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ABSTRACT 

The transit-time effect in a coaxial structure has been used to design a low impedance high 

power microwave source that uses no externally generated magnetic field and has no confining 

foil. A simple one-dimensional (ID) nonlinear circuit model is used to numerically estimate key 

device characteristics. An analytic model is used to extend the circuit model and estimate the 

values of the free parameters used in the circuit model and compares the analytical values to 

those obtained using two-dimensional (2D) particle-in-cell simulations. Further comparisons are 

made of the results of numerical solutions of the ID circuit equations, 2D simulations, and initial 

experimental data. The Gemini pulser fitted with an extended Blumlein transmission line and 

located at the Air Force Research Laboratory/Phillips Research Site was used in the experiments 

to drive the Radial Acceletron. It is shown that the nonlinear relationship between voltage and 

current emission in a space-charge-limited diode drives an rf oscillation whose frequency is 

determined by the resonant characteristics of the annular diode cavity. The results from the ID 

analysis and 2D particle-in-cell (PIC) simulation are shown to be in excellent agreement, and 

both are in agreement with the experimental data analyzed to-date. 
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I. Background 

This report describes the first experimental results from the Radial Acceletron, a radial transit 

time oscillator designed using PIC simulations by Arman [1], and later analyzed further by 

Luginsland and colleagues [2]. Electromagnetic oscillators using radially propagating planar 

electron beams were initially proposed by Varian [3] 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 generating device and the output structure (cylindrical 

device to cylindrical waveguide or transmission line) 

-minimal or no external magnetic field required to control electron beam instabilities. 

Other than the initial theoretical work by Varian, rf generation using radially propagating 

planar electron beams remained unexplored until the early 1990's. At that time, as an outgrowth 

of work simulating a cylindrically symmetric millimeter-wave transit time oscillator, Arman [4] 

noted the advantages of a radially propagating planar beam and developed a proposal for a radial 

klystron oscillator [5] 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 developmental 

work by Arman [1] was performed entirely numerically, using the 2V2D (2D geometry, 3D 

fields) particle-in-cell (PIC) electromagnetic simulation code MAGIC [6]. 

II. l-D Circuit Analysis 

By modeling the Radial Acceletron as a nonlinear diode in series with an R-L-C circuit 

representing the resonant cavity, Luginsland derives the following small-signal equation 

governing the growth of RF oscillations within the cavity: 

di1    Q 
i-3-± 

2Z„ ^Wk=o 0) 

For this derivation, 000 is the usual resonant frequency, Q is the cavity quality factor (including 

losses due to both wall conductivity and rf radiation), and ZD is the impedance of the nonlinear 



diode. It is clear that the initial growth rate of fr oscillation is governed by the coefficient term 

associated with the first derivative 

1 - ~(0 => V„     growth (2) 

The rf voltage growth rate (e-folding time) is readily calculated to be 

r„ =    f2?   i (3) 

Assuming the usual relationship between current and voltage in a space-charge-limited diode 

[7] and substituting into (2) gives an expression for the minimum current required for the onset 

of rf oscillation (note that in (4) the diode area has been collapsed into the perveance factor 'P'): 

/ _ py 3/2  _   z      = 1 (4) 
'diode     ~  r¥ =?   * D   ~   p2l3j\li V   ' 

,.    8 1  
27 R3P2       for rf growth. ^ 

To this point we have made no reference to the details of the currents and fields within the 

space-charge-limited diode; the onset of rf oscillation and subsequent growth is due entirely to 

the nonlinear nature of the diode and the diode interaction with the resonant cavity. 

Inserting nominal values from the prototype Radial Acceletron design (Q=150, R=13.5 Q, 

P=1.02e"4 (SI units), (»o=27i*3.1e+9 sec"1) will give estimates for the values of start current, 

required input voltage, and initial rf voltage growth rate: 

Istart      = 12 kA 

V        = 235 kV 

ZD =20.2Qat235kV. 

Figures 1 and 2 plot the estimated start current and required voltage as a function of cavity Q; 

Figure 3 plots the estimated rf e-folding time as a function of driving voltage for several values 

of cavity Q. The above estimates are boundary values only; to obtain observable rf, the e-folding 

time for growth must be short enough for rf to grow from noise present in the diode. Requiring 3 

e-folding times in the experimentally available 220 ns pulse width gives boundary values of 

21 kA and 350 kV for observable rf. 
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Figure 1. Estimated Radial Acceletron Start Current 
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Figure 2. Estimated Radial Acceletron Minimum Voltage. 

HI. Circuit-Model Parameters 

The 1-D circuit equations used to model rf growth in the Radial Acceletron contain a number 

of free parameters: Q, R, ZD, and ©o. The parameters Q, R, and ZD can be readily estimated from 

the design characteristics of device; a conceptual drawing of the prototype Radial Acceletron is 

shown in Figure 4, with a detail drawing of the actual prototype device in Figure 5. The resonant 

frequency <oo, is more problematic; the device requirements are that the radial waveguide (lossy 

cavity) used to couple the A-K gap to the output transmission line must have a maximum in 

radial electric field at the A-K gap, and that the transit time of a space-charge-limited electron 

across the A-K gap must be between one-half and one times the period of oscillation: n/oüo < gap 

crossing time < Infcoo . The large physical size of the prototype compared to the wavelength of 

the desired microwave radiation results in a number of operating modes that satisfy these 



constraints; in the end, the value of o)0 used in the circuit analysis remains an essentially free 

parameter. 
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Figure 4. Radial Acceletron conceptual drawing. 

Using the Child-Langmuir expression for current in a space-charge-limited diode, we obtain 

zD = 

p = 

l 
pylll 

2.33 xl0"65 

\A*1 
(SI units). 

(6) 

(7) 



Here S is the diode area, x is the A-K. gap separation distance, and ß is a constant equal to 1.0 

for a planar gap, and calculated using the method of Langmuir for a gap consisting of two 

concentric cylinders (as in the Radial Acceletron). 

1 meter 

Figure 5. Prototype Radial Acceletron. 

The circuit parameters R, L, and C are related to Q by the usual relationship for a resonant 

parallel circuit: Q = ©oRC = R/oooL. L and C are related by the usual expression for resonant 

frequency too2 = VLC • 

The capacitance C can be calculated directly given the geometry of the device, and R can be 

calculated by neglecting the contribution due to the resistivity of the metal walls, and treating the 

coupled cylindrical cavity and output transmission line as a radial waveguide coupled to a 

cylindrical transmission line. This coupled transmission line treatment results in an expression 

for R of the form: 

R^^- 
[i-rf 

(8) 

In this expression, ZT is the impedance of the output transmission line and T is the voltage 

reflection coefficient for the coupled radial waveguide-cylindrical transmission line. 

A 1-D circuit-model analysis of the Radial Acceletron can then be accomplished by 1) 

choosing an appropriate value of ©o based on device geometry and/or simulation; 2) calculating 

values for R, C, and P based on device geometry; and, 3) calculating values for Q and ZD for the 

desired input pulse voltage or current.   For the prototype Radial Acceletron at 250 kV input 



voltage, this results in Q=110, R=18 Q, ZD=19.5 Q; these estimated values compare quite well 

with those derived from PIC simulation: QPIC=150, RPIC=13.5 Q, ZDJ>IC=17.5 Q. At 350 kV input 

voltage, the analytic and PIC values of Q and R are unchanged, and the diode impedance 

becomes ZD=16.6 fi, ZD.PICPIö.O Q. 

IV. 2-D Finite Difference Time Domain Simulation 

Simulation of the as-constructed prototype Radial Acceletron was performed using MAGIC 

[6], a finite-difference, time-domain particle-in-cell (PIC) electromagnetic simulation code. The 

software can be run either as a 2V2-D (2-D geometry, 3-D fields) simulation or as a fully 3-D 

simulation; to keep run times within reason, all simulations were done using the 2V2-D mode. 

Simulation runs were accomplished through the full scale of input pulse voltages achievable 

from the pulse power driver used by the experimental prototype: 150 kV through 500 kV. 

Simulations were performed for two prototype device configurations: one with the extractor plate 

removed (thus eliminating the radial waveguide/output transmission line structure), and one with 

the extractor plate installed (the normal operating configuration). This was done to allow direct 

comparison between simulation and experimental measurements of the diode impedance (which 

were accomplished with the extractor plate removed). 

With the extractor plate removed, the expected simulation result was a simple current rise to 

the space-charge-limited value, followed by a fall-off to zero at the end of the voltage pulse. 

Except for the low voltage simulations, this is what occurred. At input pulse voltages between 

140 kV and 165 kV with the extractor plate removed, simulation showed an unexpected rf 

oscillation at 5.28 GHz. At this voltage level, the particle transit time is 2.7 times the period of rf 

oscillation - well out of the regime for transit-time amplification of rf fields. Particle plots 

showed no radial electron bunching, but strong oscillations in the space charge electron cloud 

along the device axis. 

With the extractor plate installed, simulation showed 1) no rf output between 150 kV and 220 

kV; 2) a slowly growing rf oscillation at 5.5 GHz -7.0 GHz for input pulse voltages between 230 

kV and 330 kV (the rf frequency jumps around depending on input voltage); and, 3) the desired 

rf oscillation at approximately 3.15 GHz for input pulse voltages of 340 kV and greater. 
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V. Comparison of Experiment and Simulation 

Initial experiments with the prototype Radial Acceletron emphasized measurement of cavity Q 

and diode impedance ZD, and comparison between simulation and experiment. Measurement of 

Q proved problematic; the large physical size of the prototype compared with the rf wavelength 

at the desired operating point results in a large number of nearly degenerate modes throughout 

the rf spectrum. Individual resonant modes were neither distinguishable nor measurable. A 

comparison of ZD as derived from Child-Langmuir theory, simulation, and experimental data is 

shown in Figure 6. The value of the 'P' parameter (related to diode perveance) is shown in 

Figure 7. An extensive experimental effort to identify the simulation-predicted 5.28 GHz rf was 
unsuccessful. 

The final experimental run at the maximum output of the Gemini pulser yielded measurable 

microwave output of 10's of kW near the original design frequency. This result was achieved 

after the removal of ferrite tiles that were placed to decouple the radial cavity from the output 

extractor. The power levels and the frequency are consistent with the experimental values of Q 

and are also consistent with both PIC simulations and circuit models. The final data run is still 

undergoing analysis and the complete results will be published in a forthcoming article. 

VI. Analysis 

From Figures 1 and 2, it can be readily seen that the required start current for rf growth, and the 

associated input pulse voltage, increase quite rapidly as the cavity Q decreases below 

approximately 175. The rf oscillation in the device builds from noise initially present in the A-K 

gap voltage and current; from Figure 3, the e-folding time associated with the rf growth increases 

significantly as the Q decreases. With an available current pulse length of-220 ns (constrained 

by the length of the pulsed power Blumlein section) and a maximum usable voltage of 

approximately 400 kV (constrained by arcing in the Blumlein-Radial Acceletron transition 

section), it is clear that in order to obtain measureable rf output a minimum cavity Q of -140 is 

required. From Figure 6, it is apparent that the MAGIC simulation consistently underestimates 

the diode impedance (or alternatively, overestimates the diode current) by approximately 10%; 

from equations (2) and (3), this underestimation of diode impedance will result in a 

corresponding underestimation of start current and overestimation of rf growth. With a 

simulation input pulse voltage of approximately 340 kV required for observable rf output, 

11 



experimentally measurable rf will not be expected until input pulse voltages exceed 

approximately 380 kV. Note that the MAGIC simulations result in a non-zero slope for diode 

perveance as a function of diode voltage (Figure 7). The MAGIC simulation data agrees much 

better to a fit by a current-voltage relationship of I=PV1-29, as contrasted with the classic Child- 

Langmuir exponent of 1.5. The reason for this difference is not yet understood. 
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Figure 6. Radial Acceletron diode impedance. 
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VII. Conclusions 

We have extended the original 1-D circuit-model analyses of the radial acceletron to allow 

estimation of the values of the free parameters given design information from the as-constructed 

prototype device. The calculated values of the key parameters are shown to agree well with 

those derived from PIC simulation. Comparison of the results of simulation and actual 

experiment indicate that the simulation code consistently overestimates the diode current by 

approximately 10%; this overestimation of diode current will translate into a corresponding 

increase in start current for rf generation during actual experiments. With the current prototype 

design, the simulation prediction of observable 3.15 GHz rf beginning at pulse voltages of 340 

kV will likely translate into an experimental requirement for 370 kV to 380 kV pulse voltages - 

near the practical limit of the experimental set-up. The voltage requirement can be reduced by 

increasing the cavity Q, which requires adjusting the impedance mismatch between the radial 

waveguide and the output transmission line in the Radial Acceletron extractor section. The 

analysis of experimental data taken recently will finalize the understanding of the prototype 

Radial Acceletron. 

Vm. References 

[1] M. J. Arman, "Radial acceletron, a new low-impedance HPM source," IEEE Trans. Plasma 

Sei. vol 24, no. 3, pp. 964; June 1996. 

[2] J. W. Luginsland, M. J. Arman, and Y. Y. Lau, "High-power transit-time oscillator: onset of 

oscillation and and saturation," Phys. Plasmas vol. 4 no. 12, pp. 863; Dec 1997. 

[3] W. W. Hansen, R. H. Varian, and J. R. Woodyard, High frequency radio apparatus, U.S. 

Patent No. 2,259, 690,21 Oct 1941. 

[4] M.  J.  Arman,  "High power millimeter-wave transit-time  amplifier,"  in High Power 

Microwaves; Benford, J.; and Swegle, J. (eds) Artech House pp. 243, 1992 

[5] M. J. Annan, "High power radial klystron oscillator," SPIE vol. 2557, pp. 21; Aug 1995. 

[6] Mission Research Corporation: MAGIC User's Manual, Mission Research Corp., Newington 

VA, Tech. Rep. MRC/WDC-R-409, 1997. 

[7] I. Langmuir and K. B. Blodgett, "Currents limited by space charge between coaxial 

cylinders," Phys. Rev. Ser. 2, vol 22, pp. 347, 1923. 

13 



APPENDIX A - STUDENTS SPONSORED BY THIS GRANT 

Undergraduate Students in Electrical Engineering 

1. Ralph Anthony Peredo: Worked as undergraduate research assistant in Electrical Engineering 

during freshman and sophomore years. He is presently pursuing his B.S. in Electrical 

Engineering. 

2. Gregory Todd Park: Worked as an undergraduate research assistant in Electrical Engineering 

during his senior year. He subsequently completed an M.S. thesis under Professor 

Schamiloglu on a MURI-funded high power BWO project. 

3. Kelly Hahn: Worked as an undergraduate research assistant in Electrical Engineering during 

her senior year. She subsequently started as an M.S. student under Professor Schamiloglu 

working on a long pulse BWO experiment. 

Graduate Student in Electrical Engineering 

1.  Robert Wright is completing his Ph.D. dissertation entitled "Simulation and Experimental 

Studies of a Radial Transit Time Oscillator." He will be a May 2000 graduate. 

14 



APPENDIX B - ADDITIONAL DETAILS ON THE RADIAL ACCELETRON AND 

SIMULATION RESULTS 
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