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Abstract

The low-impedance transit-time oscillator without foils is a new high-power microwave generator. In a previous report, a
radiation power of 2.7 GW at 1.64 GHz has been achieved and the corresponding power conversion efficiency is 18.75%.
Recently, the further experiments are continued in our laboratory. By increasing the cathode-anode gap properly, the
operating voltage of device is enhanced to about 628 kV, and the corresponding radiation power reaches 3.6 GW. The
device efficiency approaches 23%. In the newest experiments, because of the higher power level, the radiation power
has been obviously influenced by RF breakdown in the vicinity of the dielectric window. By using a plastic bag filled
with sulfur-hexafluoride (SF6), such an influence can be minimized.
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1. INTRODUCTION

Although many new directions are becoming more and more
attractive in the high-power microwave (HPM) domain (Fan
et al., 2007; Ge et al., 2010; He et al., 2011; Korovin et al.,
2003; Li et al., 2010; Zhang et al., 2010), advancing the peak
power is always one of the most important considerations.
Effective methods are to increase the input electric power
or enhance the device efficiency. In pursuit of high power
conversion efficiency, many efforts have been done and sig-
nificant progress has been achieved (Barker et al., 2001;
Shkvarunets et al., 2002; Teng et al., 2009; Xiao et al.,
2009, 2010, 2011). The highest power so far was obtained
by the multiwave Cerenkov generator and relativistic klystron
amplifier in the 1990s (Bugaev et al., 1990; Serlin et al.,
1994). The corresponding efficiencies are respectively 50%
and 40%. However, it seems to be very difficult for the
HPM devices to further enhance the power conversion effi-
ciency with the exception of the sources based on super radi-
ance (Anton et al., 2003; Bandurkin et al., 2011).
In order to obtain higher output microwave power, increas-

ing the input electric power may be a more feasible method
(Arman, 1996; Cao et al., 2009; He et al., 2004; Yang
et al., 2005). With the fast development of pulsed power

technology, an intense relativistic electron beam (IREB)
over 20 GW electric powers can be easily provided by many
pulsed power sources (Adam et al., 2007; Ouyang et al.,
2008; Yatsui et al., 2005; Zhang et al., 2007; Zou et al.,
2006). Even if the efficiency of HPM devices is only 10%,
a microwave power of 2.0 GW can still be obtained. However,
most HPM devices so far operate at a high diode impedance
(about 100 Ω) (Fan et al., 2004; Hahn et al., 2002; Levine
et al., 1994; Zhang et al., 2004, 2011), which is disadvanta-
geous to match with the low-impedance pulsed power sources
providing high electric power (about 20 Ω) (Liu et al., 2006,
2007a, 2007b, 2009; Zou et al., 2006). This has greatly lim-
ited further improvement of the microwave power.

In our previous work, a low-impedance transit-time oscil-
lator without foils (LITTO) has been put forward (Cao et al.,
2009). The device impedance is about 20 Ω and can thus uti-
lize ultrahigh-current electron beams to reach high peak
power. With a 600 kV, 24 kA electron beam guided by an ex-
ternal magnetic field of 0.5 Tesla, a radiation power of 2.7
GW at 1.64 GHz has been achieved in the experiments
(Cao et al., 2012). Recently, the further experiments are con-
tinued in our laboratory. This article briefly introduces the
newest experimental results.

2. EXPERIMENTAL IMPROVEMENT

According to the particle-in-cell (PIC) simulation (Cao et al.,
2009), the power conversion efficiency peaks at about
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700 kV, which is treated as the optimal working voltage of
the LITTO. Operating at the optimal voltage, the highly
modulated electron beam can deliver more possible power
to the radio frequency (RF) field because of perfect syn-
chronism between the electron transit time and the RF
period. However, in previous experiments, the operating vol-
tage of the LITTO is basically lower than 600 kV. We failed
in all our attempts to further increase the diode voltage.
From previous experimental results (Cao et al., 2012), it is

found that the saturated diode voltage gradually decreases
with the increasing time and the beam current is just the re-
verse. Figure 1 shows the variations of the voltage and cur-
rent versus time. Maybe the varying diode impedance is
responsible for these. With the expansion of the cathode
plasma (Roy et al., 2009), the cathode-anode gap is gradually
decreased and thus lowering the corresponding diode impe-
dance (see Fig. 2). Supposing the electric power provided
by the accelerator is stabilized at P, the diode voltage V
and the beam current I can be respectively expressed as

V =
����
PR

√

I =
�����
P/R

√ , (1)

where R is the diode impedance. Therefore, it is inevitable
that the voltage and the current will, respectively, decrease
and increase because of the lowering diode impedance (see
Fig. 2). In the newest experiments, we tried to slightly
enhance the impedance by enlarging the cathode-anode gap
from previous 15 mm to 20 mm. Eventually, the average
operating voltage is indeed increased to about 630 kV.

3. EXPERIMENTAL RESULTS

Figure 3 illustrates our overall experimental arrangement.
The operating voltage provided by the IREB accelerator
can be varied by changing the trigger time of the main
switch. The measures of the voltage, current and microwave

have been introduced in detail in our previous paper (Cao
et al., 2012). The directional couplers and the microwave
crystal detectors are also the same with those used there. In
the newest experiments, the signals from the directional cou-
plers are, respectively, attenuated 37.87 dB and 43.90 dB
before passing through the crystal detectors.
In order to identify the operating mode in the new state, the

microwave frequency is first measured in the experiments.
Figure 4 gives the relationship between the diode voltage
and the operating frequency. From the figure, it can be
seen that the microwave frequency varies between
1.63 GHz and 1.64 GHz with the changed voltage. After vol-
tage is beyond 530 kV, the microwave frequency is stabilized
at 1.639 GHz, which agrees well with the simulation result.
With an input electron beam of 553 kV voltage and 21 kA
current guided by an external magnetic field of 0.5 Tesla,
the experimental radiation pattern is shown in Figure 5,
which is basically consistent with the numerical result, indi-
cating that the radiation mode is TM01. Typical experimental
waveforms of the diode voltage, diode current, and two
output microwave signals measured in the far-field are
shown in Figure 6. The integrated power was 2.45 GW,

Fig. 1. (Color online) Variations of diode voltage and current versus time.

Fig. 2. (Color online) Variation of diode impedance versus time.

Fig. 3. (Color online) Photograph of the experimental layout.
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which is slightly lower than the simulation result (about 2.6
GW). The corresponding pulse width was about 32 ns, close
to that obtained by the PIC simulation, indicating that there
was no obvious pulse shortening.
According to the PIC simulation (Cao et al., 2009), the

microwave power should gradually increase with the increas-
ing diode voltage and the power conversion efficiency peaks
at about 700 kV. However, when the experimental voltage is
increased up to 628 kV (the corresponding current is 25 kA),
the radiated microwave power has not increased obviously.
The corresponding waveforms of the diode voltage, diode
current, and two output microwave signals measured in the
far-field are shown in Figure 7. The evaluated microwave
power was 2.40 GW, with an efficiency of only 15.5%. Sev-
eral shots showed similar results. With the similar voltage
and current, a 3.7 GW microwave has been obtained in the
simulation. In order to draw a comparison, the microwave
powers of the experiment and simulation are shown in
Figure 8. Obviously, the experimental power is much lower

than the simulation result. One probable explanation is that
the RF breakdown in the vicinity of the dielectric window
has limited the radiation of HPM.

In previous experiments, the RF breakdown has been ob-
served. Fortunately, the RF breakdown there didn’t ob-
viously influence the microwave radiation and the
breakdown phenomenon was only used to judge the operat-
ing modes (He et al., 2012). Nevertheless, with the improved
radiation power, the rapidly increasing plasma caused by the
RF breakdown could reflect a fraction of HPM radiation. As
shown in Figure 9, the light caused by the RF breakdown is
obviously much more intense than those in previous
experiments.

The electric field intensity on the interface between dielec-
tric and air is first analyzed by numerical calculation. With a
3.5 GW input at 1.64 GHz, Figure 10 gives the electric field

Fig. 4. (Color online) Microwave frequency versus diode voltage.

Fig. 5. (Color online) Radiation pattern of the system.

Fig. 6. (Color online) Waveforms of the diode voltage (C1), diode current
(C2), microwave detector signals (C3, C4) (diode voltage 553 kV, diode
current 21 kA, microwave power 2.45 GW, 20 ns/div).

Fig. 7. (Color online) Waveforms of the diode voltage (C1), diode current
(C2), microwave detector signals (C3, C4) (diode voltage 628 kV, diode cur-
rent 25 kA, microwave power 2.40 GW, 20 ns/div).
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variation along the radial position on the interface, corre-
sponding to the TM01 mode radiation. As shown in the
figure, the maximum axial electric field is about 120 kV/
cm and the maximum radial electric field approaches
60 kV/cm. Both of them are greatly beyond the air break-
down threshold (20–30 kV/cm) (Booske, 2008). Therefore,
it is very probable that fierce RF breakdown would happen
in the vicinity of window. Figure 11 displays the electric
field distributions on the interface. From this figure, it can
be concluded that the RF breakdown caused by the axial
and radial field components would happen at different pos-
ition. In combination with Figure 10, it can be concluded
that the present breakdown is mainly caused by the axial
field components.
After using a clear plastic bag filled with SF6, the RF

breakdown is effectively suppressed and the corresponding
result is shown in Figure 12. Although a trifling surface flash-
over caused by the radial field still exists (corresponding to

Fig. 11b), it hardly affects the radiated microwave and the in-
tegrated power is increased from 2.5 GW to 3.6 GW, which
agrees well with the simulation results (about 3.7 GW).
Figure 13 gives the typical experimental waveforms of the
diode voltage, diode current, and two output microwave sig-
nals measured in the experiments. Several shots showed
similar results. After taking off the clear plastic bag filled
with SF6, the microwave power measured in the far-field is
again decreased to about 2.5 GW and the corresponding
RF breakdown as shown in Figure 9 is still observed.

4. DISCUSSIONS

High input electric power and output microwave power is
treated as a main merit of the LITTO, which has been testi-
fied by the simulation and experimental results. Dielectric
window breakdown is demonstrated to be a major issue in
the transmission of HPM radiation (Krile et al., 2006; Kuo
et al., 1990, 1991; Liu et al., 2000; Nam et al., 2009; Woo
et al., 1984). Plasma caused by RF breakdown will bring
some negative impacts on the HPM, such as reflection, ab-
sorption attenuation, and so on. Consequently, the measured
microwave power in the experiments is obviously decreased.
In order to depress RF breakdown, a clear plastic bag filled
with SF6 has been used and the microwave power is signifi-
cantly increased.
However, further investigation is limited by the available

voltage level and its pulse width. In fact, it is not obvious
to enhance the diode voltage by enlarging the cathode-anode
gap. The present voltage is still less than 700 kV. Besides,
due to the limited pulse width, it may be difficult for the
plasma to build up to the extent that it cuts-off the radiated
microwave. Along with an increasing voltage pulse width,
the influence from space-time-dependent plasma would
probably get more and more significant.
The LITTO is also expected long-pulsed and repetitive

operation. Although no obvious pulse shortening is observed

Fig. 8. (Color online) Microwave output powers from the simulation and
experiment.

Fig. 9. (Color online) Photographs of window RF breakdown in the
atmosphere.

Fig. 10. (Color online) Electric field components versus radius r.
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in the present experiment, the ability of long-pulsed and
repetitive operation is still indistinct because of the limited
voltage pulse width. A fatal shortcoming is the design of
the electron collector, which has been greatly neglected in
previous investigation (Cao et al., 2009). Experiment

indicated that the material of the electron collector has
great influence on the generation of HPM (He et al., 2012).
When the collector is stainless steel, intense electrons reflec-
tion and plasma formation on the collector would result in
high-order mode excitation and pulse shortening. The
mode competition has been effectively depressed by using
a graphite collector instead of the stainless steel collector.
However, as the voltage pulse width increases, the dust
from the IREB impact on the graphite collector also probably
contaminates the device and results in pulse shortening.

5. CONCLUSIONS

The LITTO is a new low-impedance HPM source. A simple
structure makes such a device attractive. Simultaneously, due
to a short length (about 50 cm), it is very advantageous to the
transportation of IREB (Konoplev et al., 2006). The exper-
iments have demonstrated that such a device can allow
high input and output powers. With an IREB of 628 kV
voltage and 25 kA current, guiding by a magnetic field of
0.5 Tesla, a 3.6 GW radiated microwave at frequency
1.639 GHz has been obtained in the experiments. The
device efficiency approaches 23%. The experimental results
agree well with those of simulation. No obvious pulse short-
ening phenomenon has been observed in the present exper-
iment. The intensive investigation will be continued on a
long-pulsed IREB generator.

ACKNOWLEDGMENT

This work was supported by the National Natural Science Foun-
dation of China under Grant No. 61171021.

REFERENCES

ADAM, L., ANDERS, L., HANS, B. & MATS, L. (2007). 45 GW pulsed-
power generator. 16th IEEE International Pulsed Power Confer-
ence, 1272–1275.

ANTON, A.E., SERGEI, D.K., VLADISLAV, V.R., IGOR, V.P., GENNADY,
A.M., SERGEI, N.R., VALERY, G.S., MICHAEL, I.Y. & NAUM, S.G.

Fig. 11. (Color online) Distributions of axial electric field (a) and radial electric field (b) on the dielectric-air interface.

Fig. 12. (Color online) Photographs of window RF breakdown in the atmos-
phere with a clear plastic bag filled with SF6.

Fig. 13. (Color online) Waveforms of the diode voltage (C1), diode current
(C2), microwave detector signals (C3, C4) (diode voltage 628 kV, diode
current 25 kA, microwave power 3.6 GW, 20 ns/div).

Efficient operation of a high-power microwave generator 617

https://doi.org/10.1017/S0263034612000699 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034612000699


(2003). Production of shortmicrowave pulseswith a peak power ex-
ceeding the driving electron beam power. Laser Part. Beams 21,
187–196.

ARMAN, M.J. (1996). Radial acceletron, a new low-impedance HPM
source. IEEE Trans. Plasma Sci. 24, 964–969.

BANDURKIN, I.V. & SAVILOV, A.V. (2011). Super-radiant Cherenkov
backward-wave oscillator with cyclotron absorption. Appl. Phys.
Lett. 99, 193506.

BARKER, R.J. & SCHAMILOGLU, E. (2001). High-Power Microwave
Sources and Technologies. New York: IEEE.

BOOSKE, J.H. (2008). Plasma physics and related challenges of
millimeter-wave-to-terahertz and high power microwave gener-
ation. Phys. Plasmas 15, 055502.

BUGAEV, S.P., CHEREPENIN, V.A., KANAVETS, V.I., KLIMOV, A.I., KO-

PENKIN, A.D., KOSHELEV, V.I., POPOV, V.A. & SLEPKOV, A.I.
(1990). Relativistic multiwave cerenkov generators. IEEE
Trans. Plasma Sci. 18, 525–536.

CAO, Y.B., ZHANG, J.D. & HE, J.T. (2009). A low-impedance transit-
time oscillator without foils. Phys. Plasmas 16, 083102.

CAO, Y.B., HE, J.T. & ZHANG, J.D. (2012). High power microwave
generation from the low-impedance transit-time oscillator with-
out foils. Phys. Plasmas 19, 072106.

FAN, Y.W., ZHONG, H.H., LI, Z.Q., SHU, T., ZHANG, J.D., ZHANG, J.,
ZHANG, X.P., YANG, J.H. & LUO, L. (2007). A double-band high-
power microwave source. J. Appl. Phys. 102, 103304.

FAN, Z., LIU, Q., CHEN, D., TAN, J. & ZHOU, H. (2004). Theoretical
and experimental researches on C-band three-cavity transit-time
effect oscillator. Sci. China Ser. G 47, 310–329.

GE, X.J., ZHONG, H.H., QIAN, B.L., ZHANG, J., GAO, L., JIN, Z.X.,
FAN, Y.W. & YANG, J.H. (2010). An L-band coaxial relativistic
backward wave oscillator with mechanical frequency tunability.
Appl. Phys. Lett. 97, 101503.

HAHN, K., FUKS, M.I. & SCHAMILOGLU, E. (2002). Initial studies of a
long-pulse relativistic backward-wave oscillator utilizing a disk
cathode. IEEE Trans. Plasma Sci. 30, 1112–1119.

HE, J.T., CAO, Y.B., ZHANG, J.D. & LING, J.P. (2012). Effects of in-
tense relativistic electron beam on the microwave generation in a
foil-less low-impedance transit-time oscillator. IEEE Trans.
Plasma Sci. 40, 1622–1631.

HE, J.T., CAO, Y.B., ZHANG, J.D., WANG, T. & LING, J.P. (2011).
Design of a dual-frequency high-power microwave generator.
Laser Part. Beams 29, 479–485.

HE, J.T., ZHONG, H.H. & LIU, Y.G. (2004). A new low-impedance
high power microwave source. Chin. Phys. Lett. 21, 1111–1113.

KONOPLEV, I.V., CROSS, A.W., MACINNES, P., HE, W., WHYTE, C.G.,
PHELPS, A.D.R., ROBERTSON, C.W., RONALD, K. & YOUNG, A.R.
(2006). High-current oversized annular electron beam formation
for high-power microwave research. Appl. Phys. Lett. 89,
171503.

KOROVIN, S.D., KURKAN, I.K., LOGINOV, S.V., PEGEL, I.V., POLEVIN,
S.D., VOLKOV, S.N. & ZHERLITSYN, A.A. (2003). Decimeter-band
frequency-tunable sources of high-power microwave pulses.
Laser Part. Beams 21, 175–185.

KRILE, J.T., NEUBER, A.A., KROMPHOLZ, H.G. & GIBSON, T.L. (2006).
Monte Carlo simulation of high power microwave window
breakdown at atmospheric conditions. Appl. Phys. Lett. 89,
201501.

KUO, S.P. & ZHANG, Y.S. (1991). A theoretical model for intense
microwave pulse propagation in an air breakdown environment.
Phys. Fluids B 3, 2906–2912.

KUO, S.P., ZHANG, Y.S. & KOSSEY, P. (1990). Propagation of high
power microwave pulses in air breakdown environment.
J. Appl. Phys. 67, 2762–2766.

LEVINE, J.S. & HARTENECK, B.D. (1994). Repetitively pulsed relati-
vistic klystron amplifier. Appl. Phys. Lett. 65, 2133–2135.

LI, G.L., SHU, T., YUAN, C.W., ZHU, J., LIU, J., WANG, B. &
ZHANG, J. (2010). Simultaneous operation of X band giga-
watt level high power microwaves. Laser Part. Beams 28,
35–44.

LIU, G.Z., LIU, J.Y., HUANG, W.H., ZHOU, J.S., SONG, X.X. & NING, H.
(2000). A study of high power microwave air breakdown. Chin.
Phys. 9, 757–763.

LIU, J.L., CHENG, X.B., QIAN, B.L., GE, B., ZHANG, J.D. & WANG,
X.X. (2009). Study on strip spiral Blumlein line for the pulsed
forming line of intense electron-beam accelerators. Laser Part.
Beams 27, 95–102.

LIU, J.L., LI, C.L., ZHANG, J.D., LI, S.Z. & WANG, X.X. (2006). A
spiral strip transformer type electron-beam accelerator. Laser
Part. Beams 24, 355–358.

LIU, J.L., YIN, Y., GE, B., ZHAN, T.W., CHENG, X.B., FENG, J.H., SHU,
T., ZHANG, J.D. &WANG, X.X. (2007a). An electron-beam accel-
erator based on spiral water PFL. Laser Part. Beams 25,
593–599.

LIU, J.L., ZHAN, T.W., ZHANG, J., LIU, Z.X., FENG, J.H., SHU, T.,
ZHANG, J.D. & WANG, X.X. (2007b). A Tesla pulse transformer
for spiral water pulse forming line charging. Laser Part. Beams
25, 305–312.

NAM, S.K., LIM, C. & VERBONCOEUR, J.P. (2009). Dielectric window
breakdown in oxygen gas: Global model and particle-in-cell ap-
proach. Phys. Plasmas 16, 023501.

OUYANG, J., LIU, Y.G., LIU, J.L., WANG, M.X. & FENG, J.H. (2008).
Research on a Folded Blumlein Line Using Kapton Film as
Dielectrics. Plasma Sci. Technol. 10, 231–234.

ROY, A., MENON, R., MITRA, S., KUMAR, S., SHARMA, V. &
NAGESH, K.V. (2009). Plasma expansion and fast gap closure
in a high power electron beam diode. Phys. Plasmas 16,
053103.

SERLIN, V. & FRIEDMAN, M. (1994). Development and optimization
of the RKA. IEEE Trans. Plasma Sci. 22, 692–700.

SHKVARUNETS, A.G., CARMEL, Y., NUSINOVICH, G.S., ABU-ELFADL,
T.M., RODGERS, J., ANTONSEN JR., T.M., & GRANATSTEIN, V.
(2002). Realization of high efficiency in a plasma-assisted
microwave source with two-dimensional electron motion.
Phys. Plasmas 9, 4114–4117.

TENG, Y., LIU, G., SHAO, H. & TANG, C. (2009). A new reflector de-
signed for efficiency enhancement of CRBWO. IEEE Trans.
Plasma Sci. 37, 1062–1068.

WOO, W. & DEGROOT, J.S. (1984). Microwave absorption and
plasma heating due to microwave breakdown in the atmosphere.
Phys. Fluids 27, 475–487.

XIAO, R.Z., CHEN, C.H., SUN, J., ZHANG, X.W & ZHANG, L.J. (2011).
A high-power high-efficiency klystron-like relativistic backward
wave oscillator with a dual-cavity extractor. Appl. Phys. Lett. 98,
101502.

XIAO, R.Z., CHEN, C.H., ZHANG, X.W. & SUN, J. (2009). Efficiency
enhancement of a high power microwave generator based on a
relativistic backward wave oscillator with a resonant reflector.
J. Appl. Phys. 105, 053306.

XIAO, R.Z., ZHANG, X.W., ZHANG, L.J., LI, X.Z., ZHANG, L.G.,
SONG, W., HU, Y.M., SUN, J., HUO, S.F., CHEN, C.H., ZHANG,
Q.Y. & LIU, G.Z. (2010). Efficient generation of multi-gigawatt

Y. Cao et al.618

https://doi.org/10.1017/S0263034612000699 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034612000699


power by a klystron-like relativistic backward wave oscillator.
Laser Part. Beams 28, 505–511.

YANG, W. & DING, W. (2005). Studies of a low-impedance coaxial
split-cavity oscillator. Phys. Plasmas 12, 063105.

YATSUI, K., SHIMIYA, K., MASUGATA, K., SHIGETA, M. & SHIBATA,
K. (2005). Characteristics of pulsed power generator by ver-
satile inductive voltage adder. Laser Part. Beams 23,
573–581.

ZHANG, J., JIN, Z.X., YANG, J.H., ZHONG, H.H., SHU, T., ZHANG, J.D.,
QIAN, B.L., YUAN, C.W., LI, Z.Q., FAN, Y.W., ZHOU, S.Y. & XU,
L.R. (2011). Recent advance in long-pulse HPM sources with
repetitive operation in S-, C-, and X-bands. IEEE Trans. Plasma
Sci. 39, 1438–1445.

ZHANG, J., ZHONG, H.H. & LUO, L. (2004). A novel overmoded slow-
wave high-power microwave (HPM) generator. IEEE Trans.
Plasma Sci. 32, 2236–2242.

ZHANG, Q., YUAN, C.W. & LIU, L. (2010). Design of a dual-band
power combining architecture for high-power microwave appli-
cations. Laser Part. Beams 28, 377–385.

ZHANG, Y.H., CHANG, A.B., XIANG, F., SONG, F.L., KANG, Q., LUO,
M., LI, M.J. & GONG, S.G. (2007). Repetition rate of intense cur-
rent electron-beam diodes using 20 GW pulsed source. Acta
Phys. Sin. 56, 5754–5757.

ZOU, X.B., LIU, R., ZENG, N.G., HAN, M., YUAN, J.Q., WANG, X.X. &
ZHANG, G.X. (2006). A pulsed power generator for x-pinch
experiments. Laser Part. Beams 24, 503–509.

Efficient operation of a high-power microwave generator 619

https://doi.org/10.1017/S0263034612000699 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034612000699



