispersive properties of the circuit, the effect of beam space 
charge on the gain and operating bandwidth, and the effect of ohmic wall losses, which are 
significant at THz regime frequencies.  To realize an efficient and reliable design approach, we 



coordinated the use of several recently developed computational tools: MAFIA, HFSS, TWA3, 
and CHRISTINEID. Slow-wave circuit cold-test data is obtained using the 3D electromagnetic 
codes MAFIA [10] and HFSS [11], and used as input into the TWT interaction codes, TWA3 
[12] and CHRISTINEID [13] to determine gain and power transfer characteristics. In addition, 
the time-domain, particle-in-cell (PIC) simulation feature of MAFIA allowed us to conduct 
interaction simulations, as well as qualitative examinations of transient startup phenomena in 
THz regime oscillators that utilize a FWG-TWT as the active gain part of the device. 

Using these computational models, we developed realistically achievable designs for a 560 GHz 
oscillator and a 400 GHz amplifier as described below. 

3.1   56 mW, 560 GHz, FWG-TWT Oscillator 
An optimized design was determined for the FWG-TWT slow-wave circuit for operation at ~ 
560 GHz. The dimensions and representative geometry are shown in Table 2. The dispersion 
diagram is shown in Figure 4 and the on-axis interaction impedance and attenuation (wall 
conductivity was assumed to be about 4x10^ S/m) are shown in Figure 5. 
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Table 2 Dimensions of 560 GHz folded waveguide slow-wave circuit (|am) 
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Figure 4 Simulated dispersion for FWG circuit with 10.9 kV beamline. 
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Figure 5 Simulated interaction impedance and attenuation 

Shown in Figure 6 are the resuUs of a calculation of the small-signal gain of a short, 6.6 mm long 
section of the circuit, assuming a 10.9 kV, 0.5 mA electron beam. The gain was calculated with 
several different computational models and compared. The MAFIA simulations were done for a 
lossless circuit only, but the agreement with the parametric code TWA3 is excellent. 
Furthermore, both TWA3 and CHRISTINEID agree in predicting approximately 10 dB gain 
between 520 and 580 GHz (a 10% fractional instantaneous bandwidth) when wall losses are 
included (assumes an effective wall conductivity of a ~ 4 x 10 S/m). 
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Figure 6 Small signal single pass gain for a 6.6 mm long FWG-TWT designed to operate at 
~ 560 GHz. The simulation assumes a 10.9 kV, 0.5 mA electron beam. 



To investigate achievable levels of output power, large-signal simulations were also completed. 
For this example, a 2.5 cm long circuit was predicted using CHRISTINE ID to produce ~ 23 dB 
of gain at ~ 560 GHz. Saturated output power was predicted to be ~ 73 mW, as shown in Figure 
7. 
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Figure 7 Drive curve predicted by CHRISTINEID for 10.9 kV, 0.5 mA, 2.5 cm, 560 GHz 
FWG-TWT amplifier. Saturated power is about 73 mW. 

We considered several options for feedback to examine whether this circuit could be converted 
to a ~ 600 GHz oscillator. Reflecting the forward power back along the FWG circuit (a "Fabry- 
Perot" approach) is impractical due to the high ohmic losses suffered by the reflected wave at 
THz frequencies. However, recirculating a fraction of the forward wave back to the input of the 
circuit through a separate, straight, return leg is a viable option (Figure 8). Additional reductions 
of loss on the recirculated power are possible by up-tapering the small lateral dimension of the 
rectangular waveguide, as suggested in Figure 8. Analytic estimates of the losses experienced in 
the recirculation leg combined with the predicted forward gain lead to an approximate self- 
consistent prediction of steady state radiated power of ~ 56 mW at 560 GHz for a 2.5 cm long 
circuit and a 10.9 kV, 0.5 niA electron beam. This represents an intrinsic efficiency of 1%, 
which is substantially higher than either solid state or BWO sources at this frequency. Figure 1 
shows that a 56 mW, 560 GHz oscillator is well within the indicated region where compact, 
efficient sources are needed. It should be noted that increased device efficiency and decreased 
waste heat dissipation at the beam collector can be expected from the use of a depressed voltage 
collector. 
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10.9 kV, 
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56 mW, 
560 GHz 

Figure 8 Schematic illustration of 560 GHz, 56 mW folded waveguide TWT oscillator. 

3.1.1  Recirculated Feedback Oscillator Particle-in-Cell (PIC) Simulations 
Although the recirculated feedback oscillator approach is promising, there was no computational 
model to predict the device behavior. Therefore, the 3D PIC solver of MAFIA was used to 
investigate spontaneous RF excitation of the recirculated feedback oscillator configuration. A 
lossless structure was assumed and the geometry simplified slightly as shown in Figure 9 to 
reduce computational time. The total FWG length was determined by using TWA3 [12] to 
obtain the length that would achieve about a 10 dB gain if the circuit were in the conventional 
TWT configuration (~ 1 cm). In fact, it was determined that the selected length corresponded to 
a forward gain of approximately 9.75 dB. The waveguide return path is not up-tapered (as it 
would be for loss reduction) since wall losses are neglected in the simulation. The strength of 
the feedback signal was controlled in the simulation by filling a portion of the recirculation leg 
with a lossy dielectric material. The amount of lossy material was varied to achieve four cases of 
attenuation in the return path: (a) 0 dB, (b) -8.75 dB, (c) -9.75 dB, and (d) -10.75 dB. The other 
operating and simulation parameters are summarized in Table 3 and Table 4, respectively. 

The computation times were very large, and hence it was only practical to simulate the initial 
onset of oscillation. In particular, the length of the simulation time was restricted to the 
equivalent of approximately nine full round-trip transits of the electromagnetic energy. 

The wave's electric field was monitored at point "PI" in the recirculation leg, as indicated in Fig. 
9 below. Figure 10 shows a typical evolution of the transverse wave electric field component 
with time. It is obvious that this system operates as a spontaneous oscillator. 

Discrete Fourier transforms (DFTs) were computed to observe how the wave's frequency 
evolved with time. Figure 11(a) illustrates an overdriven case of large feedback with 0 dB return 
loss. The spectrum does not lock onto any single frequency, and a broad, multifrequency 
oscillation spectrum over the 528 - 580 GHz regime is observed. When the return path loss is 
increase to approximately -8.75 dB, the oscillator appears to self-select two preferred frequency 
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states around 520 and 580 GHz, as seen in Fig. 11(b). When the loss is further increase to -9.75 
dB, oscillation in a single frequency state at 580 GHz is observed, as shown in Fig. 11(c). 
Finally, when the loss is increased to 10.75 dB, there is no spontaneous signal growth as the loss 
in the return path exceeds the forward gain. 

t 
-wg 

10.9 kV, 
0.5 mA 

Figure 9 Schematic illustration of simplified MAFIA 560 GHz folded waveguide TWT 
oscillator 

Table 3 Operating parameters of folded waveguide oscillator 
Beam current (mA) 0.5 
Beam voltage (kV) 10.9 
Axial magnetic flux density (T) 0.67 
Beam radius /beam tunnel radius (ri/rc) 0.7 

Table 4 MAFIA simulated folded waveguide oscillator parameters 
Ltot(cm) 1.01 
Lwg(cm) 0.055 
Number of folded waveguide cavities 154 
Approximate time to propagate one complete path, tp (ns) 0.19 
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Figure 11 Simulations showing frequency selection for the 560 GHz oscillator, (a) 0 dB loss. 
Overdriven feedback having multi frequency oscillation states, (b) - 8.75 dB loss. 

Intermediate feedback, showing two preferred frequency states and (c) - 9.75 dB loss. 
Critical feedback showing approach to a single frequency state. 
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When the (time-integrated) DFT spectrum showed multiple frequencies, it was of interest to 
know whether this represented unstable hopping between the frequencies or simultaneous 
generation of multiple frequencies. Discrete Fourier Transforms do not provide the answer to 
this question, particularly when the spectral evolution occurs on a relatively rapid timescale. As 
the time window is narrowed, for example, one loses resolution and the information becomes 
distorted. Joint time-frequency analysis (TFA) eliminates the uncertainty of the windowed DFT. 
In collaboration with researchers from the University of Michigan, the simulation data were 
analyzed with TFA. Figures 12(a) and 12(b) show the results for the intermediate and critical 
feedback cases of -8.75 dB and -9.75 dB return loss, respectively. In Fig. 12(a), the 
instantaneous spectrum is observed to be rapidly hopping between two preferred frequency states 
at 520 and 580 GHz. For critical feedback at -9.75 dB return loss, the frequency hopping is not 
observed.   Instead, the oscillator is observed to have settled into one "preferred" state at 580 
GHz. 
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Figure 12 Time frequency analysis, (a) Intermediate feedback (-8.75 dB return loss) (b) 
Critical feedback (-9.75 dB return loss). 

3.1.2  Scaled Experiments with TWT Osciliator 
The basic operating principles of a TWT oscillator with recirculated feedback are not known to 
have been previously reported.    There are a number of important fundamental issues to 
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investigate concerning oscillation thresholds and oscillation states. Since FWG-TWTs can have 
up to a 30% fractional bandwidth, it is important to determine what frequency (or frequencies) 
will be self-selected in the saturated oscillation state. The fraction of output power that is fed 
back to the input is expected to affect whether the device operates below start oscillation, at 
critical oscillation equilibrium, or in an overdriven state. 

To investigate the physics of the oscillator, a scaled experiment at 50 GHz was carried out. 
Figure 13 shows a schematic of the experimental assembly. The amplifier has been converted 
into an oscillator by using an external feedback loop which consists of waveguide components, a 
variable attenuator to vary the level of output power fed back to the input, and a T-coupler for 
coupling a fraction of the output power into a spectrum analyzer for measurement purposes. 

By varying the attenuation in the feedback leg using the variable attenuator, we observed the 
self-selected oscillation frequencies at different feedback power levels. The total attenuation in 
the feedback leg could be varied between -3 and -30 dB over the 40 to 50 GHz range. At full 
attenuation, no oscillations are observed at any frequency (Figure 14(a)). The critical feedback 
threshold appears at ~ -26 dB where stable single frequency oscillations at 43.4 GHz were 
observed (Figure 14(b)). The single frequency oscillations persist until -15.1 dB (Figure 14(c)), 
where a second frequency at 42.5 GHz appears. At -8.25 dB feedback, the frequency at 43.4 
GHz has disappeared while a new oscillation at 43.6 GHz appears along with the one at 42.5 
GHz. At -7.0 dB, frequencies are 42.7 GHz, 43.1 GHz and 43.6 GHz appear simultaneously 
(Figure 14(e)). Finally, at even lower levels of attenuation, no clear tendency is observed, and 
the spectrum consists of many frequency components in the range 40-50 GHz, as indicated in 
Figure 14(f). All of the observations in Figure 14 are consistent with the predictions from the 
MAFIA simulations. 

To examine the stability of the oscillations to the feedback signal's phase, a Q-band (33-50 GHz) 
phase shifter was placed in the feedback circuit. The phase of the feedback signal was varied 
from 0 - 360 degrees with respect to the input signal and changes in the oscillation spectrum 
were recorded. Figure 15 shows the sensitivity of the oscillations to changes in feedback phase. 
Measurements were made for cases where single frequency oscillations were observed, close to 
critical feedback. It is seen that the oscillations show some sensitivity to changes in feedback 
phase, but this sensitivity is rather modest. In fact, the frequency remains stable against changes 
in feedback phase between 60-220 degrees, although for some values of phase the frequency can 
change by up to 1 GHz rather abruptly. The fact that the frequency was not a sensitive function 
of the feedback phase is consistent with the feedback delay time (~ 1 ns) being much longer than 
the period of oscillation (0.02 ns at 50 GHz). The phase sensitivity and stability is a subject of 
continuing investigation. 
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Figure 13 A schematic of the experimental system for the 50 GHz FWG-TWT Oscillator. 
C: Collector, E: Electron Gun, RW: Rectangular Waveguide (WR19), WT: Waveguide 
Transition (WR19 to WR22), RC: Rectangular to Coaxial Adapter, CC: Coaxial Cable, 

RB: Rectangular Bend, VA: Variable Attenuator, TC: T-Coupler, FA: Fixed Waveguide 
Attenuator, SA: Spectrum Analyzer, PC: Computer, 
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Figure 14 Spectral evolution with feedback attenuation 
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Figure 15 Phase sensitivity of the generated oscillations. 

3.2   174 mW, 400 GHz, FWG-TWT Amplifier 
The suite of computational codes were also used to design a 174 mW, 400 GHz FWG-TWT 
amplifier assuming a 12 kV, 3 mA electron beam. Figure 15 illustrates the simulated small- 
signal gain for a 370-420 GHz, 10 dB gain, self-consistent, FWG-TWT amplifier design that we 
will use as the basis for proof-of-concept experiments. The gain calculations including loss in 
Fig. 16 assume conservative effective wall conductivity for copper of 3x10^ S/m. Computations 
show a saturated output power of 174 mW for a three cm long circuit. 
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Figure 16 Small signal gain for a three cm long FWG-TWT amplifier designed to operate 
at 400 GHz. 

3.3   FWG Circuit Fabrication 

As part of this research project, we have investigated four complementary methods for batch 
fabrication of miniature folded waveguide TWT circuits: X-ray LIGA, UV LIGA, deep reactive 
ion etching (DRIE), and polymer micromolding. Collaborating with Argonne National 
Laboratory (ANL), we have explored the use of LIGA. In its most familiar form, LIGA uses 
xrays from a synchrotron, a gold, patterned xray mask, and polymethyl-methacrolate (PMMA, or 
"Plexiglas") photoresist to generate a "3D negative" mold of the desired structure. The PMMA 
mold is subsequently filled with metal by electroplating to produce the desired structure. In our 
case, those structures are copper folded-waveguides (or waveguide halves—^two such halves 
bonded together form a complete waveguide circuit). 

The design and fabrication on an optical lithography mask for 400 GHz test structures was 
completed. The layout contained several straight waveguide circuits, as well as FWG-TWT 
oscillator circuits similar to that depicted in Figure 8. The optical masks were used to make xray 
lithography masks, which, in turn, were used for deep xray exposure of PMMA xray photoresist. 
Figure 17 shows the 400 GHz FWGTWT circuit optical photomask for LIGA and its exploded 
view. 

Xray exposures were conducted by University of Wisconsin personnel in collaboration with 
ANL collaborators and the developed PMMA molds have been successfully electroplated. A 
final evaluation of the structures has not been completed. The copper-in-PMMA samples need 
to be uniformly polished to the specified height followed by additional copper electroplating. 
After these two steps, the PMMA can be removed and the samples can be inspected for 
dimensional accuracy, microstructure (small grain size) and surface finish. Figure 18 below 
shows a collage of images associated with the results to date. 
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Figure 17 First results of a 400 GHz FWGTWT circuit optical photomask for LIGA. The 
inset shows the exploded view of a serpentine waveguide circuit. 

One anticipated constraint of X-ray-based LIGA is the requirement for access to an intense 
source of high-energy X-ray radiation. In the U.S., there are only three such facihties in 
existence (Argonne, Brookhaven, and Berkeley) and only one commercial foundry to provide 
exposure capabilities on an out-source basis. In view of this potential barrier to 
commercialization of LIGA-fabricated structures, a second exploratory investigation has also 
been initiated. This alternative approach uses ultraviolet (UV) lamps to expose a UV-sensitive 
photoresist, SU-8. This procedure is even less mature than X-ray photolithography using 
PMMA. However, if it can be successfully and fully developed, it offers a very important 
advancement. In particular, the required UV exposure facilities are relatively common 
(compared to X-ray generating synchrotrons). They can be found in most microelectronics 
developing laboratories and foundries, and are quite affordable to manufacturing organizations 
that wish to develop an in-house LIGA capability. Again, however, experience with SU-8 
exposure and development is relatively new and additional process research and development is 
needed to establish reliability and optimization. Nevertheless, some preliminary efforts have 
been completed using the same optical mask designed for the 400 GHz folded waveguide 
circuits. So far, after several attempts, SU-8 molds were successfully produced after UV 
exposure and subsequent chemical development. Figure 19 shows a scanning electron 
micrograph of one such mold, having been fractured at the end to allow for a three-dimensional 
perspective view. The next step for fabrication would be to take a complete such mold, and 
copper electroplate, polish, electroplate, and remove the PMMA, just like with X-ray LIGA. 
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(d)     lOO^m 

Figure 18 Microfabrication of 400 GHz folded waveguide TWT circuits using xray 
lithography and LIGA. The process requires producing a gold mask for xray lithography, 
exposure of PMMA with xrays to produce a polymer "negative" of the desired circuit, and 

copper electroplating around the PMMA structure. Clockwise, starting in the lower left 
corner: (a) xray mask for flared waveguide input/output couplers—copy on left still has 

PMMA resist on top, dark copy on the right has had PMMA resist removed; (b) gold xray 
mask on a 10 cm diameter wafer with multiple circuits ready for xray exposure; (c) closeup 
view of one folded waveguide circuit on the gold xray mask—the truss-like features are for 

mechanical support; (d) closeup view of serpentine shown in "c"; (e) near-flnal stage of 
folded waveguide circuit fabrication: xray photoresist (PMMA) has been exposed and 

etched and flrst copper electroplating step has been completed. 
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Figure 19 SEM micrograph showing a 400 GHz folded waveguide TWT circuit mold 
(negative) fabricated in SU-8 photoresist using UV lithography. The serpentine wall height 

is approximately 250 microns and the width is approximately 50 microns. The "pitch" 
(distance between bends) is approximately 100 microns. 

Using the same 400 GHz optical mask, investigations have also been initiated to assess deep 
reactive ion etching (DRJE) of silicon as a third method to produce circuit molds. Three 
approaches are considered possible: (1) to etch the serpentine trenches into the silicon, coat the 
result with gold or copper and use the resulting structures as the TWT circuits, (2) to etch the 
serpentine trenches into the silicon, and use the resulting structure as a master form for polymer 
micromolding, (3) to etch around the serpentine shape, leaving a serpentine "wall". The latter 
approach would treat the silicon as sacrificial, similar to the role that the PMMA or SU-8 
"negative image" molds play in LIGA. The second and third approaches are considered more 
appropriate for larger, millimeter wave TWT circuits below 200 GHz, where special, extra thick 
wafers will be needed. The first approach is considered a reasonable option for THz regime 
circuits above 300 GHz. Figure 20 shows both optical microscope and SEM images from a 
preliminary DRJE effort using the same available 400 GHz optical mask. Again, the results are 
promising, but more process development will be required to evaluate the technical feasibility of 
the approach. 
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Figure 20 Microfabrication of THz regime (400 GHz) folded waveguide TWT circuits using 
Deep Reactive Ion Etching (DRIE). A folded (serpentine) trench is etched in silicon with a 

DRIE tool, and then has been gold-plate for SEM imaging, (a) view of the miniature 
serpentine trench compared to US nickel, (b) close-up view compared to a 60 ^m diameter 

human hair (c) SEM micrograph of the serpentine trench. 

The last microfabrication technique that has been explored is polymer micromolding. Polymer 
micromolding is a very recent addition to the MEMS scientist's toolbox, even though it has been 
anticipated for many years. The challenge has been to find suitable polymers and processing 
chemistries that can fill sub-millimeter features (often with large depth-to-width aspect ratios) 
with reliable reproduction of the original master. During the past few years, a candidate material 
has been identified, and some preliminary success by several researchers has been reported. That 
material is polydimethylsiloxane (PDMS), a silicone-type compound [14]. We have begun 
developing our own experience with this new material and microfabrication method. No 
serpentine or other waveguide structures have been fabricated yet. However, we have verified 
that the process is capable of replicating structures with features smaller than 10 |j.m. We have 
also determined that it is valuable to thin-film coat a mold with a tefion-like coating prior to 
pouring the PDMS into the mold to prevent adhesion after curing. There are facilities and 
expertise to do this coating at the University of Wisconsin. As of the completion date of this 
contract, a serpentine waveguide master mold is being fabricated. Upon completion, it will be 
teflon-coated and then used in micromolding experiments. 

During the course of this project, a new, custom electron gun was designed, ordered, and built by 
Northrop Grumman Corporation (NGC—note: in the original Phase IIproposal, we included the 
purchase of a sheet beam thermionic electron gun. The estimate for the cost of the original sheet 
beam gun from Litton Electron Devices was $150,000. Since the proposal submission, NGC 
acquired Litton Electron Devices and the research objectives were modified so that an 
alternative gun was required). The purpose of the NGC gun was to conduct experimental 
evaluations of micromachined folded waveguide TWTs. As of the completion of this contract, 
such tests still await the completion of microfabricated circuits, and will be conducted at a future 
date using alternative funding sources. The specifications for the NGC gun which cost 
approximately $50,000 are: 

Beam voltage: 12 - 13 kV 
Beam current: 90-110 mA 
Beam radius: > or = 0.1 mm 
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Beam tunnel radius: > 0.3 mm 

4 Personnel Supported 
Analex Corporation 
Carol Kory (co-PI) completed computational analyses using MAFIA and TWA3. Christine 
Chevalier investigated an alternative 3D EM code, Microwave Studio, to determine if it can be 
used to provide more accurate and computationally efficient cold-test data. 

University of Wisconsin - Madison 
John H. Booske (co-PI) conducted design calculations and completed computational analyses 
using CHRISTINEID. Won-Je Lee simulated and evaluated waveguide circuit components 
(e.g., waveguide tapers and bends, aperture couplers) for the recirculated-feedback FWG-TWT 
oscillator using HFSS. Sean Gallagher researched the microfabrication techniques. Kamlesh 
Jain worked on experimental assembly and preliminary measurements for early tests of the 
oscillator concept using a scaled 40-55 GHz FWG-TWT on loan from Northrop Grumman 
Corporation. Sudeep Bhattacharjee carried out the experimental investigations. Booske has co- 
supervised the activities of Lee, Jain, Gallagher and Bhattacharjee in collaboration with faculty 
colleague Prof Dan van der Weide. 

5 Publications 
S. Bhattacharjee, J.H. Booske, C.L. Kory, D.W. van der Weide, W.J. Lee, S. Limbach, M.R. 
Lopez, R.M. Gilgenbach, "A compact folded waveguide traveling wave tube oscillator for the 
generation of terahertz radiation: simulations and scaled experiments," to be submitted to IEEE 
Trans. Microwave Thy & Tech (in preparation, 2003). 

C. L. Kory, J. H. Booske, W.-J. Lee, S. Gallagher, D. W. van der Weide, S. Limbach, and S. 
Bhattacharjee, THz radiation using high power, microfabricated, wideband TWTs, Proceedings 
of the 2002 IEEE MTT-S International Microwave Symposium, Seattle, WA, June 2-7, 2002. 

S. Bhattacharjee, C. L. Kory, W. -J. Lee, S. Gallagher, D. W. van der Weide, J. H. Booske, S. 
Limbach, Comprehensive simulations of compact THz radiation sources using microfabricated, 
folded waveguide TWTs, Proceedings of the Third International Vacuum Electronics Conference 
(IVEC 2002), Monterey, California (April 23 - 25), pp. 26 - 27, 2002. 

John H. Booske, New opportunities in Vacuum Electronics through application of 
microfabrication technologies. Proceedings of the Third International Vacuum Electronics 
Conference (IVEC 2002), Monterey, California (April 23 - 25), pp. 11 - 12, 2002. 

J.H. Booske, D.W. van der Weide, C. L. Kory, S. Limbach, W. Lee, S. Gallagher and P. 
Gustafson, Micromachined TWTs for THz Radiation Sources, IEEE International Vacuum 
Electronics Conference (IVEC), Noordwijk Proceedings, The Netherlands, April 2-4, 2001. 

J.H. Booske, C.L. Kory, D. Gallagher, V. Heinen, K. Kreischer, D.W. van der Weide, S. 
Limbach, P.J. Gustafson, W.-J. Lee, S.M. Gallagher, K. Jain, Terahertz-Regime, Micro-VEDs: 
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Evaluation of Micromachined TWT Conceptual Designs, IEEE Pulsed Power Plasma Science 
(PPPS)-2001 Conference Proceedings, Las Vegas, June 17-22, 2001. 

M.C. Converse, S.C. Hagness, J.H. Booske, Y.Y. Lau', C.L. Kory^ M.M. McNeely, M.A. Wirth, 
J.E. Scharer, C. Wilsen, Investigation of Ultrawideband Pulses in Wideband Helix Traveling 
Wave Tubes: Theory and Simulation, IEEE Pulsed Power Plasma Science (PPPS)-2001 
Conference Proceedings, Las Vegas, June 17-22, 2001. 

J.H. Booske, W.-J. Lee, S. Gallagher, D. van der Weide, and K. Jain, C.L. Kory, Microfabricated 
TWTs as high power, wideband sources of THz radiation, P"" International Conference on 
Terahertz Electronics, Charlottesville, VA, 15-16 October, 2001. 

6 Interactions/Transitions 
Presentations were made at the following international, refereed conferences: 

C. L. Kory, J. H. Booske, W.-J. Lee, S. Gallagher, D. W. van der Weide, S. Limbach, and S. 
Bhattacharjee, THz radiation using high power, microfabricated, wideband TWTs, 2002 IEEE 
MTT-S International Microwave Symposium, Seattle, WA, June 2-7, 2002. 

S. Bhattacharjee, C. L. Kory, W. -J. Lee, S. Gallagher, D. W. van der Weide, J. H. Booske, S. 
Limbach, Comprehensive simulations of compact THz radiation sources using microfabricated, 
folded waveguide TWTs, Third International Vacuum Electronics Conference (IVEC 2002), 
Monterey, California (April 23 - 25), 2002. 

John H. Booske, New opportunities in Vacuum Electronics through application of 
microfabrication technologies. Third International Vacuum Electronics Conference (IVEC 
2002), Monterey, California (April 23 - 25), 2002. 

J.H. Booske, D.W. van der Weide, C. L. Kory, S. Limbach, W. Lee, S. Gallagher and P. 
Gustafson, Micromachined TWTs for THz Radiation Sources, IEEE International Vacuum 
Electronics Conference (IVEC), Noordwijk, The Netherlands, April 2-4, 2001. 

J.H. Booske, C.L. Kory, D. Gallagher, V. Heinen, K. Kreischer, D.W. van der Weide, S. 
Limbach, P.J. Gustafson, W.-J. Lee, S.M. Gallagher, K. Jain, Terahertz-Regime, Micro-VEDs: 
Evaluation of Micromachined TWT Conceptual Designs, IEEE Pulsed Power Plasma Science 
(PPPS)-2001, Las Vegas, June 17-22, 2001. 

M.C. Converse, S.C. Hagness, J.H. Booske, Y.Y. Lau^ C.L. Kory^ M.M. McNeely, M.A. Wirth, 
J.E. Scharer, C. Wilsen, Investigation of Ultrawideband Pulses in Wideband Helix Traveling 
Wave Tubes: Theory and Simulation, IEEE Pulsed Power Plasma Science (PPPS)-2001, Las 
Vegas, June 17-22, 2001. 

J.H. Booske, W.-J. Lee, S. Gallagher, D. van der Weide, and K. Jain, C.L. Kory, Microfabricated 
TWTs as high power, wideband sources of THz radiation, 9'^ International Conference on 
Terahertz Electronics, Charlottesville, VA, 15-16 October, 2001. 
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S. Bhattacharjee, J. H. Booske, W. J. Lee, C. L. Kory, S. Gallagher, M. Genack, D. W. van der 
Weide, S. Limbach, M. R. Lopez, R. M. Gilgenbach, A compact folded waveguide traveling 
wave tube oscillator for the generation of terahertz radiation, 44th Annual Meeting of the 
Division of Plasma Physics (APSDPP), Orlando, Florida, November 11-15 (2002). [Bull. Am. 
Phys. Soc, 47, 256 (2002)]. 

In the area of transitions, Northrop Grumman Electronic Systems sector (Vacuum Electronics 
Research, Development, and Engineering) has already adopted our idea of micro-fabrication of 
folded waveguide circuits for advanced FWG-TWT production. In particular, they are 
investigating LIGA-fabricated FWG-TWTs for advanced, lower cost, high yield mm-wave (~ 
100 GHz) slow-wave amplifiers. The enabling research was the conceptualization of how to 
adopt micro-fabrication techniques (such as those critical to the realization of THz TWTs) to the 
manufacture of precision, high frequency, folded waveguide circuits for lower cost, higher yield, 
mm-wave and THz regime TWTs. Likewise, Calabazas Creek Research has also adopted this 
idea as the basis for investigating development of mmwave (40 - 200 GHz) TWTs for DoD 
satellite communications applications. 

7 New Discoveries 
Invented and completed feasibility analyses for micro-fabricated TWTs that will enable low-cost, 
extremely-high-data-rate (> 10 GB/s) advanced digital communications capabilities using THz 
frequencies, as well as lower cost, higher yield production of millimeter-wave slow-wave 
amplifiers for air-borne radar and missile seeker technologies. 

8 Honors/Awards 
Plenary talk: J. H. Booske, "New opportunities in vacuum electronics through the application of 
microfabrication technologies", IVEC 2002, Monterey, California. 
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