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mXRODUCTION 

This final technical report describes work perfonned during the final period of effort on the 
New Worid Vistas grant entitled "New Approaches to High Power Microwave Computation 
and Experimentation." In the final year of effort we focused on concluding studies of the 
radial acceletron, relativistic magnetron with axial extraction, cyclotron suppression in 
Cerenkov devices, and the development of components of interest to HPM. We also 
investigated the use of HPM to propel payloads out of the solar system and proposed a means 
for communicating with such a payload (a very small exploratory effort). We provide a 
summary of these results, and extensive details can be foxmd in the publication Hst. 



LIST OF OBJECTTVES AND THEIR STATUS 

Narrowband BE^h Peak Power Sources 
In this section we sunmiarize the progress-to-date on our research related to high peak power 
narrowband sources. 

A. Conclusion of Effort on Radial Acceletron 
RF oscillators using radially propagating planar electron beams were initially proposed by 
Varian [1] in 1941, as part of the work undertaken at Stanford University during 
development of the klystron. Not recognized at the time were many of the advantages 
inherent in such a radial geometry: 

- low electron source (diode) impedance due to the cylindrical geometry 
- simplified coupling between the RF generatmg device and the output structure 
(cylindrical device to cylindrical waveguide or transmission line) 
- simplified analysis and construction, due to entirely two-dimensional cylindrical 
geometry 
- minimal or no external magnetic field required to control electron beam instabilities 

The radial klystron work by Varian was entirely conceptual, and primarily contained (in 
outline form) in a patent application; the detailed analysis and experimental work to support 
the patent application was conducted primarily on klystrons of conventional design. Other 
than the initial theoretical work by Varian, RF generation using radially propagating planar 
electron beams remained largely unexplored until the early 1990's. At that time, as an 
outgrowth to work simulating a cylindrically symmetric millimeter-wave transit time 
oscillator, Annan [2] noted the advantages of a radially propagating planar beam and 
developed a proposal for a radial klystron oscillator [3] independent of the earlier work by 
Varian. The radial klystron oscillator was further refined into the radial acceletron: a 
cylindrically symmetric transit time oscillator propagating a planar electron beam radially in 
the anode-cathode (A-K) gap. The development work by Annan was done entirely 
numerically, using the 2V2D (2D geometry, 3D fields and particle motion) particle-in-cell 
(PIC) electromagnetic simulation code MAGIC [4]. 

Based on the promising simulation results by Aiman, an experimental prototype was 
designed and fabricated. Although the original numerical analysis and design was done for a 
millimeter-wave device, the experimental prototype was designed to operate at 
approximately 3.1 GHz; this operating frequency was a consequence of the desire to have a 
physically large prototype in order to simplify fabrication and instrumentation. A 
comprehensive report on ihe details of this work can be found in [5]. Here we summarize the 
conclusions. 

Overview and Simmiarv of Results 

The experimental results are presented here in logical order - not necessarily the order in 
which the actual experiment was conducted. In actuality the simulation and ejqperimental 
efforts were closely coupled: as experimental data became available to compare with 
simulation predictions, enors and weaknesses in the simulation were identified and 



corrected; and, improved simulation results obtained. The improved simulation predictions 
were subsequently used to modify the prototype design and experimental configuration. 
Initial cold tests were accomplished using classical technique: driving the cavity at frequency 
and measuring the system response. Do to the multiplicity of nearly-degenerate cavity 
modes, this classical method had little value. At the conclusion of the experiment, this cold 
testing was re-accomplished using B-dot probes to directly measure energy loss and energy 
storage as a function of frequency. With these measurements, cavity Q was calculated from 
&st principles. The planar vacuum diode used as a load for the x-ray safety survey turned 
out to have considerable value: the measured diode perveance is a direct indication of 
simulation accuracy in predicting the radial acceletron diode current, and the effect of 
simulation instabilities on RF oscillation growth could be quantified. In general, the planar 
diode perveance closely matched that predicted by 1-D theory, and did not match the 
simulation predictions. The simulation-predicted 20 GHz RF oscillation was not seen during 
experiments. These same results were seen for test shots on the radial acceletron with the 
extractor not installed: diode perveance closely matched analytical theory, simulation- 
predicted perveance did not match either theory or experiment, and simulation predicted a 
high frequency (6 GHz) RF oscillation that wasn't seen experimentally. After revising the 
simulations to account for the initial data, simulation predicted that no RF woxild be seen in 
the radial acceletron for short (50 ns) voltage pxxlses; this is also what was observed 
experimentally. After modifying the Blumlein to allow a 300 ns voltage pulse, simulation 
predicted sfrdng RF oscillation near the end of the voltage pulse; experimentally, only weak 
RF was observed. Further simulation indicated that the ferrite tile in the radial acceletron 
extractor region was likely strongly absorbing cavity RF, resulting in a significant reduction 
in Q. To minimize this problem, the extractor was exfended 8 inches (20 cm) to a total 
length of 14 inches (35 cm). In this configuration, simulation predicted that strong RF would 
be observed beginning near the center of the 300 ns voltage pulse; experimentally, significant 
RF was not observed until the trailing end of the voltage pulse. The experimentally observed 
3.2 GHz RF frequency was reasonably close to the simulation-predicted value of 3.3 GHz. 
As a final experiment, the ferrite tile was removed from the radial acceletron exit, and the 
system was fu:ed into an anechoic chamber.; flie intent was to try and measure the free-field 
radiation power usmg conventional techniques. As expected (and as predicted by 
simulation), the significant change in extractor termination impedance resulted in no 
significant RF being produced or radiated. 

Estimation of cavity quality factor and the equivalent loss resistance 'R' was accomplished 
in two stages. As an initial step, MAGIC simulation was used to relate the cavity total stored 
energy to the RF field dB/dt at the locations of the cavity probes (B-dot probes 1, 2, 5, and 
6); and to relate the RF energy loss rate to the input and output line dB/dt at the position of 
the extractor probes (B-dot probes 3 and 4). The cavity was then driven by an HP 85IOC at 
the A-K gap, and the resulting fields at the probe locations measured. The calculated cold- 
cavity Q and R are shown in Figs. 1(a) -IQ), and compared to the simulation-predicted 
values. In general, nulls (regions of liarge losses) in the R and Q curves are well predicted by 
simulation. Both the positions and values of the peaks of the R and Q curves are not well 
predicted. 
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Figure 1(b). Cavity quality factor (Q) for 7.0 cm 
extractor space. 
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Figure 1(c). Equivalent resistance (R) for 7.5 cm 
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Figure 1(d). Cavity quality factor (Q) for 7.5 cm 
extractor space. 
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Figure 1(g). Equivalent resistance (R) for 8.5 
cm extractor space. 

Figure 1(h). Cavity quality factor (Q) for 8.5 
cm extractor space. 
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Figure 1(1). Cavity quality fector (Q) for 9.5 cm 
extractor space. 

There are two possible explanations for the poor prediction accuracy: 1) approximation 
errors in the simulation mathematical formulation result in significant errors when estimating 
diffraction losses around sharp comers; and, 2) the actual termination of the extractor (ferrite 
tile) does not match the simulation-assiuned perfect termination with no reflected RF. The 
measured data does not provide a method for distinguishing between these explanations. 

The planar diode perveance as a function of pulse voltage is shown in Fig. 2. The measured 
values of diode perveance are well-predicted by the classic Child-Langmuir 1-D model 
(corrected for relativistic and edge effects); neither versions of the PIC simulation code are 
well matched to the experimental measurements. 



The radial acceletron diode perveance as a function of pulse voltage is shown in Fig. 3. The 
measured values of diode perveance are well-predicted by the classic Child-Langmuir 1-D 
cylindrical-geometry model (corrected for relativistic and edge eflfects); neither versions of 
the PIC simulation codes are well matched to the experimental measurements. 
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Figure   3(a):   Radial   acceletron   perveance   (no 
extractor). 
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Figure   3(b):   Radial   acceletron   perveance   (with 
extractor). 

No measurable RF was noted for any extractor plate separation (7.0 cm < d < 10.0 cm) or 
any achievable shot voltage (203 kV < V < 429 kV). The minimum measurable signal (10 
mV from a zero-area B-dot probe) corresponds to an RF output power of approximately 42 
kW at 3.2 GHz. The peak input power (403 kV shot voltage) was approximately 11 GW. 
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Small amounts of RF were noted in both the 3 GHz and 6 GHz bandpass filters for extractor 
plate separations of 8.0 cm and 8.5 cm; no measxuable RF was noted at other plate 
separations. The minimum measurable signal corresponds to approximately 230 W RF power 
at 3.2 GHz. In the 3 GHz filter, the measured dB/dt values of 1.0x10'' '^/sec at 8.0 cm 
separation and 5.5x10* ''^/sec at 8.5 cm separation correspond to ou^ut powers of 54 KW and 
1.6 MW respectively. Post-experiment re-calibration of the Blumlein voltage sensor gave 
maximum shot voltages for this series of approximately 320 kV - about the voltage at which 
simulation indicated measurable RF would first be produced. 

Significant amounts of RF were noted in both the 3 GHz and 6 GHz bandpass filters for 
extractor plate separations of 8.0 cm and 8.5 cm; no measurable RF was noted at other plate 
separations. The minimum measurable signal corresponds to approximately 230 W RF power 
at 3.2 GHz. In the 3 GHz filter, the measured dB/dt values of 6.3x10* "^/sec at 8.0 cm 
separation and 3.1x10' Vsec at 8.5 cm separation correspond to output powers of 2.1 MW and 
52 MW respectively. The corresponding MAGIC simulation predictions were B-dot values 
of 3*10* V and 8x10^ ''U respectively. Post-experiment re-calibration of the Blumlein 
voltage sensor gave maximum shot voltages for this series of approximately 365 kV - about 
the voltage at which simulation indicated strong RF would be produced. 

Overall, the experimentally measured prototype operating characteristics and the values 
predicted by simulation and 1-D analysis compared poorly. The large physical size and 
miiltiple connected (coupled) cavities result in a plethora of near-degenerate RF modes. The 
major limitation of the 1-D analysis is that all the firee energy available from the nonlinear 
diode voltage-current relationship is assumed to go into a single RF mode. In reality, the free 
energy will be distributed across all the modes that grow. For the protot57pe radial 
acceletron, the large number of RF modes that satisfy the requirements for RF growth means 

.that the 1-D analysis will over-predict RF growth rates for any single mode. The large 
difference in size between key physical elements of the prototype is a significant departure 
from the ftmdamental requirements of the numerical algorithms used in the PIC simulation. 
The small grid sizes required in the A-K gap region and at the entry to the extractor 
transmission line, combined with the large physical size of the cavities, results in either grid 
cells with large aspect ratios or too many cells for the available computer memory. Even 
with suflBcient computational memory, the small grid dunensions require a small time step to 
maintain numerical stability. However, this small time step results in such a large number of 
steps required to solve the problem that accumulation of numerical errors becomes 
significant. To obtain reasonable correspondence between analysis, simulation and 
experiment, the prototype should be re-designed to avoid the limitations inherent in the 
available predictive methods. 

In sunmiary, the RF generation efficiency for a device based on the radial acceletron design 
will be low; the theoretical maximum efficiency of 0.39 occurs at zero initial RF growth, 
and if a reasonable value of device-to-radiation impedance ratio of 18Q/50Q is assmned, the 
maximum efficiency is only 0.09. Note that this is an efficiency of RF generation of all RF, 
across all the frequency regions where RF growth is possible. The efficiency of any single 
RF lie will be reduced by the amount of energy used for growth of unwanted frequencies. 

11 



B. Techniques to Achieve Greater Output Power from HPM Sources 

The tasks that we worked on in this section can be summarized with the heading used above. 
In last year's annual report we provided details which we summarize here.^ 

High Power Microwave source research has been ongoing since the late 1960's. The 
pioneers in this field have included John Nation and his group at Cornell University [6] and 
Nikolay Kovalev and his colleagues at the Institute of Applied Physics, Nizhny Novgorod 
(formerly Gorky) [7]. These early HPM sources evolved directly because of the innovation 
of modem pulsed power [8]. Pulsed power provides the capability of generating intense 
relativistic (high perveance) electron beams. 

The HPM community experienced the "power derby" (see page 398 in the book by Benford 
and Swegle [9]) from the late 1970's through the early 1990's. During this period 
researchers were competing to develop sources and configurations that could outperform 
earUer achievements. Although many of the results reported in the literature dining this 
period likely have large error bars associated with the measurements (attributable to many 
factors), the overall trend of radiated power increasing during this time period is credible. 
The optimism of this period is reflected in Table 12.2 of [9], which seeks to predict fiiture 
directions in HPM. Radiated peak power levels of 100 GW and radiated energy exceeding 
10 kJ/pulse were expected to have been achieved by now. 

A sobering realization occurred in the 1990's as radiated powers in the range of 1-10 GW 
were achieved, and energies per pulse on the order of 1 kJ were documented. These 
parameters were achieved through considerable effort, and through the added benefit of 
sophisticated three-dimensional computational modeling tools that were not available before 
(see Chapter 11 of [10]). Unfortunately, these parameters seem to have become fixed. The 
term "pulse shortening" came into vogue (see Chapter 4 of [11]) and encompassed the 
various causes for the concomitant decrease in pulse length as peak powers increased 
(radiated energy staying constant). This has led to a reassessment of the way the HPM 
community has been developing its sources, and has manifested in a significant decline in 
research on new source configurations. Much of the focus has been on improving the 
vacuum environment of the sources; developing cathodes that can yield minimal plasma, yet 
deliver the requisite electron current densities at low electric fields; and invoking better 
design to ensure that the intense electron beam impacts as little of the electrodynamic 
structure as possible as it gives up its kinetic energy and passes towards the collector. 

Figure 4 depicts a block diagram of an HPM system. The HPM source itself comprises the 
electron beam source, t he beam-to-rf convertor (the electrodynamic structure), and the 
rf extractor. Components are then added to the extractor region to facilitate radiation through 
the use of an appropriate anteima. This block diagram basically follows the traditional 
thinking of HPM sources. Each of the components is viewed as a separate and discrete 
element, and the final HPM system is simply the "connection" of the various discrete 

' This section of the report is adapted from an invited talk presented by the PI of this grant at the 2002 Power 
Modulator Symposium and High Voltage Workshop. 
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elements. In our view, in order to see a resurgence of a "power derby" in HPM, it is 
necessary to abandon this view in favor of an approach that considers an HPM source as one 
integrated continuuno^, designed from electron gxm to collector to optimize its performance. 

Pulsed Power 

■ MICROWAVE SOURCE ■ 

BectronBeam Beam-to-rf-Convertor 

T 
rfExtraction 

Mcrowave Components 

Figure 4. A block diagram depicting ah HPM system. Pulsed power is used to energize the electron beam 
diode. The microwave source itself comprises the electron beam, the beam-to-rf converter (typically termed the 
interaction space), and the rf extractor. Once rf is extracted from the interaction space, components are used to 
couple the rf to an antenna, which ultimately radiates the energy towards some target (figure from [11]). 

In addition, as part of this "rethinking," one should recognize that pulse shortening is a 
problem that will exist as peak power levels increase. Certainly improved vacuum 
enviromnent and cleaning protocols will be necessary, but the reality is that a successful 
approach to increasing radiated powers will have to involve decreasing the electric field 
stresses inside the electrodynamic structures. This implies operating with larger diameter 
systems that introduces flie complication of an overmoded structure. However, clever 
techniques of mode selection will be the key to managing this complication. 

We not present a list of HPM sources that represent this rethinking. 

Relativistic Magnetron with Diffraction Output 

Relativistic magnetrons of the traditional design (as, for example, the A6 magnetron [10]) are 
loads with impedance that typically exceed 100 Q (Fig. 5). Although increasing the radiation 
power by increasing the beam current is always preferable to using higher voltages, this has 
not been invoked in relativistic magnetrons. The main obstacle is tiie small dimension of the 
interaction space in microwave sources that is limited by the requirement of single mode 
operation. For some applications, a low impedance microwave source is desirable. As an 
example, we may consider applications that would be based on compact high power sources 
of microwaves that are powered using magnetocumulative generators (MCG's). In order to 
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transfer energy from such a high current generator to a load with high impedance, great effort 
is required to implement a suitable impedance matching network. 

Figure 5. Schematic of a traditional design of a relativistic magnetron: (1) - explosive emission cold cathode; 
(2) - resonant system; (3) - output waveguide; (4) - iris; (5) - coaxial line; (6) - side cavities; (7) - electron 
dump; (8) - Helmholtz coils. 

In contrast, consider a relativistic magnetron with diffraction anteima output that coxild 
operate with very high current (Figs. 6 and 7). The advantages of the magnetron with 
diffraction antenna in comparison to traditional relativistic magnetrons are many and are 
simmiarized below in Table 1 [12]. 

Figure 6. Photograph of an X-band relativistic magnetron with diffraction radiation output. 

14 



Figure 7.   Schematic drawing of an X-band relativistic magnetron with dif&action radiation output.   (1) 
cathode; (2) - resonant system; (3) - horn antenna; (4) - coaxial line; (5) - solenoid. 

Table 1. Advantages of relativistic magnetron with diffraction output. 

High resistance to microwave breakdown. 
u. Absence of dangerous transitions to unloaded types of oscillations that allow one 

to increase the number of resonators up to the limit determined by the overlapping 
of the synchronism bands; this implies tihat any mode can be used for operation. 

iii. The selection of longitudinal modes is independent of the axial length of the 
magnetron; the length can be chosen based only on the required amplitude of the 
microwave field.   

iv.     The volmne of magnetic field required is small. 
V.     The radiation pattern can be transformed directly within the diffiaction antenna 

vi.     Capability to operate with extremely lugh current (as a low impedance load of a 
hi^ voltage pulser) because of the possibility of enlarging the interaction space 
 and the arbitrary choice of the magnetron's axial length.  

Recall that extremely large radiated powers P~10 GW in an L-band magnetron [13] with a 

small volume of the interaction space V<^ (A is the operating wavelength) were 
demonstrated in the first experiments more than 20 years ago. These power levels have yet 
to be exceeded by other magnetrons. 

The configuration shown in Figs. 6 and 7 embody the "rethinking" discussed earlier. By 
viewing Fig. 6, one can see that the cathode is integrated with the electrodynamic structure as 
is the case in traditional magnetron. In addition, however, the output antenna is a continuum 
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that comprises the magnetron vanes. Furthermore, the mode convertor and beam collector 
are integrated within the anteima configuration as well. As a result, one can see that you 
caimot separate this HPM source into its discrete elements. A final advantage of this 
configuration is that the spent current drifting axially away from the cavity enters an 
increasingly larger diameter section, thereby naturally limiting the loss current through 
virtual cathode formation. 

Complete details concerning this source can be foimd in [12]. 

Hybrid Antenna-Amplifier 

Another example of an HPM source that embodies 
amplifier indicated in Fig. 8. 

'rethinking" is the hybrid antenna- 

^lEi^ 

..e3> 
^^m::<mm:^e^^^.. '^^. 

^^la 

Figure 8. Example of a hybrid aiiteima-aiiq)lifier. A linear induction accelerator is sho\vn driving an annular 
electron beam propagating outside a dielectric rod. The antenna feed signal serves as the TWT rf drive. 

A traveling wave tube can be combined with a surface wave antenna if a relativistic electron 
beam propagates along the antenna slow wave structure. In such a hybrid antenna-amplifier 
device, the TWT rf drive would simultaneously serve as the antenna feed signal. In the 
cylindrical geometry of the hybrid antenna-amplifier, an annular beam propagates outside a 
rod antenna, and the operating mode is the fimdamental non-axisymmetric HEn mode. The 
salient features of this, concept for a high-power microwave source are discussed in [14], 
including the effects of nonlinear multi-mode considerations. This device concept has yet to 
be studied experimentally, but nevertheless suggests that one might obtain interesting 
parameters through the integration of the electrodynamic interaction with a radiating antenna. 

As mentioned earlier, achieving another order of magnitude increase in output power will 
likely involve operation with large diameter, overmoded structures. Managing mode 
competition will be critical to successfiil operation of these devices. 

A widespread method to provide spatial coherence of output radiation in relativistic 
generators is the application of selective feedback through the use of Bragg reflectors placed 
at each end of an oversized electrodynamic system [15-21].  To achieve selective feedback 
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while not interfering with the electron beam in different types of resonant traveling wave 
tubes such as Cherenkov generators, ubitrons, or free electron lasers, Bragg reflectors made 
from cylindrical periodically corrugated waveguides are iised. The dependence of the 
periodic profiles of the Bragg reflectors on the azimuthal coordinate 6 and axial coordinate z 
is arbitrary; as an example, it can be a sinusoidal corrugation described by 

R{e, z) = i?o + h cos(Jw ^ + Az), (1) 

which is the most common one in use. Here A = Injd is a constant of the periodic system 

(the Bragg reflector), Ro, U, and d are the average radius, amplitude, and period of 
corrugation, respectively. The Bragg reflectors can be helical corrugations with a number of 
m spirals, or an axially symmetric corrugation (iw = 0). Such reflectors transform a rotating 
forward wave with azimuthal index mi and propagation constant hi to a rotating backward 
wave, propagating in opposite direction with azimuthal index 

m2=m-^±m (2) 
and longitudinal wave number 

h=h-\. (3) 

The application of two such Bragg reflectors at the ends of a waveguide (Fig. 9) allows one 
to separate the operating two-mode solitary structure of the electromagnetic field, i.e., to 
achieve the abiUty to select the frequencies and types of waves. 

reflector ml TWT ml reflector 
"■ 

i m2 ^ 

Figure 9. Block diagram of a microwave generator iising single channel feedback to achieve mode selection in 
an ovennoded system. 

This method of mode selection can lead to significant progress in the increase of energetic 
parameters of microwave oscillators. Above all, for provision of selective feedback there is 
the possibility of using backward wave amplifiers operating in the regenerative regime of 
amplification. AppHcation of such non-linear reflectors, in which the reflection coefficient 
depends on the incident signal, allows us to operate in the regime of generation with self- 
modulation, which enables us to provide a short transit time and operation with high 
efiSciency, among other salient features. 

To stmmiarize this section of the report, in order for high power microwave sources to 
radiate power levels that exceed present accomplishments by an order of magnitude and 
greater will require to view these systems as integrated devices, no longer separating them 
into discrete, constituent components. Furthermore, ui order to avoid pulse shortening, 
devices whose electrodynamic structures are multimoded will inevitably be required. This 
issue will have to be managed using clever techniques. 
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C. Ea*M Generation in a BWO using a Hollow Beam Generated from a Disk Cathode 

For the first time, a new disk cathode has been incorporated into the design of a BWO in an 
effort to lengthen the microwave pulse (Fig. 10). The basic principle for pulse lengthening 
was to minimize the dense plasma that forms on an explosive emission cathode. The 
motivation for this approach in UNM's BWO was based upon past research which revealed 
that this dense plasma, which was formed oh a graphite "cookie-cutter" cathode, caused the 
electron beam to expand radially and thus intercept with the cutoff neck upon entering the 
SWS. The consequence of this action was an impedance collapse in the A-K gap. As Loza et 
al. [22], had shown, the plasma that forms on a disk cathode is as little as the tip of the disk. 
Using basic plasma pressure arguments, they showed that this plasma tends to migrate along 
the magnetic field lines rather than expand radially. A radially expanding plasma leads to an 
expanding electron beam which was observed in the "cookie-cutter" case. 

(a) 
"Cookie-Cutter" 

Cathode 
e-beam 

Cathode Shank 

Figure 10. Cross-sections of the (a) "cookie-cutter" cathode (also known as knife-edge cathode) and (b) the 
disk cathode (also known as a "pizza-slicer" cathode). 

Beam intercepting targets placed in the middle of the SWS without microwaves present 
indicated that the electron beam expanded to meet the dimensions of the cutoff neck for the 
"cookie-cutter" cathode, while the disk cathode maintained a more stable cross section which 
was smaller than the cutoff neck opening. While these diagnostics were not taken m the 
presence of microwaves, they do indicate that the disk cathode produced a more stable beam. 
Of course, with microwaves present, beam disruptions occur due to the intense rf fields 
generated m the SWS. Previous measurements in UNM's BWO showed that the beam breaks 
up after about 100 ns in the presence of microwaves. These measiirements were not taken for 
the disk cathode; however, it was hypothesized that the more stable beam would hold off this 
beam breakup behavior for a longer period of time. 

Initial results with a 20 mm stainless steel disk cathode proved to be extremely promismg as 
the microwave pulselength and power was nearly doubled as compared to all previous 
studies with a 20 nun graphite "cookie-cutter" cathode. Results for the 20 mm stainless steel 
"cookie-cutter" cathode yielded similar (and sometimes better) results as compared to the 20 
mm stainless steel disk cathode. Although the stainless steel noiaterial was used, the electron 
current was still increasing as the voltage dropped. 
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To improve the beam current characteristics, a copper insert was installed in an effort to 
provide a better magnetic field geometry which was crucial especially for the disk cathode 
operation. This modification led to increased compression of the beam. The beam was then 
conq)ressed too much so that it did not couple efficiently within the SWS to provide much 
microwave interaction. The diameter of each cathode geometry was then increased to 23 mm. 
Beam targets were again used to determine the cross sections of each beam without 
microwaves present. This diameter produced beam cross sections that were similar to the 
ones for the 20 mm cathodes. Also, since the beam diameter was increased, the current 
should increase. The A-K gap was increased from 2.5 cm to 3.5 cm to reduce the current to 
similar values as with the 20 mm cathodes. 

The data from the experiments revealed that the stainless steel versions of the "cookie-cutter" 
and the disk cathode produced pulsewidths of about 150 ns with about 50-60 MW output 
power. A crude analysis of the half power pulse widths (FWHM pulsewidths) identified the 
disk cathode as the better cathode (see Tables 2-3). 

The results obtained experimentally suggest that using stainless steel instead of graphite as a 
cathode material had the biggest effect in lengthening the microwave pulse. Clearly, there are 
many issues contributing to the still present pulse shortening in the BWO at UNM. Simply 
changing one parameter does not mean that other parameters can remain the same. 
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Table 2. Initial experimental measurements with 23 mm stainless steel "cookie-cutter" and disk cathodes. 

Input 
Parameters: 

"Cookie-cutter" 
Pulseleiigth and 

Power 

Disk 
Pulselengtfa and 

Power 

Cathode 
Voltage: 
400 kV 

Beam Current: 
1-2 kA 

40-55 ns 
15-25 MW 

80-100 ns 
30-45 MW 

Cathode 
Voltage: 
425kV 

Beam Current: 
1.5-2.5 kA 

80-100 ns 
35-45 MW 

100-125 ns 
30-45 MW 

Cathode 
Voltage: 
475 kV 

Beam Current: 
1.5-3 kA 

140-150 ns 
40-50 MW 

140-160 ns 
45-60 MW 

Cathode 
Voltage: 
500 kV 

Beam Current: 
1.5-3 kA 

140-150 ns 
45-55 MW 

140-160 ns 
45-60 MW 

Table 3. FWHM microwave pulsewidths for the 23 mm disk and "cookie-cutter" cathodes. 

Input Parameters: "Cookie-cutter" 
FWHMpulsewidth 

Disk 
FWHMpulsewidth 

400 kV -35 ns 
? 

(too many 
oscillations) 

475 kV -50 ns -70 ns 

500 kV -50 ns -85 ns 
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Beam Current Limitation Revisted 

One of the most important consequences of the research presented here is the analysis of the 
Fedosov hmiting current [23] versus the space charge limiting current. The derivation of tiie 
Fedosov current is based on the initial conditions present on a coaxial cathode that would be 
valid for the "cookie-cutter" geometry. The electric field solution in the derivation is the 
same as the solution for a simple coaxial capacitor. On the other hand, the disk cathode is 
solid and thus the potential is constant on the surface. Although the current emitted from the 
disk cathode is nearly the same geometry as the "cookie-cutter" cathode, the Fedosov 
solution should be invalid. Instead, the disk cathode can maintain a higher current up to the 
space charge limiting value. This consequence has important ramifications for the output 
power in beam-driven devices. The operating voltage is essentially a characteristic of the 
pulsed-power apparatus. The injected current is a fimction the A-K gap characteristics, such 
as cathode dimensions, drift tube dimension, geometry, and A-K gap distance. The "cookie- 
cutter" cathode's current is Fedosov limited to a value that is less than the space charge 
limit. The disk cathode current can support the space charge current limit and hence inject 
more current. More current leads to more power. This is perhaps why the disk cathode 
exhibited slightly higher power levels than the "cookie-cutter" case. For an operating voltage 
of 500 kV, the space charge limiting current is about 3.9 kA versus the Fedosov current of 
2.9 kA. This represents a 25% increase at ibis operating voltage. At higher voltages, the 
increase would be greater and lead to more efficiency in these devices. From the 
experimental results at the higher voltages (~500 kV), the disk was better than the "cookie- 
cutter" cathode when comparing the FWHM pulsewidths. However, the disk cathode's 
microwave power was slightly higher than the "cookie-cutter" cathode, but not as high as 
25%. The calculation of the beam currents for the space charge limited versus the Fedosov 
limited cases assumes very ideal conditions and that the beam is traversing a smooth walled 
waveguide. In the BWO, the spacing and geometry of the A-K gap play an important part in 
the beam current calculations. Numerical techniques should be used to investigate this 
current limit. 

This result is not absolutely consistent with the experimentally obtained results. The disk 
cathode did outperform the "cookie-cutter" cathode; however, at higher voltages (~500 kV) 
the experimental results (regarding microwave power and pulse duraition) from each seem to 
be converging to the same values regarding pulse length and power (see Table 2). For the 
operating regime of UNM's BWO (400-500 kV), the space charge current exceeds the 
Fedosov current by 20-25%. At higher voltages the space charge current remains about 30% 
greater than the Fedosov current. The beam current measurements for each type of cathode 
were compared. The currents seemed to be nearly identical; however, the poor calibration as 
well as oscillations present within the signals (Fig. 11) made this interpretation erroneous. 
Other factors are playing a role here that may or may not have to do with beam stability. The 
basic construction of the BWO is the most ftmdamental issue in increasing the ptilse width 
and investigating pulse-shortening eflfects. Many of the current design flaws will be 
addressed when an upgraded BWO is built at UNM in the near fiiture, utilizing a brazed 
ceramic insulator stack that was acquired from Titan/PSD from an earlier DURIP grant. 
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Figure 11. Microwave output power for a 23 mm stainless steel disk cathode at 400 kV peak voltage. Many 
oscillations were evident on shots at this low voltage, attributed to virtual cathode effects since the beam 
current exceed the Fedosov current [24]. 

Communication vnth an HPM-Driven Interplanetary Sail 

Microwave-propelled sails were first introduced by the late Robert Forward as a continuation 
of his laser-driven sail concept [25,26]. Missions beyond our solar system are impossible 
using present chemical propellant-based propulsion systems because the weight of the 
necessary fiiel would be prohibitively excessive. The high power microwave-driven sail is 
man's only alternative to nuclear-fueled spacecraft for deep-space missions. Microwave- 
driven sails have the advantage that energy is expended to accelerate only the sail with its 
payload, not the propelling beam generator [27]. Interstellar flight requires speeds »100 
km/s. Of particular interest for scientists would be a mission to the region known as the Oort 
Cloud, composed of thousands of millions of comets extending beyond the Sun for a light 
year and beyond. Microwave-propelled sails are accelerated using beamed microwaves and 
although electromagnetic waves (photons) have no mass, they do have both axial and angular 
momentum components. A reflected beam of light exerts a force F proportional to its power 
P via F = 2P/c where c is the speed of light (3x10^ m/s). 

A severe limitation to beamed microwave-driven sails is finding a material that can 
accommodate the severe noission constraints. The invention of ultralight, strong, and high- 
temperature-compatible carbon material has made microwave-propelled sails a serious 
contender because carbon does not melt; it sublimes at very high temperature [28]. 
Extremely high temperatures are needed because acceleration is strongly temperature 
limited, as is evident from the following consideration. The acceleration a from photon 
momentum produced by a power P on a thin fihn of mass m and area A is [29] 
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where 7 is the reflection of the fihn of absorbtivity^ a and M is the mass per unit area. 
Carbon fiber sail material with ~1% transmissivity' can be produced. Thus, ccP will be 
absorbed from the incident power on the film. This absorbed power must be radiated away 
from both sides of the film which may be at different temperatures. We describe this power 
with an average temperature T and emissivity^ s by the Stefan-Boltzmann law 

aP = 2AsaT* (5) 

where a is the Stefan-Boltzmann constant (5.67 x 10'^ W/m^-K^). If we eliminate P and A, 
the sail acceleration is given by 

\c Jl     a   XMJ 
Clearly the acceleration is strongly temperature-dependent. All materials tested in early 
studies (Al, Be, Nb, etc.) could not be used for liftoff from Earth since their melting 
temperature limited the achievable acceleration. 

There are similarities between microwave-propelled sails and interplanetary missions. The 
channels in both cases are free-space (except for transmission through the ionosphere and 
atmosphere) with ahnost no noise (unless we account for flares), the distance traversed is 
very large, and ultra sensitive receivers are needed to extract the received signal. 

Missions beyond the solar system have been successfully accomplished by Voyager 1 and 2. 
Voyager 1 is now the most distant man-made object in the universe, was at a distance of 12 
billion kilometers (80 Astronomical Units (AU)) (1 AU = 1.5 x lO" m) from the sun as of 
January 2001, while Voyager 2 was at 9.4 billion kilometers (62.7 AU) from the sun as of 
January 2001. Voyager 1 is escaping from the solar system at a speed of about 3.6 AU per 
year (~17.1 km/s), 35 degrees out of the ecliptic plan to the north. Voyager 2 is aJso 
escaping from the solar system at a speed of about 3.3 AU per year (~15.7 km/s), 48 degrees 
out of the ecliptic plan to the south. 

Since the distance from a sail to the Earth is presumably large, by the time the signal arrives 
on Earth its power decreases considerably so that we need ultra sensitive receivers both on 
Earth and on the spacecraft (or the sail). The Deep-Space Network's (DSN's) receivers are 
suflBciently sensitive to receive signals of power -127.4 dBm or 10'^^ W (Voyager 2's uplink 
received power) and -145.5 dBm or 10"^* W (Voyager 2's downlink received power) [30]. In 
our simulations, we showed that we can receive powers of 10''^ or 10"^^ W (depending on the 
transmitter power and the distance). The transmitted power of Voyager 2 is 72.6 dBm or 18 
kW for the uplink and 40.9 dBm or 12.3 W for the downlink, while the 70-meter-anteima at 
the Goldstone Communication Complex is capable of transmitting a maximum of 400 kW. 
The microwave-propelled sail communication system we proposed has greater coding gain 

^ Absoibtivity is the ratio of absorbed power to incident power, transmissivity is the ratio of transmitted power 
to incident power, and emissivity is the ratio of emitted power to power emitted from a blackbody. 
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than the Voyager mission because we are using Turbo codes. 

Encodmg/decoding is very important because coding gain compensates for the very weak 
received signal power levels. The Voyagers' telemetry link also suffers from the noise in the 
communication channel as do other deep-space links, causing bit errors. The rate of errors is 
reduced by^rror-correcting codes. Such codes increase the redundancy of the signal by 
increasing the nxmiber of bits transmitted relative to the information bit rate. The Golay 
encoding algorithm used at the Jupiter and Saturn phase of the mission required the 
transmission of one overhead bit for every information bit transmitted (100% overhead). 
Voyager had an experimental Reed-Solomon data encoder, expressly developed for the 
greater commumcation range of the Uranus and Neptune phase of the mission. The new 
Reed-Solomon encoding scheme reduced the overhead to about one bit in five (20% 
overhead) and reduced the bit eiror rate in the output information from 5x lO'^ to lO'' [31]. 
In our simulations we used Turbo codes that provide performance close to the Shannon Limit 
[32]. The coding gain of Turbo codes is greater than traditional cyclic block codes and 
convolutional codes. 

The DSN is able to transmit signals at L-Band, S-Band, X-Band, and Ka-Band and receive at 
S-Band and X-Band. Voyagers use S-Band for uplink and S-Band and X-Band for downlink. 
Also, for the future missions, DSN is planning to use Ka-Band for both the uplink and 
downlink. We selected X-Band for both uplink and downlink for the microwave-propelled 
sail system simulations. 

The results of our simulations were that we had an acceptable received power level for the 
scale distance of 1 AU. However, when we scaled the channel to the distance of the Oort 
Cloud (10"^ AU's), we see that the DSN's ultra sensitive receivers are not able to receive 
those power levels since they are much less than the minimum acceptable levels. We 
calculated the maximum distance between the sail and the Earth for successful 
communications as 271.40 AU's. Clearly additional development in technology would be 
required. 

Future work will entail scaling this proposed channel to even greater distances. In so doing, 
the time delay of the signal inevitably becomes a factor to be included. For travel to 
distances as far as the Oort Cloud, more efficient codes should be developed and higher 
transmitter powers will be required. 

Complete simulation resxilts can be found in [33]. 
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