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Abstract

SPEED, a program for the simulation of rclativistic (or
non-relativistic) electron guns with cither space-charge limited
(Childs™ Law), ficld emitted (Fowler-Nordheim) or specified
injection emitters will be described and demonstrated with
several examples. The program can be fully relativistic with
induced and applied magnetic ficlds and crossing trajectorics.
Basic relaxation techniques arc cmployed on a reclangular
array ol squares to keep the program small and cfficient,
permitting large arrays for accurate and/or claborate simula-
tions. Smooth clectrodes are created by extending ficlds into
clectrodes, which are described by quadratic cquations. It is
written in FORTRAN 77 e¢mploying Calcomp-Versatee type
plotting routines and can be run on virtually any computer
from high end PC’s (with DOS Extenders) to Cray’s with only
minor modifications. Excellent agreement has been obtained
with both theoretical and experimental results,

I. HISTORY

The digital computer program SPEED (for Simulation
Program for Encrgetic Electron Devices) was developed over
a period of 30 years. The original version of the program was
written at the University of Michigan, Ann Arbor slarting in
1960. The next version was developed between 1967 and
1971 at Sandia National Laboratorics, Albuquerque, {or the
simulation of high power flash X-ray diodes. There was little
development of the code over the next 17 years, while the
SNOW and SNOW3D codes were being developed tor ion
beam systems. With the development of the 80386 PC's the
program was resurrccted in 1988 and many improved leatures
added.

[l. THEORY

The code employs relaxation techniques while alternately
computing trajectories and voltages. The voltages in the
configuration are simulated on a rectangular array of squarcs.
The space-charge densitics are stored on an array identical to
the Voltage array and are computed from rcepresentative
trajectorics from the cathode. It uses double precision (8 Byte
- 64 bit) arithmetic for adequate precision.

The voltages are iteratively relaxed by solving Poisson’s
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cquation (developed in axisymmetric coordinates) at cach point
of the array,
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where Vois the vollage, p is the space charge density and g,
is the permittivity of free space, (all in SI units). The trajecto-
rics arc computed using a solution of the relativistic Lagrang-
ian

L-eV e(Av) m0c2[1 Y_Jz (2)
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where ¢ is the clectronic charge, V the potential, A the
magnetic vector potential, v the velocity, m, the resl mass, and
¢ the velocity of light; or the non-relativistic Lorentz force
cquation

F - -e(E+vxB) 3

where F is the foree on the particle, E the clectric ticld. and B
the magnetic field; again in axisymmetric, cylindrical coordi-
nates. The difference cquations were developed some time ago
| 1] and will not be repeated here.

Current densitics from the cathode can be computed using
cither Child's Law for space-charge limited emission,
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or the Fowler-Nordheim cquation for ficld emission,
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where J is the current density, V the voltage at the distance x
from the cathode, E the ficld at the cathode, and W the work
function of the metal. A multiplying factor is availablc for the
clectric field (typically 2.0 to 3.5) to increase current to
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obscrved experimental values (ficld emitters are not all that
smooth).

III. DEVELOPMENT OF THE PROGRAM

The general flow chart for the digital computer program
is shown in Fig. 1. The main divisions are scen to be:

1. The reading of dala and setting of initial conditions
(or restoring of earlier data).

2. The relaxation of the potentials.

3. The calculation of the trajectories.

4. A test for convergence or end of run with cither a
return to the relaxation or the output of the results.
5. The plotting, printing, and saving of results

INITIALIZE CONSTANTS
INITIALIZL MATRICES

READ INPUT DATA ‘

| RELAX VOITAGES P
t
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Figure 1. Basic Ilow Chart for SPEED.

Dcpending on the complexity of the problem the voltage array
can vary from 100 by 50 to 600 by 600 squares and is only
limited by the memory available on the computer and the time
availablc. Jobs as small as 100 by 50 often run in 10 minutes
or less on a 25 Mhz PC, but a matrix 600 by 400 may require
10 hours or morc. The program will requirc 200 to 1000
passcs through the voltage matrix (depending on matrix size)
on the first cycle, with reduction of the number ol passes on
succeeding cycles. 5 to 20 cycles through the program
(depending on the importance of the spacc-charge densitics)
are usually nceded to obtain convergence.

The ¢lectrodes are defined by quadralic equations which
describe their surfaces.  Potentials near and just inside the
clectrodes arce scl by cxtending potentials into them by using
a quadralic {il to potentials just outside the clectrodes.  This
creales smooth voltage distributions which are nceded to
compule trajectories acurately, and eliminates the need to relax
partial matrix squares. Relaxation is carried out by iteritively
passing up cach matrix column from left to right and then
backwards through the voltage matrix solving Poisson’s
cquation. An intense over-relaxation is carricd out on the first
cycle through the program to speed the calculations.  Full
convergence of this calculation is neither desirable nor
necessary for the first few cycles.

For the space-charge limited emission the voltage cm-
ployced in the calculation is at a matrix point between 1 and 2
matrix increments in front of the cathode. It is important that
this calculation be made as close to the cathode surface as

possible as the variations in current density along the cathode
can be masked by using a larger spacing. In the actual device
the current density is determined a differential distance off the
cathode. Going twenty percent of the distance to the anode, as
scems to be popular with finite clement codes, will almost
certainly mask a sharp rise (or fall) in current density frequent-
ly found at the edge of a cathode. The electric field at the
cathode surface, required for the field cmission calculation, is
computed from the derivative of a quadratic fit to the potentials
just in front of the surface.

Each trajectory carrics a current fixed at the cathode and
stores the space-charge and current densities at adjacent matrix
points along its path. The current distribution is used to
compute the induced magnetic ficld for the relativistic calcula-
tions. Since cach trajectory is computed independently of the
others, crossing is not a problem. The smoothness of the
spacc-charge distribution is a function ol the number of
trajectorics that are computed.  One trajeclory per malrix
square is the minimum requirement at the cathode, while 4 1o
200 (for field emitters) per matrix square will produce the best
results,

Under relaxation is not necded for low space-charge (non
space-charge limited) problems. But damping, of space-charge
densities and voltage relaxations, for space-charge limited
problems is available if it is needed.
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Figure 2. Beam and equipolentials for 600 kV, 500 A, relativis-
tic beam.

IV. EXAMPLES

The first example, shown in Fig. 2, is a 600 Kv, 500 A
relativistic clectron gun designed for the Phermex accelerator
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Figure 3. Current density distribution along cathode and at exit
planc.
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at Los Alamos National Laboratory. The matrix is 351 points
long (and 151 wide) in order to extend the simulation past the
beam’s waist about 250 mm from the cathode. It has been the
author’s experience, that under most circumstances, it is the
size and position (all of which is rolled into the Emittance) of
the waist that is most desired by the beam designer. This data
sct, which consists of 38 lines, required about 360 minutes to
run on the 25 MHz PC. The current densitics along the
cathode (with the sharp rise at the edge) and the current
density distribution at the cxit plane arc shown in Fig 3. An
emitlance plot for the becam near the exit plane is shown in
Fig. 4. The current and emittance are very close to the
experimental values.

Figure 5 shows a
typical Micro-ficld emit- ¥
ter with a radius of 100 !
nm. There is 100 volts ¥ i
on the extractor and 1

Kv on a target 250 gm

from it lcaving 112.5
volls at the right edge of
the plot. A current of Wl
5.5 pA is obtained in the
bcam with a ficld cn- q'," et —i—s
hancement factor of 2.5 R (Mm)

The current distribution  Figure 4. Emittance plot for beam at
from the cathode is exit planc.

shown in Fig. 6, wherc
the length of the lines
Nearly all the
emission  cur-
rent is secn 10
come from the
round tip with
nano Amps 1o
the  extractor.
Ten  percent &
variations in the
compuied fields
caused by the
coarse  mesh
(and 5 matrix
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tions in the Figure S. Micro-ficld emitter simulation.

current density.
The current density distribution at the exit planc of the plot is
also shown in Fig. 6, where most of the current is scen to be
going forward with only a fraction of a #A being lost to the
sides. And finally the Emittance plot, Fig. 7, is shown at the
target (.25 mm, 0.010 in. [rom the exit plane) after the acceler-
ation (also calculated by the program) in a uniform ficld to 1
Kv.

A last example is for a focused version of the ficld
cmitter. Focusing would be desireable for some devices, such
as cathode ray tubes, that neced hl(‘!ht r current densities, Here
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a sccond dnodc has becn added after the extraction anode

TARGEY CURRENT DENSITY

CURAENT DENSITIES DISTRIBUTION

WAX CURRENT DENSETY o 22418uNB27.60

we

X

w

]
J R/SG.M.) s

. v
: R

Figure 6. Emission current density, and exit planc current density,
distributions.

forming an Einzel Lens. The emission has been restricted to

a M) deorpp If anaola) cone arannd the tin ~f tha fiald amait
a Las uvsl\«v \uau (lllbl\/} cone arocund the u}} of the field Cinit-

ter, if the same distribution of current from the cathode were
allowed as i ig. S

Sasn Fig EMITTANCE PLOT
about 90 percent of the ;S ENITIANCE +0.0077 rxMH«HARD
clectrons end up on the T
¢xtraction anode. There

might be some justifica-

tion for this if one as- il

sumes there is some E—

thermal heating of the tip =4
o

(the current density is of
the order of 10" A/m?) 8.7
and most of the current
comes from there. With

these large assumptions
the focusing of the beam Figure 7. Emittance at target 250 ym
can be scen in Fig. 8 from anode after 1 kV acceleration.
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Figure 8. Trajectories and equipotential for a field emitter with
restricted cmission and focusing Einzel lens.
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