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Bunch Beam Production and Microwave Generation in Reditrons
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We have discovered in our twodimensonal particle-in-cell simulations that the oscillation

of virtual cathodes in reditrons can produce a highly modulated electron beam. Full (1OOYO)current

modula~ion of the leakage electron bnrn was obsemed in our simulations. The modulation is at the

frequency of the oscillating virtual cathode and the transverse magnetic mode generated by the

reditron. We had further incorporated an inverse diode in the reditron and showed that the kinetic

energy of the modulated electron beam was efficiently converted into transverse electromagnetic

waves. Our simulations showed an efficiency of 26% and the time averaged microwave power wiis

about 6 GW,

LInRcu2KmQN

The reditronl’5 Qeflcc@d ~lectron discrimination microwave generator) is a new type of

virtual cathode device which uses an electron range thick anode to prevent reflected electrons from

recentering the diode region. As a reslu!!, t!!e micr~wavc gcncmfion is purely due to oscillti!ion of the

virtual ctithock in a redimm, It has been shown in our compututicma! and experimental s(udy thut

rcdi[rons can produce microwaves with a much better spect.rd purity and with much higher efficiency

in comparison with other virtual ca~hode devices. II has been dcmonstru[ccl cxperimcn(ally th;]l thr

reditron can produce 2.3 to 3,3 CJW of microwave radiation at 7,S to 10,0 % efficiency with u very

67 ‘Ile spectral width was prcd{}minunt]y limltcd by thenurrow spcutrl]rn cen[cred at 2, 15 {; 11/.

numhcr of”cyc]cs of rnicrowavcs produced in the ?UISC(tib(wt 100”cyclc$). ‘Il]ih ij r{)[l$tlly :1!:IC’11)1



of 2.5to 3.3iiicrease in efficiency and about 3 in bandwidth narrowing over conventional vircators.

In our recent simulation study, we discovered another important aspect of the reditron that

the transmitted electron beam current can be highly modulatd by the oscillatory characteristics of the

virtual cathode. Furthermore, we showed in our computer simulations that through the use of an

in-~erse diode that a modulated electron beam can be effectively converted into coherent transverse

electromagnetic waves. The result is very encollraging that an overall efficiexy of TEM wave

production reached 26%. The use of an inverted diode to extract power from a modulated electron

beam is only one of the many lnethocis available to us, For example, the use of a slow wave structure

can lead to strong excitation of transverse magnetic modes. Incorporation of such an efficient device

into the reditron &sign can greztly enhance the operating power level and its efficiency.

The reditron configuration has a number of parameters which can be varied to optimize

output power. Among them are the anode-cathode gap, the anode slot width, and the applied

magnetic field, In previous work6, the optimum anmle-cathode gap was determined to be 3.7 cm.

of course, the optimum values change with respect to electron beam voltage and current and the

geometric dimension of the device. We used the optimal confi~uration to investigate the modulation

of the leakage electron beam and the ex~a~tion of coherent electromagnetic radiation in a inverse

diode com iguratlon.

We used the two dimensions] fully electromagnetic and rclutivistic pal:icle simulation cock

ISIS, to study an optimizd operation Of the reditron, The Parar,wters of the case simulated were: V{)

. 1.2 MV, 10= 19kA, Rw= 9.0 cm, Rb = 3,0 cm, B() =6.1 kG, A ~ = 3.7 cm, 6= 035 cm. v,,

is the beam voltage, 10 is the beam current, R,v is the wavcguide radius. Rb is the radius of ihc

annular electron beam, Aak is the anode-cathode gap. 6 is the s]ot size of the anode. ~() is Ihc

rntignc[ic field of the cxtemiil coil in the diaie region, The magnetic field profile of field c~)il w::~

~’al~’ul;i[cdaccording to various cx~rimenta] Situati(mj by the [irnc indcpcndrn; code, 13):11;1.[). ‘l’IIIS

extcrnid m~gnctic field ill a purticlc in-cell simultition of”rcditrons was illi[itilizcd ac”coiding to (h:’

rcsul( from the c(tic lll:ll~l.l>. Thc spiIcc chdrge limiting current ill (he wiive~(,id~ WL’11011 I\

L’U]LU]LIICd to !)e i.ipproxlmu[c]y ] ~ k,~ ~~’~’orditl~ to IhC fimnu]ii fi~r intini[csinlii]ly thin ~nnul;~r C91elII(~II
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beam. A TEM wave was launched from the left side into the coaxial line formed by the cathode and

the anode as depicted in Fig. 1. El~~on emission from the cathode was modelled according to the

space charge limited field emission process. The phase space diagrams of the electroi] beam at an

instant of time are shown in Fig. 1. The forrr,ation of a strong oscillating virtual cathode is evident.

The reflexing electrons were viI-(uaily eleminat~~ by the thick slotted anode since the chance for an

electron to go through the slot sever-al times was negligibly small. The diverging electron beam in the

waveguide was a result of the magnetic field lines of the external coil. In the simulation, the voltage

had a linear rise and was then kept constant thereafter. Strong and coherent excitation of the

waveguide mode TM. 1 was observed. The time history of the electric component of the

TMO1 mode and its Fourier spectrum are shown in Fig. 2. The frequency was 1.9 GHz. The

bandwidth was basically limited by the pulse length of the microwave radiation in the simulation. The

rzdiation power in the TMO 1 mode in the waveguide was monitored during the course of the

simulation. Figure 3 shows the time evolut.ron of the axial Poynting vector associated with the TMol

mode and its energy. The high-power and high-efficiency chamcteristics of the reditron were clearly

demonstrated. Note that the simulation was only run out to 9.46 ns to illustrate the Uend in the

opmrtion of the reditron.

We have also discovered in the computer simulation thut tile leakage electron betim was

highly modulated due to the osci]]atory chamctefistics of the virtual cathode, The virtual cathode

behaved as a gate controlling the ~ansmitted electrons at the oscillating frequency, The current of the

leakage electron beam was monito~ in time in the simulation at thlet different axial positicms and t.lw

results are shown in Fig. 4. Almost full modulation ( 100%) of the electron beam was achieved

immediately beyond the virtual catiorje. The ~~ong and coherent modulation of the leakage current in

redit.rons is significant that further extraction of rddiation power from the m(tiulatcd eicctron beam

can greatly enhance the power level and efficiency of reditrons, The frequency of mociulution is th:~t

of the TMO 1 flid~, which is the oscillating frequency of [he virtwri cirthode. [Jniike ()[hcr schemes

pr(ducing moduiated eiectron beams, the leakage eicctrorr bcum d(~s not need uny drift region to

tichicvc fuli moduiat. ion. This disc{wcry in the rcditron suggcs[s the incorporiiti(m of an inverw ditxk

m any suitfibiy chosen slow wave struc(llms I() further il]cmase the micr(~wuvc power irnd pr(du<[i(m

ef!”icmcy.
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One of the more straight forward ways to extract coherent radiation from a modulated

electron beam is the use of an inverse diode. The center conductor in the coaxizl configumtion serves

as [he electron beam dump and the voltage developed between the inner and outer conductors is

Lmnsn!itted along the coaxial line in the form of a TEM wave. Figure 5 shcws a computer simulation

v:here a cenkr conductor was insert~ in the waveguide to intercept the modulated electron beam so

Lhat the its kinetic energy would be converted to a transverse elec~romagnetic (TEM) wave in the

coaxial transmission line. The simulation parameters are the same as the optimal case for the reditron

described in the prcvlous section. The leakage electron beam was found to be highly modulated. In

Fig. 6, the time evolution of the leakage electron beam obtained by a probe at an axial position before

iht center conductor showed strong and coherent modulation. The frequency was the characteristic

oscillation frequency of the virtual cathode and the strongly excited TMO1 mode. The amplitude of

tile TE.M waves m a function of time is shown in Fig. 7 indicating strong exciwtion of TEM waves dt

the frequency of 1.91 GIIz in ‘he coaxial transmission line. This frequency corresponded to the

electron beam modulation and the TMO1 mode excited by the reditron. The time averaged power of

[he TEM wave was about 6 GW which was 26%- of the electron beam power in the diode. The axial

pow~r flow of the TEM waves in the coaxial transmission line at three axial posi(ions from the

simulation is shown in Fig. 8.

Interuciion of a modulation eiectron beam with slow wave structures leading to generation of

high-power microwaves is a reasonably well established subject. Usually, the slow wave structur~

cuuscs bunching of the electron beam and electromagnetic waves are generated through an instability

involving a negative energy space :tlarge beam mock. A highly pre-modulated electron beam would

have the advantage of inducing the ins~bili[y at a pre-se]ecti frequency and therefore the bandwidth

of the unsti.tb!e waves becomes much narrower. The reditron has already been shown to generate

mi{;rowaves with na~ow bandwidth and I( wo~ld be natural to integrat~ it with the intcructl(~n

hctwccl) d sui[~b]y ~hoSen hl(w wh~e Structure and the hig~ly rnoduktcd kiik~ge electron beam ‘~’hi~

COUMlcA 10 grm(ly cnh~nccd optmting power Icticl and overall e!ficicncy.

Lv.
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high-power microwaves. Jt is further demonstrated the possibility of the conversion of the modulated

elecrron beam into electromagnetic energy, in particular, through the use of an inverse diode. By

properly integmting the two mechanisms, one might realize a modified reditron which can be op-emted

at even higher power level and efficiency.

1.
).-,

3,

4,

5,

6,

7.

T. J. T. Kwan, Phys. Rev. Lett. ~ 1895 (1986).

H. A, Davis, R. R. I?artsch, T. T. T, Kwan, R. M, Strin Sfield, and E. G.

Sherwood, Phys. Rev, Lett. U 288(1987).

T. J. T. Kwan and H. A. Davis, IEEE Transactions on Plasma Science, V~l. ]6,

No. 2, April 1988.

H. A. Davis, R. R, Bartsch, T. J. T. Kwan, E. G. Sherwood, and R. M.

Springfield, IEEE Transactions on Plasma Science, Vol. 16, No, 2, April 1988,

T, J, T. Kwan, H, A. Davis, R. D. Fultcm, and E. G. Sherwood. !n Proceedings

of the Seventh International Conference on High Power Beams, Karlsruhe,

Germany, July 1988.

T. J, T. Kwan, H. A. Davis, R. D, Fu]ton, and E. G. Sherwocd, S1llO/l S-l’

1987 Progress Report, Los Alamos National Laboratory Report 1.o-(JR-88-129,

~CC. 1987,

T. J, T. Kwan, H. A. Davis, R. D. Fulton, and E. G. Sherwood, in Proceedings

of SPIE, Vol. 873, Microwave and r’article Beam Sources and Proptigtition, I.os

.fingeles, CA, 13-15 Jan, 1988.

5



6

g4

z

2

0

1

$&’
2
-2

4

A

A
-ii -

.75 “

“v!; II I I 1 +m
12.7 25.4 38.1

z(a)
.

. 4s
A I .

1

.56

.34

.24

14L - 1 I 1
. 0.0

1
12.7

Z2??4)
M.1 50.8

Fig. 1 Real ad phase space diagmns of the optimized rcdtron.

lo

10

10

do
10

10

10 _-!
5.0 20.0

Fig. 2 Time hkwy md Fourier spcctwn of TMo I from the simulation,



2.7S

2.04

F“w
z

0.64

.

‘“8?00 2.37 4.7 7.30 9.46
Tl~( 5)

4.03 i

3.02 -

A.02 -
z
w
1.01 -

‘“r 60 2.37 4.73 7.10 0.46
Tl~(Ns)

Fig. 3 Time histories of microwave power and energy produced in the optimized reditron.

23.2

16.3

gg’4
- 2.5

46%0 2.37 4.73 7.10
Tlm(f4s)

9.46

27. !5

20.6

-3.8
2
=6.9

00
000 2.57 4.73 7.10 9.46

TlX(t4S)
24. Q

18.7

?2.4

~6.2

00
0.00 2.57 4.73 7.10 9.46

TIX(NS)

Fig, 4 Modulated electron beam prwiuced by the t-dit.ron.



I vu! 1-

9.OC ~

6.75 -

1“
-%.50 -
?!
z

I 1

25.4 36.1
z(m)

50.8

3.53

1.66

?“20
N
IL

-2.07

-3.9
8

Fig.5 Incorporation of an inverse diode in the reditron.

0

Fig. 6 Current modulation of the transmitted beam is not affected by the center conductor.



%’.%7

+.39
n

g’.78

u

-1.18

-1.5:
3

10 6

10 s

do 4
,0 3

10 2

15.0 20.0

Fig. 7 Strong excitation of TEM wave in the rcditron with an inve~c diode.

12.8

9.6

-6.4
B
=3.2

08.0 3.1 9.2 12.3
T I &(2~ )

t3.3

10.0

-6.7
s
ra. ~

08.0 3.1
t

9.2 %2.3
Tl& f4S)

13.0

V.a

-6. s
B
Z3.3

‘8.0 3.1 9.2 12.3
T I r&”\~* )

Fig. 8 Power flow of the TEM waves at three different mial positions in the coaxial
transmission line.


