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Abstract – The transparent cathode is a novel 
cathode design intended to provide rapid startup in 
pulsed, relativistic magnetrons [1]. The basic de-
sign of the transparent cathode consists of a thin, 
tubular cathode from which longitudinal strips 
have been removed. The cathode may also contain 
a center conductor to provide mechanical support 
for the cathode strips.  The purpose of replacing 
the traditional solid cylindrical cathode with indi-
vidual cathode strips is to render the cathode 
‘transparent’ to the azimuthal RF electric field.   
Computer simulations were performed to study the 
performance of the transparent cathode using the 
3D, fully relativistic particle-in-cell code MAGIC. 
The A6 magnetron geometry [2] was used in the 
simulations. The output power for the transparent 
cathode simulation saturates faster than for the 
solid cathode magnetron.  This paper presents a 
summary of simulation results of this device, and 
preliminary experimental plans.  The use of a 
transparent cathode in other novel manifestations 
will also be discussed. 

1. Introduction 

There is considerable continued interest at improving 
the output characteristics of existing high power mi-
crowave sources and developing new, inexpensive 
ones.  Our recent efforts have been directed at 
crossed-field devices (with applied radial electric rE0  
and axial magnetic zH 0  fields) that are capable of 
generating high power microwaves (HPM), and use 
coaxial diodes with magnetic insulation (DMI) when 
the electromagnetic fields are absent.  The magnetic 
insulation in the DMI is provided when the total mag-
netic field that is tangential to the cathode 
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which corresponds to the case where the external 
boundary of the Brillouin electron flow [2] barely 
touches the anode surface with radius aR . Here 

21 mceUa +=γ ; U is the applied voltage; Rc is a 

cathode radius; crIH z20 =θ  is the azimuthal mag-
netic field due to the axial current zI  of the diode; e 
and m are the charge and rest mass of an electron; and 
c is the velocity of light. From (1) it follows that mag-
netic insulation can be provided without the external 
axial magnetic field (when 00 =zH ), that is, with 
only the field θ0H , as is the case in a MILO [3].  
However, we will consider devices in which the pres-
ence of the axial magnetic field zH 0  is necessary to 
provide synchronous interaction between the electron 
flow rotating around the cathode with drift velocity  
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and one of the eigenmodes of an applied electrody-
namic system.  The condition of synchronism is  

phe vv ≈θ ,                                       (3) 

where phv  is the phase velocity of the operating ei-

genmode.   
One way for improving crossed-field devices such 

as relativistic magnetrons and free electron lasers is 
through the use of the “transparent” cathode [4,5].  
The transparent cathode consists of individual emitters 
in the form of longitudinal strips periodically arranged 
on an imaginary cylindrical surface.  The strips can be 
of any cross-section, for example in the form of cylin-
drical, rectangular, or sectored rods.  In this paper we 
demonstrate the advantages of such cathodes for coax-
ial devices with applied orthogonal electrostatic and 
magnetostatic fields through computer simulations 
with the fully relativistic particle-in-cell code MAGIC 
[6], together with some preliminary experimental re-
sults.  

2. The Transparent Cathode 

The multi-strip cathode is practically transparent for 
modes that have no axial components of electric field, 
that is, for TE-modes that are used as operating modes 
in magnetrons.  Due to the penetration of TE-modes 
inside the transparent cathode, the azimuthal electric 
field θE  of the operating mode in the electron sheath 
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is much stronger than in the case of a solid metal 
cathode where θE  = 0 on the cathode surface.  

In a DMI the electron sheath rotating around the 
cathode in the crossed fields exists together with the 
electrons leaving the cathode in the axial direction 
(leakage current).  When a cathode comprises N indi-
vidual emitters in the form of longitudinal strips peri-
odically arranged about the cathode radius, electrons 
leaving such a cathode move in the axial direction as 
separate streams.  The axial current NzI  along each 
emitter produces transverse magnetic fields around 
them (Fig. 1), rcIH Nz20 =⊥  (here r  is radial dis-
tance from center of each emitter).  

  

 
Fig.1. Top: A DMI with a transparent cathode; bot-
tom: periodic magnetic and electric fields near cathode 
rods in a DMI 

The electron sheath, therefore, moves in an additional 
periodic magnetostatic field produced by the transpar-
ent cathode-wiggler. This leads to increasing trans-
verse oscillations in the rotating electron sheath.  For 
magnetrons the periodic magnetic field which pro-
motes faster grouping of electrons provides the same 
effect as magnetic priming [7] with periodically 
placed permanent magnets around a resonant system. 

The formation of a solid electron sheath around 
the cathode does not block the currents along cathode 
strips that produce the periodic magnetic field, as 
shown in Fig. 2 via computer simulations with the PIC 
code MAGIC [6] for a DMI with a 6-strip cathode of 
radius Rc = 0.9 cm and anode with Ra = 2.54 cm when 
U = 0.6 MV and H0z = 10 kOe.   

    
Fig.2. Left: solid electron sheath forming after 2 ns in 
a DMI for a 1ns voltage rise time; right: azimuthal 
distribution of the leakage current after 20 ns 

The electrostatic electric field of the applied volt-
age to the DMI is concentrated on the strips (Fig.1), 
forming the periodic electrostatic field Ew of this wig-
gler (as an example, qualitative distribution of the 
azimuthal electric field θwE  near the cathode as well 
as distribution of the radial magnetic field wrH  is 
shown in Fig. 3). Movement of the electron sheath in 
an additional periodic electrostatic field contributes to 
the formation of microwave currents as well.   

The start time of a magnetron is determined by 
two factors, each equally important -  the noise-level 
from which the buildup of oscillations starts and the 
rate of buildup [8].  This situation is related to a mag-
netron with a solid cathode, in which the initial noise-
level is about 10-10 of the electric energy of the elec-
tron sheath, and the time of development of instability 
in the symmetrical electron sheath (which is associ-
ated with the appearance of microwave current) is 
several tens of cyclotron periods [2].  Nonuniform 
emission from a solid cathode through an azimuthally 
periodic placement of emitting regions (“cathode 
priming”) was suggested as a way to improve start 
conditions in a magnetron [9].  The azimuthal modula-
tion in the electron sheath starts almost simultaneously 
with the start of electron emission, and a suitable 
choice of the number and position of regions of elec-
tron emission can promote the excitation of the de-
sired operating mode. The transparent cathode auto-
matically provides cathode priming.   

 
Fig.3. Distributions of azimuthal electric field and 
radial magnetic field of the wiggler over its period D 
(in arbitrary units): 1.- cRr =  (1), 2.- oc rRr +=  (2), 
3.- oc rRr 2+=  

The rate of buildup is determined by the azi-
muthal electric field θE  of the operating wave that 
captures electrons in a resonant system. The transpar-
ent cathode provides the fastest start of oscillations. 

The transparent cathode also is a periodic slow 
wave structure (SWS) in the coaxial cavity that gives 
rise to azimuthal spatial harmonics of eigenmodes of 
this electrodynamic system. This is reminiscent of the 
nigotron [10], in which a SWS is formed by cylindri-
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cal electrodes, with the cathode and anode both con-
sisting of longitudinal rods periodically arranged on 
cylindrical surfaces.   

3. Magnetron with a Transparent Cathode 

In a magnetron, the azimuthal electric field of the 
operating wave synchronous with the rotating electron 
sheath is responsible for the radial drift of electrons 
from the cathode to the anode (which consists of a 
periodic resonant system). This drift is accompanied 
by a transfer of potential energy from electrons to the 
electromagnetic field. The average radial velocity of 
the electrons is 0HEcver θ= .  The field θE  in the 
electron sheath rotating around the transparent cathode 
is much stronger that near the solid cathode (Fig .4).  
Therefore, the formation of electron spokes (Fig .5) 
and an increase of microwave oscillations (Fig. 6) in a 
magnetron with a transparent cathode is much faster 
than in a magnetron with a solid cathode with uniform 
electron emission, and also with non-uniform emis-
sion (cathode priming [9]).  

 

 
Fig. 4. Radial distributions of the wave azimuthal 
electric field in a magnetron with solid and transparent 
cathodes ( ca RRd −= , Δ  is a thickness of an elec-
tron sheath) 

5.9 ns5.9 ns

 

5.9 ns5.9 ns

  

5.9 ns5.9 ns

 

15.5 ns15.5 ns

 

15.5 ns15.5 ns

                

19.6 ns19.6 ns

                           
Fig. 5. Formation of electron spokes in the A6 magne-
tron using a solid cathode (left), cathode priming with 
6 emitting regions (center), and a transparent cathode 
with 6 strips (right) when U = 350 kV with rise time 

=Ut  10 ns 

Figs. 5 and 6 suggest that the main reason for 
faster start of oscillations in the magnetron is the 
stronger electric field θE  in the electron sheath that is 
provided by the transparent cathode, rather than im-
provement of the initial conditions achieved by cath-
ode priming.  This removes the contradiction between 
faster start of oscillations and improvement of the ef-
ficiency.  To increase the electronic efficiency eη , 
which characterizes the part of the electron power 

ae UIP =  that is transferred to radiation power P~ ,  

dPP ee Δ−≈= 1~η ,                              (4) 
the thickness Δ  of the electron sheath should be de-
creased in relation to the gap ca RRd −=  between 
electrodes [11]. 
 

Fig. 6. Output power of the A6 magnetron with (1) a 
solid cathode, (2) solid cathode with cathode priming, 
and (3) transparent cathode when the applied voltage 
is U = 350 kV with rise time =Ut  10 ns and 2π-mode 
 

Higher efficiency can be achieved through a co-
ordinated increase in the applied voltage and axial 
magnetic field (which saves the synchronism (3) and 
decreases the electron sheath thickness 2

0~ HUΔ ). 
However, in a magnetron with a solid cathode this 
eventually leads to a degradation of the output charac-
teristics [12].  The reason for this degradation is the 
decrease in the field θE  in the electron sheath region 
(Fig. 4) that is responsible for the capturing of elec-
trons to the anode.  In a magnetron with a transparent 
cathode the field θE  in the electron sheath is inde-
pendent of its thickness (Fig. 4), which gives the pos-
sibility to decrease the start time of oscillations and 
increase efficiency.  Values of the efficiency (from 
MAGIC simulations) corresponding to a correlated 
increase in the applied voltage and axial magnetic 
field, for the A6 magnetron with solid and transparent 
cathodes, are shown in Fig. 7.   
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4. Free Electron Laser using a Transparent Cathode 

A free electron laser in the form of a rippled field 
magnetron (RFM) suggested by Bekefi [13] consists 
of a smooth bore relativistic magnetron with addi-
tional periodic magnetic fields ⊥H  that are transverse 
to the axial direction z.  In essence, this is a DMI in 
which the periodic field ⊥H  is produced by set of 
oppositely oriented permanent magnets periodically 
placed around the electrodes.  Electrons drift around 
the explosively emitting cathode in this additional 
periodic field ⊥H  that is primarily radial near the 
center of the gap between electrodes, that is, the drift 
is in a transverse periodic magnetic field as in conven-
tional FEL’s.   
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Fig. 7. Electronic efficiency for the A6 magnetron 
with the solid and six-strip cathodes with 2π-mode 
operation 

The RFM has considerable interest [14-17] as a 
compact oscillator capable of generating short wave-
length microwaves.  However, the design of this wig-
gler is complicated, and the requirement to use a nar-
row gap (otherwise the magnetic field will basically 
be concentrated between adjacent magnets) leads to 
very large unwanted axial currents in this DMI.  

 
Fig. 8. A rippled-field magnetron. Right: configura-
tion of periodical magnetic field in a RFM 

We propose an FEL that also uses a DMI; how-
ever, unlike the RFM, the wiggler is the transparent 
cathode (Fig. 1).  Such a wiggler is simpler and does 
not require a narrow gap.  A radius of this cathode can 
be chosen so as to provide a suitable current.  The 
maximum values of periodic magnetostatic and elec-
trostatic fields occur in the region of the electron 
sheath, and the axial current is not useless since they 
produce the periodic field ⊥H . 

 
Fig. 9. Radial distributions of the azimuthal electric 
field θE  of a TE-mode in the RFM (1) and in the 
FEL with a transparent cathode (2) 

As with the magnetron, such a cathode is trans-
parent to TE modes that provide a strong azimuthal 
field θE  of these modes in the electron sheath unlike 
the RFM with a a solid cathode (Fig. 9). For TM 
modes the θE  distribution in the FEL is as in the 
RFM. This means that the FEL looks like a circular 
cavity for the TE eigenmodes and like a coaxial cavity 
for the TM eigenmodes.  Within the electron flow the 
field θE  of TE modes is almost uniform and signifi-
cantly stronger than the TM ones, providing the best 
condition for synchronous interaction of the TE modes 
with electrons. At the same time, the oscillating Lor-
entz force zF  in the axial direction, caused by the 
periodic radial magnetic field rH , rz HvF θ~ , can 
promote the excitation of the TM modes as well. 
Thus, both TE modes and TM modes can be operating 
modes of the FEL. 

The periodical fields of the cathode-wiggler gives 
rise to azimuthal spatial harmonics for waves of the 
electron flow that can be in synchronism with eigen-
modes of the electrodynamic system of the ubitron,   

θθω evhmh )( += .                             (5) 

Here ω  is a frequency, cRNDh == π2  is a con-
stant of the wiggler with azimuthal period D, 

,...2,1,0 ±±=m  is a number of a spatial harmonic, and 

cRnh =θ  is a wave number of the operating mode 
with azimuthal index n. Since the spectrum of the ei-
genmodes in the FEL cavity is discrete,  

)( cn Rnωω = ,                              (6) 
simultaneous solution of (5) and (6) is possible only 
for definite values of the field zH 0 . This resonant 
dependence should hold even in the case where reflec-
tions from the axial ends of the wiggler are so small 
that the coaxial electrodynamic system behaves more 
like a waveguide than a cavity.  The frequencies (6) 
are then close to the cut-off frequencies because the 
coupling of the quasi-transverse wave with others (in-
cluding electron waves) is maximum [18], which pro-
vides the best balance between electromagnetic energy 
pumping by electrons and radiating waves. 

Two-dimensional MAGIC simulations show the 
evolution of electron waves in a DMI with a transpar-

349

___________________________________________________________________________________________Oral Session



ent cathode (Fig. 10) for various values of the axial 
magnetic field zH 0 . The same rotating wave struc-
tures occur in a DMI with a solid cathode (Fig. 11), as 
was predicted by Buneman [2]. Therefore, for the FEL 
these wave structures can be considered as their fun-
damental harmonics, m = 0.  The structures in Figs. 10 
and 11 were calculated without axial currents, that is, 
only with an electrostatic wiggler.  

 
Fig. 10. Lowest structures of electron waves in DMI 
with a transparent cathode 

Because of this, the shown structures are independent 
of the direction of the applied axial magnetic field.   

 
Fig. 11. Some lowest structures of electron waves in 
DMI with a solid cathode 

As an example, for one of the resonant values of 
the field zH 0 , the results of 3D MAGIC simulations 
for radiated power and spectrum are shown in Fig. 12.  
The calculated electron beam current is 3.83 kA and 
the efficiency is about 6 %.   

  
Fig. 12. Power of radiation (left) and its spectrum 
(right) for an FEL with an 8-strip cathode of outer 
radius 0.9 cm and inner radius 0.7 cm in the anode 
with radius 2.2 cm when H0z = 11 kOe and U = 0.6 
MV with risetime tU = 1 ns 
 

Experiments with the crossed-field FEL were per-
formed at the SINUS-6 high-current 3 GW electron 
beam accelerator (Fig. 13), which can produce a 20 ns 
accelerating voltage pulse up to 700 kV.  We use the 

8-strip graphite cathode (Fig. 14) with the inner and 
outer radii 6 cm and 8.5 cm, length of separate emit-
ters 7 cm and azimuthal dimension of each emitter 
25o.  The cathode is coaxially placed up to 15 cm in a 
cylindrical stainless steel waveguide with radius 

=aR 2.54 cm and length 40 cm. The uniform axial 
magnetic field up to 10 kOe is provided by a 3 ms 
pulsed solenoid.  Microwaves are radiated by the horn 
antenna with aperture a = 9 cm through polyethylene 
vacuum window of diameter 25 cm.  

As with the RFM, the FEL can operate at many 
resonant frequencies. However, the first measurements 
of the output radiation were limited by the frequency 
region 2 – 4 GHz because only an S-band receiving 
antenna was available for the current experiment (as 
antenna we use a waveguide without flange).  In this 
range the resonance )( 0zHP  was found for 

=zH0 3.2 kOe consisting of two different radiation 
patterns )( ⊥RP , shown in Fig. 16: a pattern corre-
sponding to the TE11 mode with the frequency f = 3.1 
GHz, and a pattern with the minimum radiation in the 
center with f = 3.7 GHz.   

 
Fig.13. Schematic of experimental set up for the FEL 
 

Pulses of the applied voltage, total axial electron 
beam current and microwave signal (in Fig. 17 five 
microwave pulses are overlaid) were observed using a 
capacitor divider, Rogowski coil and a crystal detec-
tor, respectively.   

 
Fig. 14. Photo of the 8-emitter graphite cathode 

 
Fig. 15. Photo of the output antenna and vacuum 
window of the SINUS-6 accelerator 
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Fig. 16. Radiation pattern observed at a distance 1.5 m 
from the horn antenna with aperture 9 cm 
 

 
Fig. 17. Pulses of the applied voltage from the capaci-
tance divider, electron beam current from the 
Rogowski coil and microwaves from the crystal detec-
tor with 60 dB attenuator 

 
Microwaves were measured at a distance L = 1.5 

m from the radiating horn antenna aperture, that is, in 
the far zone (Fresnel`s parameter 12 >>aLλ ) where 
the reactive fields of the radiating antenna, as well as 
longitudinal wave field components, vanish. Radiation 
power for each symmetrical radiation pattern was es-
timated as ≈≈ 21 PP  2 MW.  However, radiation 
from the FEL propagates through the uniform 
stainless steel waveguide (Fig. 13) where the cut-off 
frequency of the −11TE mode offcutf −  = 3.4 GHz 

exceeds the measured radiation frequency f = 3.1 
GHz.  That is, we measure the evanescent tail of the 
radiated power. In future experiments we plan to 
change the configuration of the channel to correct for 
this situation, and to prepare diagnostics to find and 
measure other resonances with shorter wavelengths.   

Conclusions 

Particle-in-cell computer simulations using the 
MAGIC code have demonstrated that use of the trans-
parent cathode instead of a solid cathode brings im-
proved performance to cross-field devices.  The im-
proved performance is attributed to i) a stronger azi-

muthal wave electric field at the location of the elec-
tron sheath compared to a solid cathode, ii) bunching 
effects attributed to both cathode and magnetic prim-
ing, and iii) the effects of a periodic electrostatic wig-
gler.  Plans are underway to experimentally test these 
using an A6-type magnetron with extraction output.  
The transparent cathode also naturally manifests as 
novel M-type FEL, with radiation parameters con-
trolled by the applied axial magnetic field.  This is a 
promising microwave source for many applications 
owing to its simple design.  Preliminary experimental 
results have been presented. 
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