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SIMULATIONS OF INTENSE RELATIVISTIC ELECTRONBEAN GENERATIONBY FOILLESS DIODES

MICRAEL E. JONES AND LESTER E. TNODE

Intense Particle Beam Theory Group
Los Alamos Scientific Labo~atory

Los Alamos, New Mexico 87545

Abstract

Foilless diodes used to produce intense
annular relativistic electron besms have been
simulated using the time-dependent, two-dimen-
sional particle-in-cell code CrjUBE. Current
densities exceeding 200 kAlcm have been
obtained in the simulations for a 5 HeV, 35 0
diode. Hany applications, including microwave
generation, collective ion acceleration and
high-density plaama heating require a laminar
electron flow in the beama. The simulation
reaulta indicate that foilleas diodes immersed
in a strong external magnetic field can achieve
such a flow. Diodes using technologically
achievable magnetic field strengths (-100 kG)
and proper electrode ahaping appear to be able
to produce beams with an angular scatter of
less than 35 mrad at the current densities and
energies mentioned above. Scaling of the
impedance and te~erature of the beam as a
function of geometry, magnetic field atrerrgth
and voltage ia presented.

Introduction

Foilleaa diodes may be used for the produc-

tion of intense amular relativistic electrou beams

for ❑any application including microwave genera-

tion, collective ion acceleration and high-density

plaama heating.l Conventional foil diodes have

been found to suffer from an impedance collapae

when plaama, generated by ●lectrons striking the

anode ioil, propagate from the anode tn the cath-

ode thereby electrically shorting the diode. This

problem is eliminated by using a foilless diode,

thus ailowing higher current densit.iea than can be

obtained with a foil diode. In addition, the elec-

tron beam generated by a foillesa diode is not

perturbed by paasing throcgh a foil nor if it nec-

essary to replace a foil for repeated operation.
2

Although t“..ere has been some investigation of

relativistic electron beam generation by foillcss

diodea a firm understanding of the diode has been

lacking.
2-8 We have analyzed the simple diode il-

iuatrated in Fig. 1 to determine the scaling of

diode impedance end beam temperature aa a function

of geometryp magnetic field strength and voltage.

Some investigators have aasumed that the foilless

diode impedance ia determined by the maximum cur-

rent allowed by space charge in the drift tube.

Our analysis indicates that the diode impedance is

determined by the ●quilibrium that the beam obtaina

which ia not necessarily the equilibrium which

gives the apace-charge limiting current..

Impedance tlodel

Becauae moat applications require a beam with

laminar flow it ia useful to model the beam formed

by the foilleas diode by the cold fluid equations.

In an azimuthally ayrmnetric, axially homogeneous

equilibrium, the ●quations describing the beam

depend only on the radial coordin~te, r. The equa-

tions to be solved are

mc2/e yfl~zir = Er + 130BZ - PzBe (1)

dBz/dr = 4nnef+ (2)

d(rB8)/dr = -4nner~z (3)
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Fig. 1. Typical Foilless -Diode,



d(rEr)/dr = -4nncr (4)

where m and ● are the msaa and charge of the elec-

tron. The only nonzero fluid variablea are the

density n and the axial and azimuthal fluid veloc-

ities ~z and ~~ (divided by the speed of light c).

The nonxero fluid variablea are the radial elec-

tric field Er, the azimuthal magnetic field Be, and

the axial magnetic field Bz. The relatfviatic

factor ia denoted by y. Because the cathode is an

equipotential surface, conservation of energy

aasumes the following form:

dy/dr = -eEr/mc2 (5)

Because there are only five equations and six

unknowns another condition must be ~pecified. A

condition which leads to an analytically tractable

solution of ti!e equilibrium equations and which

becomes increasingly better satisfied at larger
9energies, is to thoose $Z to be independent of r.

Deiining the folltiwing quantities y,, E (1 - PZ2)-+

and y
1 ~ Y/Y, , an equation for yl can be found

whose solu!ion is give~ in terms of elliptic Jacobi

functions. 9 The total beam current V, measured in

units of mc3/e is given by this ❑odel as

v= [(y;, - l)(l’:. - l)(Y:O + a2)]4/2 (6)

where y
10

i. Y1 evall~ated at the outside edge of

the beam,Ro, and a is an arbitrary constant. De-

fining wco ~ eBz(Ro)/ml’2 we find

RotAJco/c = (y;. - 1)$ F Yio(Y*o
= + a=)$ (7)

Lnd in Ro/R. = F($,k)/(a2 + 1)*
(8)

1

where Ri is the inside beom radius, $ = Cos-l(y-~)

and k = a/(a2 + 1)* and ?($,k) is the incomplete

elliptic integral of the Iecond kind.

In addition to Eqs. (6)-(8), we require that

the total energy of the ●lectrons, kinetic and

potential, be equal to th,! potential drop between

the anode and cathode. Th M ,

Ya = Yll Ylo
+ 2vj~z ~n Ra/I?o (9)

where Ra ia the anode radius aa (ace Fig. 1). The

relativistic factor that tile electrons would have

upon reaching the anode is denoted by ya. Voronin,

et al. have used these ●quationa and additional

aaawptions to find the apace-ckarge limited cur-
8

rent aa a function of magnetic field. However,

there is no a priori reaaon to asaume that the

beam produced by the diode will be launched into an

equilibrium which will tranamit the maxtium current.

If the ●pplied external magnetic field pene-

trate the cathode then conservation of canonical

angular momentum for takea the form:

(Y:. -1)* = (RouJco/c -R:wc/Roe)/2 (lo)

.
where w

c
= eBo/cm’ and BO is the applied magnetic

field. The cathode radiua is denoted by Rc. If

in addition we assume that the laminar electron

flow is along the self-consistent magnetic field

lines, then the flux between the axis and the outer

edge of the besm is equal to the applied flux ~,e-

tween the axis and the cathode radius. On the time

scale of ❑ost experiments, the magnetic field pro-

duced by the beam camot diffuse through the anode

wall. Therefore, the flux between tbe outer edge

of the beam and the anode will be equal to the

applied flux between the cathode and anode. These

conditions ❑ay be written as

Rc2uJc/c = 2 RO(Y102 - 1)*+ Ri(l + a2)* (:1)

and UCO(R: - R:) =UJc(R~ - R:) . (12)

Equations (6)-(12) form a complete set of equa-

tions which can be solved (numerically) to determine

the impedance of the foilless diode. In order to

insure laminar flow, it is necessary to apply a

large external magnetic field, therefore, a useful

approximation can be obtained by taking ?he infinite

magnetic field limit. One then finds that the beam

becomes infinitesimally thin with radius 17c and that

the beam approached a nonrota(ing equilibrium. The

diode impedance in this limit becomes

z = 15(ya-l){[ya/(1+4 lnRa/Rc)]2-1)-*i2. . (13)

It should be noted that this formula is invalid

for low voltage, probably owing to our assumption

of ~z being independent of r.



Diode Simulations

A two-dimensional relativistic time-dependent

particle-in-cell simulation code, CCUEE, has been

used to teat the impedance model and gain insight

into the parameters affecting beam quality. 10 An

emission algorithm in the code emits charge from

the cathode surface at a sufficient rate to satisfy

the space-charge limited emission boundary condi-

tion, i.e., the electric field normal ●t the cathode

is zero. The diode simulations were run with a

transverse electromagnetic (TEH) wave launched from

the left in Fig. 1 onto the coaxial transmission

line. By not allowing the firat few cells to emit,

one can control the impedance of the driver to the

diode, which in all cases waa taken to be 37 S).

Typically the length of the simulation region, L,

was 5 to 10 cm. Impedances and beam parameters

are measured when the system consisting of the

transmission line driver with the diode load had

reached steady rtate. At this time the voltage

on tbe diode, V, la given by

v= 2vwz/(zo + z) (14)

where Z is the diode impedance, Z. is the transtniS-

aion line impedance and Vw is the voltage of the

TEti wave launched onto the line. Diagnostics in

the code include voltage and particie current

probea, Rogowakii Coils as well as impedance probes

located at several axi&l positions. At the end of

the simulation region diagnostics include Faraday

Cups, calorimeters and density, mean velocity, and

temperature measurements as a function of radial

position,

Simulation Results

From Eq. (13] we aee that for large applied

magnetic fields the diode impedance dependa only

on the voltage and the ratio of the anode to catbodc

radius. Figure 2 shows the results of several

simulations performed with a Vw = 5.1 W and a

cathode radius, Rc = 1 cm. Becauae of the impedance

mismatch, the voltage across the diode varied from

3.5 to 6.0t4v in accordance withEq, (14). The open

circles represent simulation performed with ●n

applied magnetic field of 100 kG and ●n A-K gap,

6, (see Fig, 1) of 0.4 cm. The triangle repreaenta

a run with the same parameters but with 6 = 0.2 cm.
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Fig. 2. Current versus ratio of anode to cath-
ode radius for various foilless diodes.
The daahed line ia from Eq. (13). The
solid line is the apace-charge limit.

TWO runs at 40 kG and 6 = 0.4 cm are denoted by

inverted trianglea. The square designatea a run at

55 kG in which the anode wall is continued straight

at the original transmission line radius, Rd’ ‘f
1.85 cm so that 6 * ~. The dashed line is obtained

fromEq. (13), The solid line is the space limiting

current for the infinitesimally thin beam in the
14

infinite magnetic field limit, The simulation

data in all cases lies WI1l below the apace-charge

limiting current and rather close to the current

given by tbe impedance formula of Eq. (13). All

the simulations were performed with a cathode tip

thickness, & in Fig. 1, of 0.135 cm ●xcept the run

at 55 kG which had & equal to Rc. At 100 kG tbe

beam thickness was found to be approximately

0.03 cm, thus it is unlikely that ●uch effect would

be found for &’a larger than this value. Tbeae very

thin beams can yield current densities exceeding

700 kA/cm2.

Because Eq. (13) was obtained for the infinite

magnetic field limit, it is desirable to determine

the effects of finite magnetic field. Figure 3

shows the resulta of ● aer~ea of simulation per-

formed with Vw = 5.1 IIV, Ra = 1.27 cm, 6 = 0.4 cm,
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●nd &=O.135 cm. T’be dashed curve in obtained from

the numerical solution of Eqs. (6)-(12). The solid

curve is the space-charge limited diode theory of

Voronin, et al. 10
The diode operates well below

the space-charge limit and again agrees well with

the laminar flow impedance model. The beam st~ikes

the anode wall at 25 kG and for ●ll values of

●pplied field below this value the transmitted elec-

tron current gradually diminishes owi..~ to current

loss to the anode. Although the diode impedance

does not vary much with magnetic field, the temper-

ature as measured by ?.he mean annular scatter of

eiectrons around the beam propagation direction was

found from the simulations to vary from 200 mrad at

27 kG to less than 60 mad at 100 kG. The high

magnetic field makea it more difficult for the elec-

trons to cross field lines and create temperature

by mixing.

One would expect that as 6 is increas~d to

larger values that the beam produced by the foil-

less diode would come to ●quilibrium before it

“sees” the reduced anode radius R . The existence

of this effect is verified

tions shown in Fig. 4.

simulations include BO=lOO

and c=O.135 cm. The upper

lated from Eq. (13). The

by theaseries of simula-

The parameters of the

LC, VW=5.1 HV, Ra=l.5 cm,

dashed curve was calcu-

lower dashed curve was

also calculated from Eq. (13) but with Ra equal to

outer radius of the transmission line feed Rd. Aa

seen from the data, the diode impedance makes a

sudden transition from an equilibrium with an anode

radius of Ra for small 6 to an equilibrium with

anode radiuo Rd at large &. The value of 6 at the

transition poiut is roughtly one-half of the cathode

radius for this case, The actual transition point

ia probably governed by the

—
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Fig. 3, The effect of finite ❑agnetic field

on diode impedance.
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Fig. 4. Current veraus A-K gap, 6, for the
foillesa diode.

distance the beam must propagate from the cathode

tip to reach equilibrium and must certainly depend

upon the current density.

For large valuea of 6, the besm gains kinetic

energy aa it approaches the region in which the

anode radius is reduced to F?a making it stiffer and

less likely to phaae mix. Simulations have shown

beam temperatures below 25 mad for thin scheme,

which is near the numerical resolution of the code.

Use of these ideas in diode design show promise for

producing very laminar beams.
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