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Quasistationary states of a relativistic field-emission-limited diode
employing a high-transparency mesh anode
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Department of Electrophysics, National Chiao Tung University, Hsinchu, Taiwan 30050, Republic of China

(Received 10 October 2001; accepted for publication 5 April 2002

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. lonization 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

In high-power vacuum electron devices such as virtualSpace-charge effects are described by Poisson’s equation in-
cathode oscillators;® SuperReltron§® and electron cluding relativistic effects. lonization effects at the high-
injectors® relativistic diodes are usually used to acceleratetransparency mesh anode are igndrfed® Quasistationary
the electron beam. The basic features of nonrelativistic distates can be obtained via the following self-consistent ap-
odes can be illustrated with an idealized model, the Child—proach.

Langmuir diode in a parallel planar geometryhis expres- Let us consider field emission of electrons in a relativis-
sion is based on the assumption that the cathode can supgig planar diode. The phenomenon of field emission from a
enough current to be space-charge limited, in which case theold metal can be described as a quantum mechanical tun-
electric field at the cathode surface is zero and the current i8eling of conduction electrons through the potential barrier
a maximum. Jory and Trivelpieteonsidered the problem of at the surface of the metal. The basic field-emission process
current-limited emission in a one-dimensional planar diodes described by the Fowler—Nordheim equattént®2!

including the relativistic corrections in the equation of mo- 2 3/2

. : o AE —Bu(y)o

tion of the electrons. They obtained an exact relativistic so-  J= ———ex , )
lution for the one-dimensional planar diode. Both current- dt(y) Es

limited and space-charge-limited solutions were foundwhereA andB are the Fowler—Nordheim constants, apis
While electron emission can result from any of several prothe effective work function assumed to be a constant depen-
cesses, including thermionic emissibphotoemission, sec- dent on the cathode material, surface roughness, and ioniza-
ondary emission, field emission, and explosive emis&lon, tion effects. The normal electric field at the cathode surface,
the dominant mechanism of our concern is field emissiong,, should be obtained from the Fowler—Nordheim equation
Although field emission can be microscopically enhanced byo serve as a boundary condition for Poisson’s equation. The
a field enhancement factor due to protrusions, contaminatioiunctionst(y) and »(y) were introduced by Spindt al,?
oxide layers, dielectric inclusions, grain boundaries, or adand approximated by

sorbates, the current density is usually not enough to be

“ace. I . : T t(y)=1.1, 2
pace-charge-limited macroscopically. In this case, the cur
rent is field-emission limited. In recent years, due to the need  ,(y)=0.95-y?, (3)
for a high-quality electron beam, mesh anodes were widely
employed in the high-power devices just mentiohetit y=3.79<10°E{7 ¢, 4

was found that high-transparency mesh anodes have the afierey is the Schottky lowering of the effective work func-
vantages of low interception, reduced anode plasma, anﬁ’on barrier.

elimination of diode short. To analyze the flow of electrons in a relativistic planar

In this letter, relativistic field-emission-limited diodes diode, we solve Poisson's equation coupled with the law of
(RFELDs employing high-transparency mesh anodes are Nanergy conservation:

vestigated. The field-emission process is described quantum
mechanically by the Fowler—Nordheim equation. The cath- 0. P
; . e Vi =——, )
ode plasma and surface properties are considered within the €
framework of the effective work function approximation.
edb=(y—1)mc, (6)

aAuthor to whom correspondence should be addressed: also at: StanfoMfNerep is the cha_lrge density anﬂ_'is the. re"'i_tiViS_tiC factor.
Linear Accelerator Center; electronic mail: mclin.ep87g@nctu.edutw  The current density of electrons in tkalirection is
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J=—pv. (7 J-V curves of RFELDs for d=4.5 mm
180
Combining Eqs(5)—(7) yields — 1501
£
d?y el < ™07
2 — ® = 120
d GOmC3 l_’y % 1004
This equation can be integrated to give 3 807 - - - 4=008V
8 60 —— =026V
dy 2el e? 172 = - = §=04eV
A 2_ 1)Lz E2 9 g 407 —-— 4066V
dz eom@(y ) m2c* s © a3 207 == §=08 0V
The constant of integratiolg is the electric field at the Oo 500 10:00 1500 2000
cathode surface where=0 and ®=0. Integrating from Diode Voltage (kV)
cathode surfacez=0, to anode surface=d, Eq. (4) be- FIG. 2. J-V curves of the RFELDs for gap length=4.5 mm and effective
comes work function ¢=(0,0.2,0.4,0.6,0.8) eV. The curve corresponds ¢io
| eomC3 Yo o e, €0l » ,1/2d . =0 eV represents space-charge limited.
- Zedz 1 (7 ) 2mcJ S Y ( )

We have found the quasistationary states of relativistic
where yo(=1+ed,/mc?) is the relativistic factor of elec- field-emission-limited diodes via the self-consistent approach
trons at the mesh anode due to the applied diode voltageresented above. Figure 2 shows our calculated current
(®,). Actually, Eq.(10) should be modified for gap closure density—voltaged-V) curves of the RFELDs for gap length
due to the expanding cathode plasma by replacirag @ d=45mm  and effective  work function ¢
—vt), wherev, represents the closure velocity. However, =(0,0.2,0.4,0.6,0.8) eV. Thé-V curve corresponding to
we consider the system on a time scale much shorter than the=0 eV, i.e., explosive emission, approaches the correct
emergence of the gap closure, i.eit<d, so Eqg.(10) is  limit to be space-charge limited, and the other curves are
adequate to describe the quasistationary behavior of the diield-emission limited. From Fig. 2, one can see that the
ode. This integral can be integrated from standard table whefield-emission-limited current correspondingge=0.2 eV is
E.=0, and with transformation by the change of variable tonearly space-charge limited for the case. However, there ex-
a more suitable form to integrate wh&iR+0. For a given ist cutoff voltages in theJ—V curves of the field-emission-
E,, the current density can be obtained by solving @¢).  limited diodes. There is almost no emission current for the
With an initial guess of the current densily an initial ~ four cases when diode voltages are below the cutoff voltages.
approximation of the surface electric fielel, can be deter- That is different from space-charge-limited diodes.
mined from the Fowler—Nordheim equation. THtg then Figure 3 shows thé&—V curves of the RFELDs fod
serves as a boundary condition for the Poisson’s equation t&4.5 mm and¢=(0.2,0.4,0.6,0.8,Infinity) eV. Th&—V
solve for a better approximation df Thus, Eqs(1) and(10) curve corresponding t@ = Infinity approaches the correct
are solved iteratively until we arrive at a self-consistent sodimit to be the nonemission case. The surface electric fgld
lution of both the Fowler—Nordheim equation and the Pois-s trivially proportional to the diode voltage. For the other
son’s equation, as shown in Fig. 1. four cases, the surface electric fields of RFELDs increase
more slowly due to space-charge effects when the diode volt-
ages are higher than the cutoff voltages. In even higher volt-
age regime, saturation of surface electric fields is quickly
achieved. The surface electric fields are independent of the
applied diode voltage in the saturated regions. Figure 4

Guess J

| Solve Eq.(1) for E,

¢ E.-V curves of RFELDs for d=4.5 mm
Solve Eq.(10) for J L

¢ 3004

Is new J within, say,
T 0.1% of 0ld J ?

)
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FIG. 3. Es—V curves of the RFELDs ford=4.5mm and ¢
FIG. 1. lterative solution of the Fowler—Nordheim equaticn and Poisson’s=(0.2,0.4,0.6,0.8,Infinity) eV. The curve correspondsta Infinity renre-
equation. sents nonemission case.
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— E.-¢ curves of RFELDs for ®=1.5 MV found to be saturated in the high-voltage regime and is sim-
§ 300 ply determined by the effective work function.
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