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Quasistationary states of a relativistic field-emission-limited diode
employing a high-transparency mesh anode

Ming-Chieh Lina) and Der-San Chuu
Department of Electrophysics, National Chiao Tung University, Hsinchu, Taiwan 30050, Republic of China
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A relativistic field-emission-limited diode employing a high-transparency mesh anode is
investigated via a self-consistent approach. The field emission process is described quantum
mechanically by the Fowler–Nordheim equation. The cathode plasma and surface properties are
considered within the framework of the effective work function approximation. Space-charge effects
are described by Poisson’s equation including relativistic effects. Ionization effects at the
high-transparency mesh anode are ignored. The numerical calculations are carried out on a time
scale much shorter than the emergence of the gap closure. The quasistationary state of the diode
exhibits a cutoff voltage. The electric field on the cathode surface is found to be saturated in the
high-voltage regime and determined by the effective work function only. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1482789#
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In high-power vacuum electron devices such as virt
cathode oscillators,1–3 SuperReltrons,4,5 and electron
injectors,6 relativistic diodes are usually used to acceler
the electron beam. The basic features of nonrelativistic
odes can be illustrated with an idealized model, the Chi
Langmuir diode in a parallel planar geometry.7 This expres-
sion is based on the assumption that the cathode can su
enough current to be space-charge limited, in which case
electric field at the cathode surface is zero and the curre
a maximum. Jory and Trivelpiece8 considered the problem o
current-limited emission in a one-dimensional planar dio
including the relativistic corrections in the equation of m
tion of the electrons. They obtained an exact relativistic
lution for the one-dimensional planar diode. Both curre
limited and space-charge-limited solutions were fou
While electron emission can result from any of several p
cesses, including thermionic emission,9 photoemission, sec
ondary emission, field emission, and explosive emissio10

the dominant mechanism of our concern is field emissi
Although field emission can be microscopically enhanced
a field enhancement factor due to protrusions, contamina
oxide layers, dielectric inclusions, grain boundaries, or
sorbates, the current density is usually not enough to
space-charge-limited macroscopically. In this case, the
rent is field-emission limited. In recent years, due to the n
for a high-quality electron beam, mesh anodes were wid
employed in the high-power devices just mentioned.1–6 It
was found that high-transparency mesh anodes have the
vantages of low interception, reduced anode plasma,
elimination of diode short.

In this letter, relativistic field-emission-limited diode
~RFELDs! employing high-transparency mesh anodes are
vestigated. The field-emission process is described quan
mechanically by the Fowler–Nordheim equation. The ca
ode plasma and surface properties are considered within
framework of the effective work function approximatio

a!Author to whom correspondence should be addressed; also at: Sta
Linear Accelerator Center; electronic mail: mclin.ep87g@nctu.edu.tw
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Space-charge effects are described by Poisson’s equatio
cluding relativistic effects. Ionization effects at the hig
transparency mesh anode are ignored.11–20 Quasistationary
states can be obtained via the following self-consistent
proach.

Let us consider field emission of electrons in a relativ
tic planar diode. The phenomenon of field emission from
cold metal can be described as a quantum mechanical
neling of conduction electrons through the potential barr
at the surface of the metal. The basic field-emission proc
is described by the Fowler–Nordheim equation,11–18,21

J5
AEs

2

ft2~y!
expS 2Bn~y!f3/2

Es
D , ~1!

whereA andB are the Fowler–Nordheim constants, andf is
the effective work function assumed to be a constant dep
dent on the cathode material, surface roughness, and ion
tion effects. The normal electric field at the cathode surfa
Es , should be obtained from the Fowler–Nordheim equat
to serve as a boundary condition for Poisson’s equation.
functions t(y) and n(y) were introduced by Spindtet al.,21

and approximated by

t2~y!51.1, ~2!

n~y!50.952y2, ~3!

y53.7931025Es
1/2/f, ~4!

wherey is the Schottky lowering of the effective work func
tion barrier.

To analyze the flow of electrons in a relativistic plan
diode, we solve Poisson’s equation coupled with the law
energy conservation:

¹2F52
r

e0
, ~5!

eF5~g21!mc2, ~6!

wherer is the charge density andg is the relativistic factor.
The current density of electrons in thez direction is

ord
2 © 2002 American Institute of Physics
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, 0
J52rn. ~7!

Combining Eqs.~5!–~7! yields

d2g

dz2 5
eJ

e0mc3A12g22
. ~8!

This equation can be integrated to give

dg

dz
5F 2eJ

e0mc3 ~g221!1/21
e2

m2c4 Es
2G1/2

. ~9!

The constant of integrationEs is the electric field at the
cathode surface wherez50 and F50. Integrating from
cathode surface,z50, to anode surface,z5d, Eq. ~4! be-
comes

J5
e0mc3

2ed2 E
1

g0F ~g221!1/21
e0e

2mcJ
Es

2G21/2

dg, ~10!

whereg0(511eF0 /mc2) is the relativistic factor of elec-
trons at the mesh anode due to the applied diode vol
(F0). Actually, Eq.~10! should be modified for gap closur
due to the expanding cathode plasma by replacingd as (d
2nct), wherenc represents the closure velocity. Howeve
we consider the system on a time scale much shorter than
emergence of the gap closure, i.e.,nct!d, so Eq. ~10! is
adequate to describe the quasistationary behavior of the
ode. This integral can be integrated from standard table w
Es50, and with transformation by the change of variable
a more suitable form to integrate whenEsÞ0. For a given
Es , the current density can be obtained by solving Eq.~10!.

With an initial guess of the current densityJ, an initial
approximation of the surface electric fieldEs can be deter-
mined from the Fowler–Nordheim equation. ThisEs then
serves as a boundary condition for the Poisson’s equatio
solve for a better approximation ofJ. Thus, Eqs.~1! and~10!
are solved iteratively until we arrive at a self-consistent
lution of both the Fowler–Nordheim equation and the Po
son’s equation, as shown in Fig. 1.

FIG. 1. Iterative solution of the Fowler–Nordheim equation and Poisso
equation.
rticle is copyrighted as indicated in the article. Reuse of AIP content is s
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We have found the quasistationary states of relativis
field-emission-limited diodes via the self-consistent appro
presented above. Figure 2 shows our calculated cur
density–voltage (J–V) curves of the RFELDs for gap lengt
d54.5 mm and effective work function f
5(0,0.2,0.4,0.6,0.8) eV. TheJ–V curve corresponding to
f50 eV, i.e., explosive emission, approaches the corr
limit to be space-charge limited, and the other curves
field-emission limited. From Fig. 2, one can see that
field-emission-limited current corresponding tof50.2 eV is
nearly space-charge limited for the case. However, there
ist cutoff voltages in theJ–V curves of the field-emission
limited diodes. There is almost no emission current for
four cases when diode voltages are below the cutoff voltag
That is different from space-charge-limited diodes.

Figure 3 shows theEs–V curves of the RFELDs ford
54.5 mm andf5(0.2,0.4,0.6,0.8,Infinity) eV. TheEs–V
curve corresponding tof5Infinity approaches the correc
limit to be the nonemission case. The surface electric fieldEs

is trivially proportional to the diode voltage. For the oth
four cases, the surface electric fields of RFELDs incre
more slowly due to space-charge effects when the diode v
ages are higher than the cutoff voltages. In even higher v
age regime, saturation of surface electric fields is quic
achieved. The surface electric fields are independent of
applied diode voltage in the saturated regions. Figure

’s

FIG. 2. J–V curves of the RFELDs for gap lengthd54.5 mm and effective
work function f5(0,0.2,0.4,0.6,0.8) eV. The curve corresponds tof
50 eV represents space-charge limited.

FIG. 3. Es–V curves of the RFELDs for d54.5 mm and f
5(0.2,0.4,0.6,0.8,Infinity) eV. The curve corresponds tof5Infinity repre-
sents nonemission case.
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shows theEs–f curves of the RFELDs forF51.5 MV and
d5(4.0,4.5,5.0) mm. The surface electric fields are de
mined by the effective work function, independent of the g
length. So, one can treat the surface electric field as a fu
tion of the effective work function only.

In summary, we have investigated relativistic fiel
emission-limited diodes. The field-emission process is
scribed quantum mechanically by the Fowler–Nordhe
equation. The cathode plasma and surface properties are
sidered within the framework of the effective work functio
approximation. The space-charge effects are described
Poisson’s equation including relativistic effects. Ionizati
effects at the high-transparency mesh anode are ignored
quasistationary states are obtained via the self-consisten
proach. One of the differences between RFELDs and rela
istic space-charge-limited diodes is that the former case
hibits a cutoff voltage. The other is that the surface elec
fields of RFELDs are not zero. The surface electric field

FIG. 4. Es-f curves of the RFELDs for F51.5 MV and d
5(4.0,4.5,5.0) mm.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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found to be saturated in the high-voltage regime and is s
ply determined by the effective work function.
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