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Explosive emission cathodes are widely used in high power microwave generation. Conventional

metallic cathodes have the disadvantages of bad emission uniformity and short lifetime. In order to

improve the emission property of metallic cathodes, a new metal-dielectric cathode is fabricated

with the plasma spraying technology. Unlike previous metal-dielectric cathodes, our metal-

dielectric cathode adopts a ferroelectric ceramic which possesses a large permittivity. The results

of lifetime experiments show the metal-dielectric cathode presents just slight performance deterio-

ration within 2.5� 105 pulses and thus has a much longer lifetime than the normal copper cathode.

The morphology observation demonstrates that the good emission property of the metal-dielectric

cathode may benefit from the appearance of irregularities on the dielectric surface, which will have

large microscopic field enhancement factors with the help of large permittivity of the ferroelectric

material. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4990557]

I. INTRODUCTION

Explosive emission cathodes (EECs) are widely used in

high power microwave (HPM) generation systems due to

their support of large current and their convenience of

installation. In the mechanism of explosive electron emis-

sion (EEE), dielectric inclusions on the cathode surface can

serve as potential emission micro-points and play an impor-

tant role in the generation of pre-breakdown current and

cathode plasmas.1–5 Accordingly, metal-dielectric cathodes

(MD) have been proposed in an attempt to improve emission

uniformity and prolong lifetime of conventional metallic

cathodes. Some typical examples are as follows. A planar

metal-dielectric cathode has been proposed in Ref. 6 and

shows stable emission within 108 pulses. The dielectric

material adopted here is ceramic with permittivity of 5–6. In

Ref. 7, a cylindrical metal-dielectric cathode is fabricated

by alternately arranging bronze foils and double-sided

printed boards on a stainless steel base. This cathode is

adopted in a magnetically insulated transmission line oscil-

lator and shows a stable emission property and much longer

lifetime than conventionally used velvet cathode. Besides

large-area cathodes, annular metal-dielectric cathodes are

also proposed, aiming at the application in O-type HPM

devices. For instance, in Ref. 8, an annular copper-dielectric

cathode “made of double sided foil-covered glass Textolite”

is fabricated and shows a good emission property within 106

pulses, which is close to the performance of graphite cath-

ode and much better than that of pure copper cathode; in

Ref. 9, a similar copper-dielectric cathode is manufactured,

which is made of fiber glass and copper films, and is used in

a transit-time oscillator. Some other metal-dielectric catho-

des have also been fabricated for various applications.10–12

Most of these metal-dielectric cathodes adopt dielectric

material whose permittivity is moderate (<10), such as fiber

glass and cordierite. In our research, a ferroelectric ceramic

whose permittivity is very large is adopted to fabricate a

metal-dielectric cathode. In fact, ferroelectric cathodes,

whose basic emission mechanism is rapid polarization

switching,13,14 have already been researched for decades.

However, the emission current of ferroelectric cathodes is

usually smaller than 1 kA,15–18 and a large electric field may

trigger explosive electron emission,18,19 which has attracted

less attention maybe due to intentional avoidance of elec-

trode ablation.

II. CATHODE FABRICATION

The structure of our metal-dielectric cathode is outlined

in Fig. 1(a). At the location of the cathode blade, a film of fer-

roelectric is manufactured on the outside of a metallic foil. An

annular electron beam is generated from the blade end. The

materials of metal and ferroelectric adopted are copper and

BaTiO3, respectively. Under room temperature, BaTiO3 is in

the ferroelectric phase with permittivity of several thou-

sand;20,21 when the temperature exceeds the Curie point

(�130 �C), BaTiO3 will turn to the paraelectric phase, and its

permittivity will gradually decrease according to the Curie-

Weiss law.21 The fabrication method is manufacturing a

BaTiO3 ceramic layer on the side of an annular copper base

with the plasma spraying technology. Both the copper layer

and the ceramic layer have a thickness of about 0.15 mm,

leading to a cathode blade thickness of about 0.3 mm. The

manufactured metal-dielectric cathode is shown in Fig. 1(b).

The outer radius of the cathode is 19.5 mm.

III. LIFETIME EXPERIMENT

We have performed lifetime test of our metal-dielectric

cathode, and compared its result with that of a normal copper

cathode. The lifetime experiment is performed on the accel-

erator TPG1000 which can deliver high-voltage pulses with

duration of about 50 ns.22 The experimental configuration is

shown in Fig. 2. The annular electron beam generated by the
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cathode is constrained by a guiding magnetic field which is

produced by a superconducting magnet. An X-band relativis-

tic backward wave oscillator (RBWO), whose structure is

described in Ref. 23, is used to generate HPM. The diode

voltage and current are measured by a capacitive divider

and a Rogowski coil, respectively. The waveform of the

HPM is measured with a directional coupler which is located

at the middle of the output waveguide. All waveforms are

recorded by one Agilent oscilloscope. The guiding magnetic

field is 4.3 T, the effective anode-cathode gap of the foil-less

diode is 60 mm, and the vacuum of the system is about

1� 10�3 Pa. The accelerator operates at a repetition rate of

20 Hz and pauses for 1–2 min after continuous operation of

20 s. In lifetime experiments, the diode voltage is maintained

to be about 940 kV, and the corresponding current amplitude

is about 9.3 kA. The current amplitude maintains quite stable

in lifetime test for both the metal-dielectric cathode and the

copper cathode, and no significant difference is observed

between these two cathodes regarding the current amplitude.

The typical waveform of the metal-dielectric cathode is

shown in Fig. 3. The peak of displacement current at the rise

edge of the diode current waveform is very apparent, which

indicates a moderately long explosive emission delay time.24

Meanwhile, the microwave waveform falls at the same time

with the waveforms of the voltage and current, demonstrat-

ing that pulse shortening does not occur in lifetime test.

Similar waveforms are obtained for the copper cathode.

The lifetime experimental results of the two cathodes

are shown in Fig. 4. The copper cathode and the metal-

dielectric cathode have been tested for 3� 104 pulses and

2.5� 105 pulses, respectively. Five parameters are monitored

in the lifetime test. The current-voltage delay time td is

defined as the time interval between the half maximum point

of the current waveform and that of the voltage waveform,

which can partially reflect the explosive emission delay time

and the current increase rate. The current duration tI and

the microwave duration tP are FWHM (full width at half

maximum) of the corresponding waveform. For td and tI,
the peak of displacement current is excluded since that it is

not induced by electron emission. The microwave conver-

sion efficiency g indicates the microwave power amplitude

divided by the electron beam power amplitude, and the start-

ing time ts is defined as the time interval between the 10%

maximum point of the microwave waveform and that of the

voltage waveform. Clearly, the current-voltage delay time of

the metal-dielectric cathode is much shorter than that of the

copper cathode, which makes the current duration of the for-

mer is apparently longer than that of the latter. For the cop-

per cathode, the current duration decreases to 38.5 ns within

3� 104 pulses, whereas for the metal-dielectric cathode,

the current duration still maintains to be about 40 ns even

after 2.5� 105 pulses. This demonstrates that the electron

emission is promoted by the introduction of dielectric layer.

The shortening of current-voltage delay time can certainly

expedite the starting process of microwave and thus lead to

the lengthening of microwave duration. Although the two

experimented cathodes have the same microwave duration

(�25 ns) at the beginning of lifetime test, which is physically

reasonable since that dielectric inclusions and absorbed

FIG. 1. Schematic (a) and photograph (b) of our metal-dielectric cathode.

FIG. 2. Schematic of the lifetime experimental configuration.
FIG. 3. Typical waveforms of voltage U, current I and microwave signal P
for the metal-dielectric cathode in the lifetime test.
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gases play an important role in electron emission at this

time, for the copper cathode, the starting time increases by

about 4 ns within 3� 104 pulses, leading to a microwave

duration of about 21 ns at the end of lifetime test, while for

the metal-dielectric cathode, the increase rate of starting

time is much slower and thus the microwave duration still

maintains to be about 24 ns after 2.5� 105 pulses. But the

difference in current-voltage delay time may be unable to

fully explain the difference in microwave duration, since that

the latter is much more apparent than the former. We believe

that the difference in emission uniformity between the two

cathodes contributes here. Although there is no direct evi-

dence supporting the viewpoint that the emission uniformity

of the metal-dielectric cathode is better than that of the cop-

per cathode, better emission uniformity can indeed expedite

the starting process of microwave, which has already been

verified in numerical simulations.25 Besides, the microwave

conversion efficiency of the metal-dielectric cathode is obvi-

ously higher than that of the copper cathode, which gives an

indirect support for the better emission uniformity of the

metal-dielectric cathode. The fluctuation of the microwave

conversion efficiency mainly originates from the fluctuation

of the voltage amplitude and the reading error.

Therefore, the metal-dielectric cathode has a much longer

lifetime than the normal copper cathode. In fact, the emission

property of the metal-dielectric cathode maintains quite stable

after 9� 104 pulses and does not present further deterioration

in the following pulses. Accordingly, we have much confi-

dence that the lifetime of the metal-dielectric cathode is much

longer than 2.5� 105 pulses before it presents obvious perfor-

mance deterioration.

IV. MORPHOLOGY CHANGE AND MASS LOSS

The good emission property and long lifetime of the

metal-dielectric cathode must have something to do with its

surface morphology. Therefore, we observe the morphology

of the cathode blade with a scanning electron microscope

after the lifetime test, and that is shown in Fig. 5. Clearly,

both the metallic layer and the dielectric layer suffer severe

melting and erosion, and some dielectric components are

deposited on the metal surface, which can promote the elec-

tron emission from these locations. Besides, many irregulari-

ties emerge on the surface of the dielectric layer. Since the

dielectric material is ferroelectric and has a large permittiv-

ity, these irregularities will possess large microscopic field

enhancement factors, which can expedite the electron emis-

sion process and improve the emission uniformity of the

cathode. In fact, if the dielectric material is paraelectric and

has a much smaller permittivity, the microscopic field

enhancement factor of the same irregularity will be much

smaller. Therefore, the introduction of ferroelectric material

is beneficial to the metal-dielectric cathode.

Meanwhile, the mass loss of the metal-dielectric cathode

is also obtained with a balance whose precision is 0.0001 g.

The mass losses before and after N¼ 1.74� 105 pulses are

141 lg/C and 94 lg/C, respectively. The larger mass loss at

the initial stage may originate from the severer ablation of

FIG. 4. Changes of the current-voltage delay time td, current duration tI,
microwave conversion efficiency g, starting time ts, and microwave duration

tP with pulse number N for copper cathode (Cu) and metal-dielectric cathode

(MD) in the lifetime test. Each data point is averaged over 20 successive

shots. It should be noted that the scale of transverse axis is different between

before and after N¼ 3� 104.

FIG. 5. The surface morphology of the metal-dielectric cathode after the

lifetime test.
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dielectric components. When the emission property of the

metal-dielectric cathode reaches a stable state, its mass loss is

close to that of the copper cathode, which is about 98 lg/C.

V. CONCLUSION

A metal-dielectric cathode is fabricated by spraying

a layer of ferroelectric material on the side of an annular copper

base. The metal-dielectric cathode is tested for 2.5� 105 pulses

under a voltage close to 1 MV and a repetition rate of 20 Hz,

and the results show that the metal-dielectric cathode possesses

a better emission property and a much longer lifetime than the

normal copper cathode. The morphology observation uncovers

that the good performance of the metal-dielectric cathode may

have connections with the appearance of abundant irregulari-

ties on the dielectric surface, and the large permittivity of

the ferroelectric material may promote electron emission by

enhancing the microscopic field of these irregularities.

ACKNOWLEDGMENTS

The authors would like to thank Chunming Deng for his

help in cathode preparation and Xiangguo Wu, Guanjia Liu,

and Changfeng Ke for their help in experiments.

1K. H. Bayliss and R. V. Latham, Proc. R. Soc. London, Ser. A 403, 285

(1986).
2G. A. Mesayts, IEEE Trans. Plasma Sci. 19, 683 (1991).
3J. I. Rintamaki, R. M. Gilgenbach, W. E. Cohen, R. L. Jaynes, M. E.

Cuneo, and P. R. Menge, Appl. Phys. Lett. 75, 31 (1999).
4V. Vlahos, J. H. Booske, and D. Morgan, Appl. Phys. Lett. 91, 144102

(2007).
5G. Z. Liu, J. Sun, H. Shao, C. H. Chen, and X. W. Zhang, J. Phys. D:

Appl. Phys. 42, 125204 (2009).

6N. M. Bykov, V. P. Gubanov, A. V. Gunin, S. D. Korovin, O. P. Kutenkov,

V. F. Landl, S. D. Polevin, V. V. Rostov, G. A. Mesyats, and F. Y. Zagulov,

in Proceedings of the 10th IEEE International Pulsed Power Conference,
Albuquerque, USA, 3–6 July 1995, p. 71.

7Y. W. Fan, H. H. Zhong, Z. Q. Li, H. W. Yang, T. Shu, H. Zhou, C. W.

Yuan, J. Zhang, and L. Luo, J. Appl. Phys. 104, 023304 (2008).
8A. V. Gunin, V. F. Landl, S. D. Korovin, G. A. Mesyats, and V. V.

Rostov, Tech. Phys. Lett. 25, 922 (1999).
9J. T. He, Y. B. Cao, J. D. Zhang, and J. P. Ling, IEEE Trans. Plasma Sci.

40, 1622 (2012).
10Y. E. Krasik, A. Dunaevsky, J. Z. Gleizer, J. Felsteiner, Y. A. Kotov, S. Y.

Sokovnin, and M. E. Balezin, J. Appl. Phys. 91, 9385 (2002).
11M. I. Ayzatsky, I. V. Khodak, V. A. Kushnir, V. V. Mitrochenko, and V.

F. Zhiglo, in Proceedings of the 20th Particle Accelerator Conference,
Portland, USA, 12–16 May 2003, p. 2098.

12M. Friedman, M. Myers, F. Hegeler, S. B. Swanekamp, M. F. Wolford, J.

D. Sethian, and L. Ludeking, J. Appl. Phys. 96, 7714 (2004).
13L. Schachter, J. D. Ivers, J. A. Nation, and G. S. Kerslick, J. Appl. Phys.

73, 8097 (1993).
14C. B. Fleddermann and J. A. Nation, IEEE Trans. Plasma Sci. 25, 212

(1997).
15B. Jiang, G. Kirkman, and N. Reinhardt, Appl. Phys. Lett. 66, 1196

(1995).
16Y. Hayashi, X. Song, J. D. Ivers, D. D. Flechtner, J. A. Nation, and L.

Schachter, IEEE Trans. Plasma Sci. 29, 599 (2001).
17R. Y. Li, S. X. Zheng, and C. X. Tang, Chin. Phys. C 34, 1127 (2010).
18M. Hockley and Z. Huang, Appl. Phys. Lett. 101, 222901 (2012).
19D. Shur, G. Rosenman, Y. E. Krasik, and V. D. Kugel, J. Appl. Phys. 79,

3669 (1996).
20J. Paletto, G. Grange, R. Goutte, and L. Eyraud, J. Phys. D: Appl. Phys. 7,

78 (1974).
21W. J. Merz, Phys. Rev. 91, 513 (1953).
22J. C. Peng, J. C. Su, X. B. Zhang, L. M. Wang, Y. F. Pan, W. H. Guo, J. P.

Fang, X. Sun, L. Zhao, R. Li, and Y. Wang, High Power Laser Part.

Beams 23, 2919 (2011) (in Chinese).
23W. Song, C. H. Chen, J. Sun, X. W. Zhang, H. Shao, Z. M. Song, S. F.

Huo, Y. C. Shi, and X. Z. Li, Phys. Plasmas 19, 103111 (2012).
24P. Wu, S. F. Huo, J. Sun, C. H. Chen, and G. Z. Liu, Phys. Plasmas 22,

083104 (2015).
25Z. G. Chen and Y. Wang, Mod. Appl. Phys. 6, 102 (2015) (in Chinese).

073104-4 Wu et al. Phys. Plasmas 24, 073104 (2017)

http://dx.doi.org/10.1098/rspa.1986.0013
http://dx.doi.org/10.1109/27.108399
http://dx.doi.org/10.1063/1.124267
http://dx.doi.org/10.1063/1.2794762
http://dx.doi.org/10.1088/0022-3727/42/12/125204
http://dx.doi.org/10.1088/0022-3727/42/12/125204
http://dx.doi.org/10.1063/1.2957054
http://dx.doi.org/10.1134/1.1262685
http://dx.doi.org/10.1109/TPS.2012.2192484
http://dx.doi.org/10.1063/1.1476964
http://dx.doi.org/10.1063/1.1815050
http://dx.doi.org/10.1063/1.353926
http://dx.doi.org/10.1109/27.602493
http://dx.doi.org/10.1063/1.113855
http://dx.doi.org/10.1109/27.940953
http://dx.doi.org/10.1088/1674-1137/34/8/017
http://dx.doi.org/10.1063/1.4767218
http://dx.doi.org/10.1063/1.361196
http://dx.doi.org/10.1088/0022-3727/7/1/316
http://dx.doi.org/10.1103/PhysRev.91.513
http://dx.doi.org/10.3788/HPLPB20112311.2919
http://dx.doi.org/10.3788/HPLPB20112311.2919
http://dx.doi.org/10.1063/1.4759164
http://dx.doi.org/10.1063/1.4928090

	s1
	s2
	s3
	f1
	f2
	f3
	s4
	f4
	f5
	s5
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25

