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ABSTRACT

A digital computer program written in the IBM 7090 FORTRAN pro-
gramming system is described and then employed in the analysis of several
crossed -field guns.

The digital program employs relaxation techniques while alternately
computing electric fields and trajectories. One cycle through the program
consists of three basic parts.

1. Calculation of the voltages within the gun by solving Poisson's
equation, in difference form, on a 7200 point matrix on which electrode
potentials are laid out.

2., Calculations of new current densities along the cathode and the
setting up of trajectory starting points along the cathode to simulate
these densities.

3. Calculation of trajectories and comparison of the new beam with
the previous one.

Thermal effects and direct particle-particle interaction effects are

ignored but space-charge effects, introduced through the field calcula-
tions, tend to prevent excessive or unusual trajectory crossings.

Execution time on a T090 varies from 5 to 10 minutes depending on gun design,
with better designed guns generally running faster,

Results produced by the program are presented and compared with

experimental and analytical results. Agreement with experimental results
within 5 percent should be obtainable.
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DIGITAL COMPUTER ANALYSIS OF CROSSED-FIELD

ELECTRON GUNS

1. INTRODUCTION

A digital computer program for the solution of nonre-entrant
crossed-field electron guns has been written. The program to be
described employs relaxation techniques to determine the current and
voltage distribution within the gun. The program alternately computes
voltages within the gun and trajectories through the gun until two
consecutive sets of trajectory calculations essentially duplicate each
other,

The program is written in the IBM 7090 FORTRAN programming
system and requires at least a 32,000 word core for execution. Execu-
tion time on an IBM 7090 digital computer is usually between 5 and 10
minutes, with better designed guns generally running faster. The progrem
employs a T7200-point matrix on which the gun electrode potentials are
laid out, with intermediate potentials computed by relaxation techniques
using Poisson's equation. A single core load is used with one tape
unit needed for temporary storage of data.

Agreement with experimental results within 5 percent should be
attainable,

Output from the program includes complete voltage and space-
charge density distributions in the gun, variation in current density
across the cathode, and the trajectories through the gun., Thermal

effects and crossing of trajectories are ignored (the beam does not
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have to be laminar), but moderate amounts of crossing do not seem to

reduce the validity of the solutionms,

II. PROGRAM FLOW

Before discussing the program in detail let us first examine
its flow, Figure 1 shows the general flow diagrem for the program to
be described.

The first section reads in all the data needed to describe the
gun and control the flow of the program. This is followed directly by
the calculation of constants and the setting up of tables to be used

“later in the program.

The next step is the setting up of initial voltage and space-
charge distributions on the appropriate matrices., If a previous run
has been made for a particular gun it is possible to read the previous
results (the voltage and space-charge matrices) into the computer and
resunme calculations from that point.

The calculations of the electric fields are then carried out
using Poisson's and Laplace's equations as developed below., After the
field calculatibns have terminated, the current densities along the
cathode are calculated and a new set of trajectory starting points is
set up to simulate this distribution.

The new set of trajectories is then traced through the gun
using the equations developed below and at the same time the new space-
charge matrix is calculated from the trajectories.

The program then compares the new beam with the previous one.
If substantial changes have occurred, a new cycle is started by resuming

the field calculations with the new space-charge matrix. If the beam
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essentially repeats itself, the program terminates by printing out all

the useful data iﬁcluding the voltage and space-charge matrices and the
final set of trajectories. Also the final voltage and space-charge
matrices can be saved so that it would be possible to continue the calcula-

tions from this point at a later time if it is desired.

IITI. DEVELOPMENT OF THE COMPUTER EQUATIONS

Since the electric fields are calculated by relaxation techniques
on a discrete matrix, it is necessary to develop Poisson's equation in a
finite difference form which the computer can easily handle, The electron
trajectory equations are then derived from the Lorentz force law in a form
which would use the data available from the field calculations and again
which the computer can handle. A brief discussion of the starting condi-

tions for the trajectories is also presented.

3,1 The Electric Field Equations

Since the digital computer works only with finite differences and
not with continuously varying functions it is necessary to develop any
differential equation (such as Iaplace's or Poisson's) in difference

form, Thus, to make it acceptable to the computer, Poisson's equation,

2
vy o= =& (1)
must be put into (in this case) two-dimensional difference form:

\ NV \

..tV - .
J
(Ax)* (ay)® ‘o

i+,

where the V, .'s are defined in Fig. 2. Solving for V, .
1,J 1,d
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FIG. 2 DEFINITIONS OF ELECTRIC FIEID QUANTITIES.
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Vi,j = L heo }/ (5)

where Ax = Ay, an expression is obtained for the voltage at a point in
terms of the voltages at adjacent points and the space-charge density.

If the last term in Eq. % is defined to be

(%) p 4
pl,J - ueo ) ( )
Eq. 3 becomes simply
N o I S R W W )
i,i - b 1,9 7

where 0y 3 is now proportional to the space-charge density at the matrix
)

point i,j. If N 3 can be determined the field calculations become
)

quite simple and very fast using Eq. 5.

The space-charge density (p) can be expressed in terms of the

current density and velocity at any point by the expression
J
D=;) (6)

where J is the current density and v the velocity. Substituting Eq. 6
into the definition of % (Eq. 4), the following expression is obtained
J

for pi,j B
(ax) g

i,3 heov

. | (7)

If the current density and velocity can be determined at each matrix
point from the trajectory calculations, oy 3 can be computed before the
J

fields are computed and hence produce very rapid field calculations.
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If the trajectories are calculated in increments of time At
(see below) at discrete points (i.e., TRV TRVCERIIS I SRV SR URERTEY
where [ is the number of the electron and k is the number of the trajec-

tory points) the velocity v becomes

2 2

\/(xl,k+l - Xz,k) * (yl,k+l V)
v o= AL (8)

at each point k. If each trajectory is assigned the same initial cur-

rent density (Jo), then

[ | 2

2
b, \/(xl,k+l - Xl,k) + (yl,k+l RIRY

©
iy
-
Ca.
|
WM
n
-
~—
\O
g

where the pfime on the summation over [ means that only those electrons
passing within one matrix square length (Ax) of the point i,j are used,
and the prime on the summation over k means that only those points where
trajectories cross the horizontal or verticle lines defined through the
points 1,) are used,

The use of Eq. 9 means that a new matrix (p, or in the computer
RHO) is defined giving the space~charge density at any point in the gun
region., Since this density is a summation over all the "electrons"
injected from the cathode it is directly proportional to the total cur-
rent density at any point, therefore allowing for nonuniformities in
space~-charge density in the beam and in emission densities from the
cathode,

Since the electron trajectories are not likely to pass directly

through matrix points the following approximations are made for Eq. 9.
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Whenever a trajectory crosses from one square to the next on the matrix
the following additions are made to the p matrix. If the path crossed

a horizontal line (i.e., J increased or decreased by one),

2 2
JOAt(l-RX) sin 6 (Ax)

. = . 10
pi,J pi,J + heo As (10a)
and
2 P
JAM R _sin 6 (Ax)
. . = . . o)
Pia, g T P,y T he, hs - (100)

where 6 is the angle between the electron path and a horizontal line,

Rx is the distance between the ith vertical line and x divided by

L,k+l
Ax (the matrix square length) and As = v At, Similarly for the crossing

of a vertical line

2 2
J At (L -R) cos 6 (Ax)
0y & = P, .+ = o ) (11a)
1,J 1,d lI-EOAS
2 2
J, At Ry cos 6 (Ax)
Pi 341 = Piyat ke, b ’ (110)

where Ry is now defined as the distance between the jth horizontal line

and yl,k+l divided by Ax. -

3.2 The Trajectory Equations
The solution of the trajectory equations is somewhat simpler.

Starting with the Lorentz force equation

F=-eE+vxB , (12)

two scalar equations can be written assuming no z-directed motion and

§)=§) =Bl?,
7 ,
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i}

T]BST - T]Ex ’ (13a)

and

B
1

- 1B% - nEy . (13b)

Again forming the difference equations

X -2x +X Y = Vo
k+l k _ k-1 = 1B k+l k-1 Ex (1ka)
(at) 2 At
and
¥y -2y, +X X - X
k+l k k-1 k+l k-1
= -gB ———— - E. (1)

To compute the trajectories it is necessary to solve these equations for
succeeding pplnts (i.e., yk+l’ Xk+l) rather than the center points

(i.e., Vi xk). Solving for y, ., and x, . With z = B A%, gives

k+L
fea = [P (D) ny oy ey - (8 +EE) [0+ D)

n

‘and (15a)

Ve = [zyk - (1 - %7) Vel " z(xk - Xk-l) - (Ey - % Ex)]/(l + %T)

If the first derivatives (x, y) in Egs. 14 are defined in a slightly

different manner, i.e.,

X = ———=, (16)

the expressions for the trajectories become somewhat simpler than those

given in Eq, 15, These equations,
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2

X = 2, -x gt z(yk - yk-l) - (o t) EX (17a)

-z(x, -x

k k—l)

2
Vegr = Fyx T Vg -n(at)"E,  (170)

are good approximations to Egs. 15,

The electric field forces (Ex’ Ey) have been represented by

several combinations of voltages from the voltage matrix., The most

accurate trajectories computed so far have been obtained using the fol-

lowing second-order forms:

where

d_is the normalized (to Ax)

(V, o s =V, o))
- - i+, i-1,J 1
[(Evi,j Vi, Vi-1,50% 5 } m (1)
- (Vi3 " V3.0 7 2 (18
v, .-V, .=V, . - — o
[(2 i, 1,4 1,.3-1) y 2 ] R )

k

point, and dy is similarly defined with respect to Yy and j. The second-

order terms are needed when the electron trajectories tend to travel normal

to the electric field,

the next, abrupt changes in the electric field can cause deflections of

the trajectories; the second-order terms tend to smooth these reactions

and improve their accuracy.

For most purposes simple first-order expressions are adequate for

the electric field, i.e.,

O ¥ Y HE VY T ¥- O N PO

X 2 Ax

(19e)

distance between x, and the ith matrix

When an electron passes from one matrix square to
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and

Ve s =V, o+ 7, -V, .
o= - _1sdH i,J i+l, J+l itl,d (19b)
y 2 Ax

In this case 1,Jj are the coordinates of the lower left-hand corner of
the matrix square in which the electron lies,

Interactions between individual "electrons"

are ignored since
the computing time would become excessive. Even for a simple diode the
time needed to compute trajectories with interactions requires several
hours on the computer.

Moderate amounts of trajectory crossing do not seem to reduce

the validity of the solutions, and excessive amounts usually indicate a

poor design.,

2.3 Trajectory Starting Conditions

Since it is very difficult to calculate electron trajectories
in the first matrix square in front of the cathode it has been found
desirable to start the electron trajectories at the upper edge of
these squares. Due to the magnetic field the trajectories are deflected
in this first square and it is“necessary to determine both the distance
deflected and the slope of the trajectories at the edge of this first
square in terms of the curren£ density and the megnetic field.

In order to obtain values for the deflection and slope near the
cathode an approximate voltage distribution was assumed, and trajecto-
ries traced using the above difference equations. The voltage distribu-
tion used consisted of a h/i Power curve with a potential minimum 0,015 mm
in front of the cathode. The depth of the minimum was a function of the
current density and the distance to the minimum. All x- and z- directed

electric fields were assumed to be zero.



-12-

The slope and position of the trajectory 0.005 and 0.010 inch
in front of the cathode were determined for magnetic fields from 100
to T00 gauss and current densities from 0.1 to 1.3 amps/cmz. From
these results empirical relationships for the slope and displacements
were chosen,

The slope of the trajectories relative to a normal to the

cathode obtained by the above method is approximately given by

3y, +V |

B 1 o)

6 = o.ooz( J >< Ly > ’ (20)
0.46 - 0

where 6 is the angle in degrees, B is the magnetic flux density in

webers/m-, J is the current density in amperes/cm®, y is the position
-4
above the cathode in meters and Yo is 1,27 x 10 meters (0.005 inch).

The displacement (in meters) from the normsl to the cathode is given by

y-y
5x = (2.93° - 6.67 + 11.2)B {1 + (0.185% - 0.487 + 0.55) °:’ .

(21)

It should be noted that these expressions are good only in the region
near y, and are not accurate down to y = 0.

It is the limited range of usefulness of these equations that
forces the requirement that the cathode surface lie along a row of the

voltage matrix (see below).

IV. THE COMPUTER PROGRAM

The electric fields are represented on a T200-point matrix laid

out in a 120 x 60 array. Space charge is laid out on an identical array
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so that there is an easy, one-to-one correspondence between the two
matrices.

Numbering of these two matrices starts in the lower left-hand
corner with the coordinates I =1, J = 1, The I coordinates run along
the long dimension (120) of the voltage matrix; and the J coordinates
run perpendicular to the bottom edge. For simplicity and speed in
making calculations the matrix is made up of squares and not rectangles.

The 120 x 60, T200=point matrix has been found satisfactory for
‘the representation of most guns and will be assumed in all the following
discussions. The size and shape of this matrix can be modified by
changing 11 cards (or less) in the FORTRAN program, subject only to the
capacity of the machine.

The electric fields are calculated using Eq. 5 at all points
within the‘gun‘geometry, with a linear field being set up along the
left edge of the matrix while an approximate expression is used at the
right edge. The regions where these calculations are carried out are
specified by four integer matrices which describe the gun geometry on
the voltage matrix. These four matrices (JL, JU, JC and JD) are the
"J" coordinates for the electrodes, each matrix being 120 points long
(same length as the V (voltage) matrix).

The calculations start in the lower left-hand corner and proceed
up the columns in sequence across the matrix. JL (J lower electrode) is
made up of the coordinates of the lowest electrodes including the
cathode and sole. JU (J Upper electrode) is made up of the coordinstes
of the first electrode encountered as one travels up along the columns
from JL. If there is a second region (beyond JL and JU) in which it is

desired to make calculations, this can be carried out by specifying the
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lower coordinate .by JC and the upper coordinate by JD. The voltage
calculations are carried out first from JL to JU and then from JC to JD
unless JC(I) is zero in which case the calculation from JC to JD is
deleted.

Figure 3 shows a typical layout for a gun showing the points
specified by these matrices.

If these calculations are initially carried out on the V-matrix
the convergence is extremely slow, and many hundreds of passes will be
called for. It was found that if the calculations are first performed
on a "coarse" matrix, i.e,, using only the odd numbered points of the
fine matrix, the computing time could be cut to a small fraction of
that required for the fine matrix alone.

Convergence of the V matrix calculations is found by determining
the number of points where the voltages change by more than some speci-
fiable amount (usually 0.0l percent), when the mumber of such points
falls below a specifiable number (as low as zero) the matrix will be
assumed converged.

Approximate borders for the beam must be specified but it is not
important to the program that these be particularly accurate. The borders
are used by the program to set up an initial distribution on the space-
charge (RHO) matrix. This distribution is reasonably accurate only in
the immediate vicinity of the cathode., It is calculated by extending

Eq. 7 one more step, i.e., using the fact that v =~J2nV to obtain

= J (o) ’ (22)

)
1, be oWV
o i,J
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where Vi,j is from the initial voltage distribution and J is the initial
current density read in from external data. If the beam is convergent
this calculation rapidly becomes inaccurate as one moves away from the
cathode.

The cathode must be flat and parallel with the long dimension of
the V matrix; it also must lie along a row of the voltage matrix., It is
specified by giving the approximate right- and left-hand I coordinates
and the exact location, in scaled units (to be explained below), of the
right- and left-hand edges.

The "electron" trajectory starting points are spaced out along
the cathode in inverse proportion to the current densities along the
cathode. The spacing is widest where the current density is lowest,
the maximum spacing being one matrix square. A meximum of 100 trajec-

tories can be traced.

Cathode current densities are calculated using Child's law,

035 x 10~ v*/?

S (23)
(2Ax)

where V is the voltage at the second matrix point in front of the cathode
and 2Ax is the length of’two matrix squares. This is calculated for each
matrix point along the cathode and the minimum of all these values is the
initial current density assigned to all the trajectories to be traced.

It was found that the current density along the cathode would
fluctuate quite widely during the first few cycles of execution so it
was necessary to use a relaxation procedure on both the total current
density and on the variations.

This relaxation procedure on the current densities along the

cathode consists of comparing the normalized inverse current densities
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with a number which allgws larger and larger variations along the cathode
from cycle to cycle until come maximum allowed variation is reached. On
an initial cycle the maximum permitted variation might be between 0.9
and one, on the second cycle betwen 0.8 and one down to some variation
which could be as much as from 0.1 to one, a ten to one.current density
variation. Both the initial and final current variation limits are
specified in the input data by VARYM and VARY. VARYM will be reduced by
0.1 on each cycle until VARY is reached.

It was also found necessary to average the new and the’previous
current densities, If the new current density were used directly the
program would oscillate strongly above and below the proper solution.

The trajectory starting points are initially laid out along the
cathode starting at the left edge of the cathode and working toward the
right edge, stopping with the electron which falls closest to the right
edge. All the spacings are then expanded (or contracted) so that the
last trajectory lies exactly at the edge of the cathode. The current
density is changed by the same amount (usually less than one or two
percent) to take account of this expansion or contraction.

It was found that the trajectories are not accurate if it is
attempted to compute them in the first matrix square off the cathode
since an initially inaccurate field would have to be used to represent
what should be a four-thirds power curve. To overcome this the tra-
jectory starting points are moved forward to the first matrix point in
front of the cathode and there assigned the proper initial velocity and
direction (see above). This decreases the error (at least in velocity)

from as high as 2.0 percent to less than 0.l percent.
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As mentioned above the second matrix point in front of the cathode
is used to determine the cathode current densities. This is done because
the voltages at the first matrix points are sensitive to fluctuations in
the space charge at these points caused by small shifts in trajectory
starting points. These first matrix point voltages are set using Child's
law, solved for the voltage, and the current densities calculated from
the second matrix point.

The new current densities along the cathode and the trajectory
starting points are printed out for each cycle so that the calculations
can be followed from cycle to cycle.

The trajectories are then traced through the gun. Up to 450 points
can be calculated per trajectory. The trajectories are computed in groups
of five and stored on tape (ITEMP) since there is not enough core space
to store all of them in core at once. At (or DT in the program) should
be selected so that at least one trajectory point is calculated in every
matrix square through which the trajectories may pass.

At the same time that the trajectories are computed the space
charge is computed using Eqs. 10 and 11, Also checks are made for inter-
ception along the electrode described by JU, and new borders (upper and
lower) for the beam are computed.

The new beam borders, which are made up of the outermost coordi-
nates of the trajectories in the beam, are compared with the previous
borders to determine convergence of the program. It has been found that
these borders are very sensitive to changes within the gun and furnich
a very quick check for convergence. These borders are also printed out
after every cycle and furnish a further check on the program progress

from cycle to cycle,
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When the beam borders essentially repeat themselves the results,
the voltages, space-charge densities, and trajectories are all printed
out. If it is desired the voltage and/or the space-charge density matri-
ces can be saved on tape or cards for other uses or a possible restart in

the calculations.

V. DATA REQUIRED

The following is a detailed description of the data required as
input to the program. This data falls into three basic groups. The
first group contains the constants which control the flow, convergence
and scaling of the pfogram. The second group contains the integer matri-
ces which describe the gun geometry. The third group is concerned with
the setting of initial voltages on V matrix electrodes.

The first date group consists of three cards. The information on
these cards control the scaling of the gun on the matrix, the convergence
requirements, some of the program flow and a detailed description of the
cathode.

The first dgta card consists of 1k integers of which only the first
11 are used by the program. These integers are:

1. MM - the maximum number of cycles the program is to be allowed;
this number can vary from 5 to 20, but in general 10 is an adequate number,
2, NM - the maximum number of passes through the coarse voltage
matrix during each field calculation; 100 to 200 is a good range of values

for this number, with 160 the most commonly used value. One fourth
(25-50) of this number of passes are allowed through the fine matrix.
3, NVERRS - the maximum number of "errors" to be allowed in the

coarse matrix at convergence; O to 200 is the usual range of values for
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vthis number, with the number getting smaller as the accuracy desired
increases. One fourth of this number (0-50) will be the number of
errors allowed on the fine matrix,

k. NX - the length (in matrix points) of the voltage matrix to
be used for a particular run; the length can be any value up to 120 but
should be a multiple of 20 for convenience in making up and punching
data.

5. NY - the width of the voltage matrix to be used for this run;
can be any value up to 60.

6. NBMERS - the number of changes allowed in the beam border at
convergence; 0 to 20 is the usual range of values, 5 is a typical value,
smaller values demand a great deal more accuracy from the program.

T. IOTA - controls the saving and restoring of binary data. If
it is 1 (one) no binary data will be read in or printed out; if it is
2 no binary data will be read in but the final voltage and space-charge
matrices will be saved on tape or cards; if it is 3 the two matrices
will be read in and then saved at the end of the run.

8, 9, 10, 11, 1IPQ, IPS, JPQ, JPS - the boundaries of a region of
the V matrix to be multiplied by one half before calculations start;
IPQ is the lower left-hand corner I coordinate of the region; IPS the
lower right-hand corner I coordinate; JPQ the lower left-hand J coordi-
nate and JPS the upper left-hand J coordinate of the region. This is
used in front of the cathode to speed convergence of the field calcula-
tions,

The remaining numbers on this card are not used and can be left

blank,
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The second data. card consists of 7 floating point numbers which
control initial conditions, scaling, and eonvergence requirements for
the gun being analyzed.

1, SZERO - the expected current density from the cathode in amperes
per square meter, the closer this is to the actual value the faster the
convergence ; however, an error of 2 or 3 times the final result will be
quickly corrected by the program. Excessive error could give rise to
impossible conditions and result in early termination of the program.

o, VSCALE - the scaling voltage (in volts) for the gun, normally
the highest actual voltage in the gun. All other voltages read in or
printed out will be normalized to this value.

3, BMAG - the magnetic field strength in webers per square meter.

4, DX - the length of one matrix square in scaled units (see below).

5. XSCALE - the length (in meters) in the gun which will correspond
to 1.0 in scaled (all data read in or printed out) units., This can
usually be chosen such that material printed out will be in "nice" units,
e.g., XSCAIE = 0.00254, 1.0 units = 0.1 inch.

6. DT - the time increment for the trajectory calculation, chosen
so that at least one‘trajectory point will be computed in each matrix
square that the trajectory passes through. This can be found using

DX - XSCALE
o~ X - XSCA (oh)

5.9% x 105 N VSCAIE

T. EPSV - the convergence requirement for the voltage matrix cal-
culation; a good value for this is 10_4. EPSV is the largest change that
can take place between succeeding values of V at convergence (in unscaled

units thie chanee is FPSV. VACATE) .
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The third card describes the cathode geometry, it contains 2
integers and L fléating point numbers.

1. IL - the first matrix point number (I coordinate) to the cathode's
left, not necessarily the nearest matrix point,

2. IR - the I coordinate nearest the right-hand side of the cathode.

3, XLFT - the exact position (in scaled units) of the left-hand
edge of the cathode; note that this does not necessarily have to corres-
pond to the position of a matrix point. If this does happen to fall on
a matrix point (i.e., IL = 21, DX = 0.1, XLFT = 2.0) it méy be necessary
to make XIFT a little larger to take care of the round-off error in the
computer (i.e., XILFT = 2,00001).

Lk, XRT - the exact right-hand edge (in scaled units) of the cathode.

5. VARYM - the largest variation to be allowed in the current
density across the cathode. This is used principally during the first
few execution cycles to prevent unusual variations in current density
along the cathode., Typical values for this are between 0.3 and 0.7, with
smaller numbers permitting larger variations in current density.

6. VARY - the initial variation to be allowed in the current den-
sities across the cathode. This number will be reduced by 0.1 on each
cycle until the value for VARYM is reached. It should start at 1.0 or
0.9 for most guns.

The second data group consists of 6 integer matrices used to
describe the gun geometry on the V matrix. All of these are read by a
2013 format and this is the prime reason it is desirable to make NX a
multiple of 20.

In order to select these points properly it is first necessary to

lay out the gun to be analyzed on graph paper. For this purpose the gun
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must be accurately drawg on paper at least 120 squares long by 60 squares
wide, if the full matrix is to be used. The points selected are those
closest to the line to be represented, only the cathode must lie exactly
on a matrix row. In general it is not necessary to modify voltages at
matrix points which do not fall exactly on the gun geomefry, although in
some cases it may be desirable to modify the voltages in the immediate
vicinity of the cathode to compensate for the approximation.

The first matrix to be read in is JL (J lower), the lower anode
J coordinates; this includes the cathode, sole and cathode focﬁsing
anodes., These values are read serially across the V matrix from I =1
to NX (up to a maximum of 120), remembering that the matrix begins at
1,1 and not 0,0 in the lower left-hand corner,

Figure 3 shows a sample geometry for a possible crossed-field
gun., The matrix JL consists of the J coordinates along A-B-C-D and E-F.

The second matrix, JU (J upper), is made up of the J coordinate
directly above JL. There must also be NX of these points as there was
for JL. In Fig. 3 JU is made up of the points from G to H and X to L.

Since crossed-field gun geometries are usually quite simple, these
two matrices will frequently be sufficient to describe the gun layout on
the matrix. However, for some geometries such as in Fig. 3 there will
be small region(s) such as NPKM where it will be desirable to compute the
fields. The following two matrices permit these calculations.

The matrix JC describes the lower limit to any such region. In
this case (Fig. 3) JC would be zero at all points except those along N-P,
The upper limit of this region is described by JD which would also be

zero except between M-K.
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Both of these matrices should be zero at all points (1 to NX)
where no calculations are desired. Calculations are made between these
two matrices only where they are not zero.

The last two matrices describe approximate borders for the
expected beam. The top beam border (JBU) is described by the dashed
line B-Q-R in Fig. 3. The matrix will be zero from A to B. The bottom
beam border (JBL) is described by the lines B-C-S-T in Fig. 3. This
matrix is also zero from A to B,

These borders do not have to be accurate. They ére used for
two puposes. TFirst, they are used in setting up an approximate space-
charge distribution on the RHO matrix by the method described earlier.
The second use is in determining the convergence of the program. After
each cycle the new border is compared with the previous one, and then
the new border replaces the previous one so that these matrices change
from cycle to cycle.

The above 6 matrices are usually sufficient to describe the gun
geometry on the voltage matrix.

At this point it is possible to read in any previous results
(the V and RHO matrices) from binary cards or & binary save tape, This
ability to restore data is especially useful if it is desired to make
several runs with only slight variations in the geometry or other para-
meters. If multiple runs are not expected the save data routines can
be deleted.

The third major data group sets the normalized voltages of anodes
on the V matrix. This is done after the binary matrix (if any) is read
in so that it is possible to make changes in the geometry from run to run.

Three different methods of setting these voltages will be described.
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Since most of the geometry can be described by the matrices JL,
JU, JC and JD, it is possible to set most of the anode voltages using
information from them, To do this it is noted that surfaces such as G-H
in Fig. 3 are unipotential, so that it is sufficient to specify the
voltage to be set on it and beginning and end I coordinates for this
anode. The voltage can then be stored at the matrix points V(I,JU[I])

(i.e., V ). Up to three different voltages can be set along the surfaces

i,Jju,
described bleL. Since the regions described by JC and JD are small only
one voltage can be set along these surfaces by this method. |

A total of eight voltages can be set by this method; 3 along JU,
3 along JL, one along JC and one along JD. Any other points along the
anodes must be set by one of the following two methods.

Since most of the voltages along horizontal and sloping surfaces
can be set'by the above method most of the remaining voltages to be set
lie along vertical lines. Each card in this group has the lower and
upper limits of J, the column I and the é normalized voltages to be
stored, all in a 3IL,6E10.3 format. Note that lower to upper limits on
J must describe exactly 6 points and at least one card must be read by
this method. The number of cards to be read by this method is set by
the first card in this group.

The last data set common to all three programs permits the storage
of voltages at individual points on the voltage matrix., The number of
points to be set is punched in the first card in an IL format. All the
following cards have the I,J coordinates and the (normalized) value to
be stored at that point on the voltage matrix, arranged in a 2oLL,Flo.k
format. Note that at least one point must be read.

Since it is necessary to carry out the initial field calculations

on the coarse (odd-numbered terms) matrix, sometimes points just off the
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useful part of thg voltage matrix will be used. An example of such a
point is seen in Fig, 3 at I =55, J = 45, When the voltage calculations
are made in column 57 odd-numbered points in column 55 will be used. In
some cases (J = 3,5,T7 ... 13; I = 55) these numbers will already be prop-
erly set (i.e., zero), but at J = 45 the voltage on this anode should be
0.25. Thus it is necessary to watch quite closely for such points as
failure to assign the proper value can considerably slow the program
convergence,

A more detailed development of the data required for the gun of

Fig. 3 is shown in Appendix II.

VI. RESULTS

_ Results obtained with the program have been in general agreement
with experimental and Poisson Celll results. Due to the lack of detailed
theoretical and/or experimental information about crossed-field guns it
is difficult to say Jjust how good the agreement may be.

Individual sections of the program have been found capable of
producing results within 0.1 percent of theoretical results and in some
cases the agreemeht is within 0.01 percent, It is difficult to estimate
the overall accuracy of thé program but agreement with experiment within
5 percent should be obtainable.

The following figures show the results for a typical computer run.
The final results and also the cycle by cycle changes are presented for
the run.,

Figure 4 shows the final set of trajectories for this gun. The
gun itself is arforeshorted Kino gun designed from the theoretical curves

of Kino . The severe crossing of trajectories seen in this figure has
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been typical for ﬁhe guns designed from these curves and analyzed by the
program. Methods of improving the design will be discussed below.

The step by step variations of the current densities along the
cathode are presented in Fig. 5. The general shape of this distribution
is evident from the first cycle. By the fourth cycle the distribution
has essentially reached its final form and changes by less than 4 percent
at any point over the last two cycles. Cycles 5 and 6 have been combined
with the x's representing the results from the sixth cycle. The current
density over most of the cathode is seen to be higher thén Kino's theo-
retical current density.

Figure 6 presents a summary of all the passes through the voltage
matrix, A total of 230 passes through the coarse (odd-numbered terms)
matrix and 152 passes through the fine matrix were required during execu-
tion. The number of passes on each cycle falls quite rapidly during the
first few cycles and then levels off to between 22 and 25 passes through
both the fine and coarse matrices over the last 3 cycles. This tendency
has been typical for most of the designs that have been run on the com-
puter, although the exact number of passes required for the later cycles
will vary from as low as five to as high as 30. Figures Ta and Tb
summarize this general rgsult.

Figures Tc and T7d present the relative changes in the beam borders
on each cycle, The dots represent the total change in these borders on
each cycle and the crosses represent the number of points at which the
borders changed, Both of the quantities being equal, as they are on the
last four cycles, indicates that the program is very near convergence
by the third cycle and it probably would have been desirable to be a

little more liberal on the convergence requirements,
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The run described above is fairly typical for this program.
However, some comménts as to what may happen under different circum-
stances should be made. In general it has been found that the more
poorly designed guns (those with excessive trajectory crossing) take
longer to converge. Also, guns with larger cathodeé (with respect to the
matrix) tend to take more cycles to converge. On the other hand, a gun
design producing a laminar beam will tend to converge faster,

A Kino gun for which some experimental data is available is
presented in Fig. 8. The current distribution in the gunvregion seems
to follow that implied by the photograph presented by Midford and KinoZ,
Their photograph shows that the emission from the back of the cathode is
appreciably less than for the center and front regions. The computed
current densities along the cathode are shown directly above the cathode
in Fig. 8. Midford and Kino were able to improve this beam by tilting
the gun forward 4 degrees and manipulating the drift space electrode
voltages. They noted that the top of the beam appeared to be fairly
stable while the bottom edge would ripple under some conditions. The
computer results show strong cycloiding within the beam which results in
the somewhat ragged lower edge.

The program results indicate a current of about 123 ma from the
gun which is slightly highér than that of the experimental device.

An attempt was made to modify this design in order to obtain a
better beam., The result of these modifications is shown in Fig. 9. It
was necessary to change the shape of the first anode and in effect
increase the emission from the rear of the cathode. The focusing anode
in front of the cathode has also been lowered slightly. It has been

found that the current density variations across the cathode can be
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controlled to a large extent by modifications of these cathode focusing
anodes, Preliminary results suggest that the rear cathode focusing
electrode should be closer to the Pierce angle (22.5 degrees from the
horizontal).

At right the beam is beginning to ripple and further study of
the drift space potentials is needed. Apparently a stronger focusing
field is needed,

Figure 10 illustrates the effect of moving the cathode focusing
electrodes back too far. A simple planar geometry for which ﬁhe data
is developed in Appendix II is shown. The trajectories from the back
of the cathode rise well above the front trajectories although the front
trajectories are pushed so far forward that they soon start cycloiding.

The space charge has also caused the zero equipotential to move
around the‘corner of the lower electrode toward the cathode. If the
cathode is made wider or moved closer to the corner the equipotential
will rapidly move closer to the cathode.

The current density distribution across the cathode is shown
directly below the cathode.

In Fig. 11 ramp electrodes have been added in front and in back
of the cathode. The trajectories now show a substantially laminar beam
through the gun and transition regions, but crossing still exists in the
drift space. It should be noted that the magnetic field strength was
reduced to 140 gauss for this gun.

The cathode current density distribution is also seen to be
substantially improved. The current density variations have been reduced
from nearly 90 percent in Fig. 10 to less than 20 percent in Fig. 1l.
This variation probably could be reduced still further by sloping the

upper anode down to the right.



-36-

* RUTLHANOHD YVNVId HIdWIS 04 SNOTLVIMVA XLISNHA INHMHYND HAOHLVD ANV SHIHOLOHLVEL OT

“DIdg

(ww) A

(ww) X
2 22 02 8| 9l vl 2l ol 8 174
T T T T T T T 0 0 o
SHOA §227=A NOILNSIN1SIA 19° 5
ALISN3IQ IN3YYND 3JAOHLVO {200 \DI_.um
{eo00 .w Z
{roo S o
m
{00 w.,...NbL 2
0=A {900 35
— E:
joyusjodinb3 4oA O
N\
- 1"
— — 1
—
/
//
/lthMﬂwr, ~ 19
////Il\\\\
/ ssnob 09|=9
48
joyuajodinb3 JjoA 0G2
SHOA 0G2=A
40l
S}OA - G29=A
2l




-57-

* IMIANOMD YVNVIA TYNIDIMO A0 NOISHHA THAOHIWI ¥O4 SNOILVINVA XLISNHA

INTRIND HAOHLYD NV SHIHOLOHCLVEL TT “OId

(ww) X
9l vl 21 ol 8 9 b
T T T T T 2
0G'22
Hb
=<
3
3
o &
2
410°0 M 49
{200
o
02
H{eo0 5
— |
ssnob Opi-=g v0'0 <
NOILNGIYLSIA ALISN3A 5
1N3¥YND 3A0HLVD 3
w
o -8
wz
0S2=A
ol




VII. CONCLUSIONS

A digital program for the analysis of crossed-field electron guns
has been developed for use on a large-scale digital computer. It is writ-
ten in the IBM 7090 FORTRAN programming system and requires less than 10
minutes on an IBM 7090 for execution. The program determines voltage and
space-charge distributions, cathode current densities, and then beam shape.

The results have been in general agreement with experimental results.
Agreement within 5 percent of experiment should be easily‘attainable.

The program has shown itself to be a very quick and accurate method

of determining the feasibility of any gun design.
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APPENDIX I. LISTING OF CEMFEG

The following pages contain a listing of the digital computer

program CEMFEG (for Crossed Electric and Magnetic Field Electron Gun).
The program as shown is sét up to run under The University of Michigean
Executive System and some minor modifications would have to be made to
run this under the FORTRAN monitor or other systems. Some subroutines
(e.g., FTRAP, ERROR) would not be needed and the calls for some of the
others (e.g., SQRT, ELOG, etc.) would have to have a final F added to them.

The subroutines RDCHK and WRCHK, which read and punch binary cards,
are presented in Appendix III. It may be desirable to replace the calls
for these by tape reading and writing routines for data saving purposes.

Tape numbers are set on the first page of the listing, IIN is the
input tape, IOUT is the output tape, ITEMP is the temporary storage tape
for the trajectories, and ISAVE can be used as the binary "save" tape.

To modify the program for different size or shape matrices only
cards on the first page of the program listing need be changed., If the
matrix shape is changed the dimension statements must be changed.

The matrix éonstants are NVR, the number of points in the voltage
and space-charge matrices; NTRPT, the number of points in each group of 5
trajectories; NTRA, the maximum number of trajectories; and NXY, one less

than the maximum length of any trajectory.
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$ EXECUTEs FULL DUMPy 1/0 DUMP

$COMPILE FORTRANsPUNCH OBJECTsPRINT OBJECT CMFGCOO01
C
C CROSSED ELECTRIC: IND MAGNETIC FIELD ELECTRON GUN
C - -
C
C ( CEMFEG2D) NONUNIFORM ELECTRON BEAM PROGRAM
C
C PROGRAMED BY Je Ee BOERS s THE UNIVERSITY OF MICHIGAN
C :
C FH KR HHRHR IR K HHH R HH R HHH R MM R R HHHH KN H AR HHHRHH
C
C MATRIX DIMENSIONS
C |
DIMENSION V(120+60)s RHO(120960)s X(59450)s Y(5+450)
C
DIMENSION JL(120)y JU(120)s JC(120)s JD(120)s JBU(120)s JBL(120)>
1 NBU(120)y NBL(120) '
C
DIMENSION CM(120)s XLOC(100)s YLOC(100)s XDOT(100)s YDOT(100)
C
DIMENSION NOERRS(200)s ERRR(100)
C
C 33 3 K330 I 3 H M H B K K KK N KRR NN K
C
C MATRIX MANIPULATION CONSTANTS
C
NVR=7200
NTRPT=2250
NTRA=100
NXY=449
C
CALL FTRAP(0)
C
C TAPE NUMBERS
C

NN

ISAVE=2
[IN=7
I0UT=6
[TEMP=3



OO N

(@)

5
1

10

20

25
1

30

35

37

38

1

1

=4]-

INPUT DATA

READ INPUT TAPE I2Ns10059sMMyNMyNVERRSsNXsNY sNBMERSsIOTASIPQyIPS,
JPQsJPSs IOTABy IOTAC IOTADSSZERO9VSCALE sBMAGsDX s XSCALESDT9EPSV sBE

READ INPUT TAPE TINs10259ILsIRsXLFT ¢ XRTsVARYMsVARY

REWIND ITEMP
SENSE LIGHT 0

DO 10 I=1sNVR
V(I)=000
RHO(1)=0e0
IF(IOTA=-2)25925420

CALL RDCHK(VsNVR)
CALL RDCHK(RHOsNVR)

READ INPUT TAPE TINs1020s(JL(I)sI=1sNX)s(JU(T)sI=1eNX)» (JC(I)sI=1>
NX) s (UDCI) o T=19NX) s (JBUCI)9I=19sNX) 9 (JBL(I)9I=1sNX)

DO 30 K=1,3
READ INPUT TAPE IIN 5s1025sILOWs IHIGHsVSET

DO 30 I=ILOWsIHIGH

J = Jull)
VIIsJ) = VSET
DO 35 K=143

READ INPUT TAPE TINs10259ILOWsIHIGHsVSET

DO 35 I=ILOWsIHIGH
J = JL(D)
VIIsJ) = VSET

READ INPUT TAPE TIN»1025sILOWsIHIGHsVSET
DO 37 I=ILOWy IHIGH

J=JC(1)

V(IsJ)=VSET

READ INPUT TAPE IINs1025sILOWsIHIGHsVSET
DO 38 I=ILOWsIHIGH

J=JD(I)

VIIsJ)=VSET

WRITE OUTPUT TAPE IOUTs1030sXSCALEsDX9sVSCALESSZEROSBMAGsDT s (JU(T )
I=19NX)

WRITE OUTPUT TAPE I0OUT»10359(JL(I)9I=19NX)

READ INPUT TAPE I9Ns10459JJJs ((LLsLUIIs(VIIIsJJ) sJJ=LLsLU))sI=1
yJJJ)

READ INPUT TAPE TINs1050sJJJs( (1T 9JJs (V(IIsJJ)e)sI=19sJJJ))
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CCNSTANTS

M=0

N2VERS=NVERRS /74

NMM=NM/ &4

IR1=1R-1

NX1=NX-1

NX2=NX1-1

DXI=140/DX

XLFT=XLFT/DX

XRT=XRT/DX

G=VSCALE/ (XSCALE*XSCALE)

CONST=G*1e759E11%DT*DT/DX

Z=BMAG*DT*14759E11

27 = [*L

ZZ1 = 1e0=22/440

ZZ11 = 1e0/(1e0+2Z/440)

202 = 72/240 :

ECCO = 2433E~6%VSCALE*SQRT(VSCALE) / (DX¥DX*¥XSCALE*XSCALE)
ECCO=ECCO*0425

SRHA=DX#DX*XSCALE*XSCALE*SZERO/ (4e%8¢854E~12%SQRT(2e¢0%1e759E11%VSC
1ALE) ®¥VSCALE)

SCALE=5¢93E5#EXP (ELOG(XSCALE*XSCALE/2e33E-6)/340)/XSCALE
THTCON=(3414159%BMAG/0e36) ¥ (3e31E~4+DX*XSCALE)/5408E~4
YZR=(DX¥XSCALE=1e27E~4)/127E~4
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15

39

45

46

48
49
50

55

56

=43

SET INITIAL FIELD VALUES

IF(IOTA=2)15915460
DO 39 I=ILsIR
JLIT)=JL(T1)+1
J=JL(l)

V(I9J)=EXP(2¢0%(ELOG(SZERO/ (ECCO*¥440)))/340)

DO 45 I=14NX

JLI=JL(I)

Al=JLI

JUI=JU(I)

AUAL=JUTI-JLI
VDIF=(V(I4JUI)=V(TIsJLI))/AUAL
DO 45 J=JLIsJUI

VIIsJ)=V(IsJLI)+VDIF*(FLOATF (J)~AL)

CONTINUE

DO 49 I=1,NX
[F(JC(I))499494946
JUl=JD(I)-1
JLI=JC(I)+1
AL=JLI+1
AUAL=JUI-JLI+2

VDIF=(V(IsJUI+1)=V(IsJLI-1))/AUAL

DO 48 J=JLIsJUI

VIIeJ)=V(IsJLI-1)+VDIF*(FLOAT=(J)-AL)

CONTINUE

20 55 I=1IPQsIPS

DO 55 J=JPQsJPS
VIIsJ) = 0e5%V(IsJ)

SET SPACE CHARGE

DO 58 I1=1,sNX
IF(JBU(I))58458456
JBUI=JBU(TI)

JBLI=JUBL(I)+1

DO 57 J=JBLIsJBUI
RHO(19J)=SRHA/SQRT(V(IsJ))
CCNTINUE

CONTINUE

(I0TA=1)



N O NN

“Yhe
COARSE FIELD CALCULATION

60 N =0
65 NERRS = 0
DO 105 I=1sNX»s2
JLI=2¥(JL(1)/2)+3
JUI=JU(T)=-2
DO 105 J=JLIsJUIs2
IF (I=1)75970+75
70 VNU = (V(I9J+2)+V(IsJ=2))*%0e5
GO TO 90
75 IF(NX1-1)80+85480
80 VNU=(V(IsJ+2)4V(I 29J)1+V(I=2sJ)+V(I9J=2))%0e25=4¢0*RHO(IJ)
GO TO 90
85 VNU = (V(IsJ)+V(I=29J)+V(I19J=2)4V(I9J+2))%¥0e25-RHO(I9sJ) %40

90 IF (ABSF(VNU=V(I,J))-EPSV)100+95,95
95 NERRS = NERRS +1

100 VI(IsJ) = VNU

105 CONTINUE

N = N+1
NOERRS(N) = NERRS
IF (N~NM) 1109110s115
110 IF (NERRS=N2VERS) 115965965
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115

120

125

130
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FILL IN INTERMEDIATE POINTS FOR THE FINE FIELD CALCULATION

DO 120 I=19NXs?2

JLI = 2% ((JL(1)+2)/2)
JUI=JU(I)=1

DO 120 J=JLIsJUIs2

VIIsJd) = (V(IeJ=1)+V(IsJ+1))*0e5
DO 125 [=29NX242

JLI=JL(I)+1

JUuI=Ju(l)-1

DO 125 J=JLIlsJUI

VIIsJd) = (VII=19J)+V(I+19J))*0e5
JLI=JLINX )+1

JUI=JUINX -1

DO 1320 J=JLIyJUl

VINXeJ) = VINX=1sJ)

WRITE OUTPUT TAPE IOUT»1055s (NOERRS(I)sI=19sN)
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46
FINE MATRIX CALCULATION

135 N = 0
140 NERRS = 0
DO 180 I=1sNX
JLI=JL(I)+1
JUI=JUu(I)=1
DO 180 J=JLIsJUI
IF(I-1)15091454150
145 VNU=(V(IsJ+1)4V(I9J=1))%0e5
GO TO 165
150 IF (NX-I) 15591605155
155 VNU=(V(I+19J)+V(TeJ+1)1+VII=19J)+V(I9J=1))%0e25-RHO(IsJ)
GC TO 165
160 VNU = (V(IsJ+1)+V(I=19J)+VI(IsJ)+V(I9sJ-1))%0e25-RHO(IJ)
165 IF (ABSF(V(IsJ)=VNUI-EPSV)175+170s170
170 NERRS = NERRS+1
175 V(IsJ) = VNU
18C CONTINUE

DO 1180 I=1sNX
IF (JC(I)) 11805118Cs1144
1144 JLTI=JC(I)+1
JUI=JD(I1)=-1
DO1175 J=JLIsJUI
IF(I-1)11505114541150
1145 VNU=(V(IsJ+1)+V(I9sJ=1))%0e5
GO TO1165
1150 IF(NX=1)11559116051155
1155 VNUS(V(I+19J)+V(IsJ+1)+V(I=19J)+V(IsJ=1))%0e25=-RHO(IJ)
GO TO 1165
1160 VNU=(V(IsJ+1)+V(I9J-1))*0e5=-RHO(IsJ)
1165 IF (ABSF(V(IsJ)=-VNU)-EPSV)11755117051170
1170 NERRS=NERRS+1
1175 V(IsJ)=VNU
1180 CONTINUE

N=N+1
NOERRS(N )=NERRS
IF(N-NMM) 185918545190
185 IF (NERRS=-NVERRS) 19051409140

190 WRITE OUTPUT TAPE IOUT;lbéO,(NOERRS(I)9I=19N)
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410
415

420

425
427
428
430
435
440

445
450

455

460

465

470

475
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NEW CURRENT DENSITIES

DO 400 I=1sNX

CM(1)=0.0

DO 405 I=1ILsIR

J=JL(I)+1
CM{I)=ECCO*V(IsJ)*SQRT(V(IsJ))

WRITZ OUTPUT TAPE I10UTs1010s(CM(I)yI=19sNX)

CMIN=CM(IR)

DO 415 I=1ILsIR
IF(CMIN=-CM(I))415+4159410
CMIN=CM(I)

CONTINUE

DO 420 I=ILsIR
CM(T)=CMIN/CM(I)

CHECK FOR LARGE CURRENT VARIATIONS

IF(SENSE LIGHT 1)4259427
SENSE LIGHT 2

IF (VARY-VARYM) 430443049428
VARY=VARY=0s1

DO 440 J=ILsIR
IF(CM(J)=VARY 143594409440
CM(J)=VARY

SENSE LIGHT 1

CONTINUE

IF(SENSE LIGHT 2)4459455
IF (SENSE LIGHT 1)4509455
SENSE LIGHT 2

NEW X STARTING POINTS

XLOC=XLFT

1=2

DO 475 J=1ILsIR1
XLOC(I)=XLOC(I-1)+CM(J)

I=1+1
IF(XFIXF(XLOC(I=1))=J+1)4609460+465
IF(XLOC(I=1)=XRT-CM(IR1)%¥0e5)47544709470
I=1-1

GO TC 465

CONTINUZ

NOEL=1-1
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DO N

C
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CHECK FOR LARGE CURRENT CHANGE

IF(SENSE LIGHT 3)4809485
480 SENSE LIGHT 4
485 IF(CMIN-SZERO/VARYM)495494959490
490 CMIN=SZERO#*(1¢0+V1IRYM)/(0e5+VARYM)
GO TO 505
495 IF(CMIN-SZERO*VARYM)500+5109510
500 CMIN=SZERO*(0e5+VARYM)/(1e0+VARYM)
505 SENSE LIGHT 3
510 IF(SENSE LIGHT 4)5155525
515 IF(SENSE LIGHT 3)5204+525
520 SENSE LIGHT 4

SET NEW VELOCITIES AND STARTING POINTS

525 DXN=(XRT-XLOC)*DX/ (XLOC(NOEL)=XLOC)
CMIN=(XRT=XLOC) #*CMIN/ (XLOC(NOEL)-XLOC)
SZERO=(SZERO+CMIN) *¥0e5
RHOA=DT *DX*DX#XSCALE*SZERO /(440%8¢854E-12%VSCALE)
XLOC=XLOC*DX
DO 530 I=2sNOEL

530 XLOC(I)=XLOC+(XLOC(I)=XLFT)*DXN

DO 535 I=ILsIR
J=JL (1)
535 VI(IsJ)=EXP(2¢0#(ELOG(SZERO /(ECCO*CM(I)%*440)))/360)

WRITE OUTPUT TAPE IOUTs11009SZEROs (XLOC(I)sI=1sNOEL)

DO 540 K=1sNOEL
[=XFIXF(XLOC(K)*DXI)+1
THT=THTCON/(0e46+0¢4E-4*¥SZERQ/CM(I))
VEL=SCALE*EXP (CLOG(DX*¥DX*SZERQO/CM(1))/340)
S1=SZERQO/CM(1)
S2=51%%2
XLOC(K)=XLOC(K)+DX*BMAG* (2e9E-8%52-6¢6E-4%S51+112)%(140+(0s418E~-8%S
12-0e48E~4#%51406455) ¥YZR)
YDOT(K)=VEL*COS(THT)
YLOC(K)=DX*#FLOATF(JL(I)=1)~1e01*%¥YDOT(K)*DT
540 XDOT(K)=VEL*SIN(THT)
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COMPUTE NEW TRAJECTORIES

DO 195 I=1sNVR
195 RHO(I)=040

DO 197 I=1,NX

NBUCI) = 0
197 NBL(I)=NY

DO 199 I=1»IL
199 NBL(I) =0

200 DO 205 sNTRPT
205 Y(I) =
210 DO 270 L
LL=LL+1
X(Ls1)=XLOC(LL)
Y(Lel)=YLOC(LL)
X(L92)=X(Ls1)+XDOT(LL)*DT
Y(Ls2)=Y(Lol)+YDOT(LL)*DT
I = 1+XFIXF(X(L92)%DXI)
J = 1+4XFIXF(Y(Ls2)%DXI)
I1=1
J1=J
DO 250 K=2sNXY
I=11
J=J1
IF (J=JU(T1)) 21542559255

215 EX = (VI sJ)+VI(IsJ+1)=V(I+19J)-V(I+19J+1))*0e5%¥CONST
EY = (V(Ied)4+VII+19J)=VI(IsJ+1)=V(I4+19J+1))*¥0e5%CONST
X(LoK+1) = (X(LoK)+X(LoK)~ZZ1¥X(LsK=1)+Z*(Y(LsK)=Y(LsK-1))-(EX+202
1 *EY))®ZZ11
Y(LsoK+1) = (Y(LoK)+Y (LK) =ZZI1¥Y(LsK=-1)=Z¥(X(LyK)=X(LsK=1))=(EY=Z202

I*EX))*ZZ11

Il
J1

1+XFIXFOX(LsK+1)*DXI)
I+XFIXFOY(LoK+1)%DXI1)



AN

220

225
23C
235

240

242

243

245
246
247
248
249

250

255
260
265
270
275

280

IF (I1-1) 22
DELX = X(LsK
DELXSQ = DEL
DELY=Y(LsK+1
DELYSQ=DELY*
VSQ=DELXSQ+D
SINESQ=DELXS
RHA=RHOA*SIN
Al=J1-1

RAT=Y(LsK+1)
RHO(I1sJ1+1)
RHC(I1sJ1)=R

IF (J1-J) 23
IF (I1-1) 24
DELX = X(LsK
DELXSQ=DELX*
DELY=Y(LsK+1
DELYSG=DELY*
VSQ=DELXSQ+D
Cc0ssQ = DELY
RHA=RHCA*COS
Al=11-1
RAT=X(LsK+1)
IF (J1-J) 24
RHO(TI1sJ1+1)
RHO(I1+1sJ1+
GO . TO 245
RHO(TI1+41sJ1)
RHO(I1sJ1)=R
IF(NEU(I1)=-J
NbU(T1)=J1
IF(NBL(I1)=-J
NBL(I1)=J1+1
CONTINUE

IF (I1-NX) 2
CONTINUE

K = NXY

IF (NPTT=K)
NPTT = K

IF (LL-NOEL)
CONTINUE
WRITE TAPE 1
IF (LL=-NOEL)
REWIND ITEMP

-50~
COMPUTE NEW SPACE CHARGE

092254220
+1)=X(L9K)
X*¥DELX

) =Y (LK)

Ly

ELYSQ
Q/VSG
ESQ/SQRTIVSQ)

MDXT-=-A1
=RAT*RHA+RHO(I1sJ1+1)
+A%(1e0=RAT)+RFEO(I15J1)

092454230
09235452490
+1)=X(LsK)
DELX
) =Y (L oK)
DELY
ELYSQ
SQ/VSG
SQ/SART(VSQA)
MDXT-A1
292424243
= RHA#(1e0=RAT)+RHO(I19J1+1)
1) = RHA¥RATH+RHO(I1+1sJ1+1)
=RHA#RAT+RHO(I1+19J1)
+A% (160-RAT)+RHO(I1sJ1)
1124692479247

1)24992494248
5092559255

26092659265

27002759275

TEMP o (X(1)9I=1sNTRPT) s (Y(I)sI=1sNTRPT)

20092805280
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305

310

SNANS!

315
320

325

330

335
340

345
350
355
36¢C

365

370

NET =
NTET =
NEB =
NTEB =

DO 340 I=1sNX

0
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CHECK BEAM BORDERS FOR CONVERGENCE

IF(NBU(I)=JBU(I1))305+320+310
NTET=NTET+JBU(I)=NBUI(T)

GO TO

315

NTET=NTET+NBU(I)=JBU(T)

NET =
JBU(I)

NET+1

= NBU(I)

IF(NBL(I)=JBL(1))3259340+330
NTEB=NTEB+JBL (I)~NBL(I)

GO0 TO
NTEB =
NEB =
JBLI(I)

M=M+1

IF (M-

WRITE

WRITE

GO TO

WRITE

WRITE

IF (M=

335

NTEB+NBL(T)=-JBL (1)

NEB+1

= NBL(I)

TEST FOR CONVERGENCE

MM) 345493704370

IF(NET-NBMERS)3509350,5370
I[F (NEB-NBMERS 35593554370
I[F(NTET-NBMERS)360943605370
IF(NTEB-NBMERS) 36593655370

OUTPUT

OUTPUT

375

OUTPUT

OUTPUT

TAPE

TAPE

TAPE

TAPE

IOUT 91085 9sMsMMINTET sNETs (JBUCI) s I=14NX)

IOUTs1090sNTEBsNEBs (JBL(I)sI=19sNX)

IOUT91095sMsNTET9NET s (JBU(I) 9 1=1sNX)

IOUTs1090sNTEBNEB s (UBL(I)sI=1sNX)

MM) 6093759375
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375

376

377

380

385
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PRINT RESULTS
SAVE V AND RHO MATRICES

IF(IOTA=2)3779376+376

CALL WRCHK(VsNVR)
CALL WRCHK (RHOsNVR)

WRITE QUTPUT TAPE I0UTs1GC65s(V(I)seI=19NVR)
WRITE OUTPUT TAPE IOUTs1070s(RHO(I)sI=1sNVR)

NPTT=5 *NPTT+5
K=1

READ TAPE ITEMPs(X(I)sI=1sNTRPT)s(Y(I)sI=1sNTRPT)
WRITE OUTPUT TAPE I0UTs1075sK s (X(I)sY(I)sI=1sNPTT)

K=K+5
IF(K-NOEL)380+38045385

WRITE OUTPUT TAPE IOUT»1080
CALL ERROR

GO TO 5
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C
C FORMATS
C

10065 FORMAT(1414/8E942)
C
1010 FORMAT(/1H1////745Xs31HCURRENT DENSITIES ALONG CATHODE///(10F1243/
1))

C

1020 FORMAT ((2013))
C

1025 FORMAT(21494F1245)
C

1030 FORMAT(/1H1/1H=/41Xs37HCROSSED FIELD ELECTRON GUN SIMULATION////77
155X 9 10HPARAMETERS/////20X s 8HXSCALE =9E12e5944X94HDX =9E1245///20X>
28HVSCALE =9F10e1943X9sTHJZERO =91PE12e4///20X3HB =0PF10e¢8951X94HDT =y

3=91PE12e4/////46Xs2THANODE COORDINATES = JU(I)///(10X101345X5101
4395X51013/))
C
1035 FORMAT(/////50Xs20HSOLE ANODE - JL(I)///(10X10I355Xs101355X51013
1/7))
C
1045 FORMAT(I4/(31446E1045))
C
1050 FORMAT (I14/(2149F12e4))
C

1055 FORMAT(/1H1/1H=//44Xs31HCONVERGENCE RATES (COARSE GRID)///(2016/))
C

1060 FORMAT(/1H6945X 9 29HCONVERGENCE RATES (FINE GRID)///(2016/7))
C

1065 FORMAT (1H1///53X914HVOLTAGE MATRIX//////7(10E125))

1070 FORMAT (/1H1///55Xs10HRHO MATRIX//////(10E12e5))
C
1075 FORMAT (/1H1///77756XsTHX AND Y////43X9s16HFOR ELECTRONS N=912914H T
1HROUGH N=N+4//7//14Xs1HXs19Xs 1HY 319X s 1HX s 19X s 1HY 919X s 1HX 19X 1HY///
2(6E20e8/2X94E2048))
C
1080 FORMAT(/1H1/1Xs119(1H*)/61XsTHTHE END)
C
1085 FORMAT (1H1/1H=/45Xs5HAFTERsI2914H OF A POSSIBLEsI2s7H CYCLES////2
13X+s20HTHERE ARE A TOTAL OF sI4s11H CHANGES IN sI4935H LOCATIONS IN
2 THE UPPER BEAM BORDER///10Xs3HJBU///(10Xs101395X9s101395X91013/))
C
1090 FORMAT(/1H6 /23Xs20HTHERE ARE A TOTAL OFsI4s11H CHANGES INsI4&4s35H
1 LOCATIONS IN THE LOWER BEAM BORDER///10Xs3HJBL///(10Xs101345Xs101I
23+95X1013/))
C
1095 FORMAT (1H1/1H=/53Xs5HAFTERsI297H CYCLES////23X920HTHERE ARE A TOTA
1AL OF s14911H CHANGES IN T4935H LOCATIONS IN THE UPPER BEAM BORDER/
2/10X93HJIBU///(10Xs101395X9101395X910137))
C
1100 FORMAT(////743X9s34HTHE NEW MINIMUM CURRENT DENSITY 15//50Xs7HJZERO
1=9F12e5//4T7X926HTRAJECTORY STARTING POINTS//(10F12e5/7))

C GLORIOQUS END

)

END



APPENDIX II. SAMPLE DATA SET

Each of the cards and groups of cards for a particular data set
are discussed below in some detail. First a copy of the individual data
card(s) will be presented followed by a detailed description of the mate-
rial on the card(s). At the end of this appendix a complete listing of
the data is presented. The data describes the gun in Fig. II.l.

Data formats are discussed in most FORTRAN manuals and will not
be discussed here,

Card 1, Format 141l

10 160 20120 60 5 1 30 60 17 30

The integers on this card control the flow of the program to a
large extent., The first number on this card (10) gives the maximum
number of cycles the progrem is to be allowed. Ten seems to be a good
number to use, many designs will converge in 5 or 6 cycles while others
may require up to 15 or 16 cycles. Ten cycles usually produce good
results even if not fully converged. Execution time should be less than
10 minutes for 10 cycles.

The second number (160) is the meximum number of cycles to be
allowed during each field calculation on the coarse grid. One fourth
of this (40) will be allowed on the fine grid. After the second or
third cycle through the program as few as 10 or 20 cycles through the
matrix may be sufficient, but for the first one or two cycles this full
limit may be needed. If the field calculations are not converging by
the third or fourth cycles the input data should be checked for possible

mistakes.

=50 -
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The third number (20) is the number of errors that may be left
on the fine voltage matrix at convergence. One fourth of this (5) will
be allowed on the coarse matrix. The smaller this number the greater
the accuracy required from the program, 20 is a fairly fine requirement,
400 would be a coarse requirement.

The length and width of the voltage matrix to be used are given
respectively by the fourth (120) and fifth (60) numbers on this card.

The gun geometry may be such that the whole matrix may not’be needed in
which case one (or both) of these numbers can be made smaller.

The next number (5) is the largest number of changes to be allowed
in either beam edge at convergence, This variation is usually a fairly
sensitive measure of the convergence of the program. If this were zero
a very fine convergence would be'required and if it were 20 or larger a
coarserlconvergence would be called for, 5 is an intermediate to fine
convergence requirement,

The. seventh number (l) controls the restoring and saving of the
voltage and space-charge matrices. Being set equal to one means there is
no binary data to be read in and the results are not to be saved (in
binary form). If equal to two no binary data will be read but the matri-
ces will be saved. If it is three or larger binary data will be both
read in at the beginning and saved at the end of the run.

The last four numbers (30,60,17,3%0) are used to speed the con-
vergence of the field calculations on the first cycle. The initial field
set up by the program is a linear field between the lower and upper
electrodes. These numbers define & region, usually in front of the cathode,
which is to be multiplied by 0.5. Since this area would eventually be

depressed by space charge, multiplying by 0.5 accelerates this process.
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The first two of these numbers are the left and right I coordinates, and
the last two the lower and upper J coordinates of this region.

The remaining three numbers on this card are not used and can be
left blank.

Card 2, Format 8E9.2

L00.0  1000.0 0.016 0.1 0.002 1.0E-11 0.0001

The second data card contains scaling for the gun and additional
convergence requirements. The first number (400.0) is the expected cur-
rent density from the cathode, this value must be estimated from the
geometry of the gun. Errors of 2 or 3 in this magnitude should cause
little difficulty in execution of the program end will quickly be cor-
rected by the program.

The second number (1000.0) is the scaling voltage for this gun.
This will ﬁormally be the highest voltage used in the gun although it
does not have to be. All other voltages read in (see below) by the pro-
gram must be normalized to this value,

The next number (0.016) is the magnetic field in webers per square
meter,

The fourth and fifth numbers determine the scaling of the gun on
the voltage matrix. The fourth number (0.1) is the length of one matrix
square in scaled units., In this case one scaled unit corresponds to 10
matrix squares. The fifth number (0.002) is the physical length in meters
that corresponds to 1.0 units. In this case 2 mm corresponds to 1.0 scaled
units, ali lengths read in or printed out must be normalized to 2 mm in
this case.

The time constant for the trajectory calculations (lO-ll) is given

by the sixth constant on this card. The constant is a little large for
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this example becaus'e of the large electrode spacings. For most guns this
would be between 10 -° and 10 .

The seventh number (0.0001) is the convergence condition on the
field calculation, Whenever the difference between two consecutive cal-
culations at a single point falls below this value the point is considered
converged. This requirement can be made somewhat smaller but the additional
accuracy attained usually does not justify doing this, in any case this

should not be made less than % x 10-5.

The eighth number on this card is not used by the program.

Card 3, Format 2I4,4F12.5

30 40 2.9000001 3.9 0.3 1.0

This card tells the program where the cathode is located along
JL (see below) and some of the conditions along the cathode., The first
two mumbers (30, 40) give the approximate left- and right-hand coordinates
of the cathode. The left-hand coordinate must be either exactly at the
cathode edge or the first matrix point to the left of the cathode. The
right side need only be the nearest matrix point to the edge of the cathode.

The third and fourth numbers (2.9, 3.9) are the exact right- and
left-hand edges of the cathode in scaled units. Note that it is not neces-
sary that the cathode end or start exactly at a matrix point although the
cathode must lie along a matrix row. The left edge coordinate is expressed
as 2.,9000001 because of possible round off errors in the computer.

The last two numbers (0.3, 1.0) are the relaxing conditions on the
current density.calculations. Since the conditions along the cathode are
likely to be somewhat erratic during the first few cycles, it was found
desirable to place slowly relaxing conditions on the variations in current
density along the cathode, On each cycle the size of the variation allowed

is increased starting with a 10 percent variation (1.0 - 0.1) on the first
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cycle up to 70 percent.(0.3) from the seventh cycle on. The greater the
variations expected along the cathode, the smaller the fifth number (0.3
in this case) should be. If binary information is read in both these last
two numbers should be the same (both 0.3 in this case).

At this point binary data may be read into the voltage and space-
charge matrices if such data is available from previous runs, This infor-
mation can come from tape or from binary cards by the subroutines RDCHK
and WRCHK (see Appendix III).

Matrices Describing the Geometry, Format 20I3

In order to select the proper values for these points the gun
‘geometry should be accurately drawn on graph paper and the axes numbered
as in Fig. II.l, starting with 1 (not 0) in the lower left-hand corner of
the matrix. The gun must be scaled to fit the matrix (in the case
120 x 60).l It is usually sufficient to select the matrix point closest to
the electrode surface, and at most points it is not necessary to modify
the voltages if points do not lie directly on the electrode.

The method of computing the fields is to start at the lower anode
(A in Fig. II.1) and proceed up each column in sequence across the mgtrix.
If there is any intefvening electrode, the voltage calculations will stop
at its lower surface and resume at its top surface. The method of accom-
plishing this is to define integer matrices giving the J coordinates of the
electrode surfaces and calculating only between the limits defined by them.
The following are detailed descriptions as to how these matrices are made up.

JL

=
Fe RGeS
e
OG5
e
= EOUO
=
RERER SRR
=
FerGGH
=
GG
e
FRRGGH
l_.l
FrreoGG
I._-I
PR RGGH
e
N A SRS
e
B = = SRR
=
SRR SRR
=
H RO
=
H = 00O
=
EEREE SRR
R
o
HERFRPUWU
H
H RO
=
OO
o
HHHBREUU

Lol el = A R O R )
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This matrix (JL) is made up of the coordinates of the lower anodes
of the gun. This group will consist of NX/20 ( in this case 120/20) cards
up to a maximum of 6 cards. NX should always be a multiple of 20 in order
to keep the handling of this and the following matrices easy. Again it
must be remembered that the matrix starts in the lower left-hand corner
with the coordinate 1,1 and not 0,0 so that on this and the following
matrices the number at each point is one larger than the number of squares
between it and the origih.

For this particular gun the matrix consists of the surface defined
by A-B-C-D (at J = 15) and then jumps to the surface E-F (J = 1). Only
the section between B and C, which is to be used as the cathode, must of
necessity lie alonga horizontal matrix line, all other surfaces may bend
or jump as the gun geometry demands.

JU

b3 43 43 43 43 L3 43 43 43 43 43 43 43 43 43 43 43 43 43 43
43 43 43 43 L3 L3 43 43 43 43 43 43 43 43 L3 43 43 43 43 43
43 43 43 43 43 43 43 43 b3 43 43 43 43 43 43 43 57 57 57 57
57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 571 571
5T 57 57 57 57 57 51 57 51 57 51 51 51 51 571 571 57 51 57 57
57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 571 57
Where the first matrix (JL) defined the lower anodes (including the
cathode), this matrix (JU) defines the first electrodes encountered on the
matrix above the lower anodes. The matrix follows the surface G-H (J = L43)
and then jumps to the surface K-L (J = 57).
For this and most other crossed-field guns this will effectively

cover most of the geometry, in this case only the region K-M-N-P has been

missed.
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¢, JD
0O 0 00O 0O

46 46 U6 46 46 46 U6 L6 U6 U6 U6 U6 46 L6 L6

[oNe]

[eNe]
loNe)

0
0

loNeoNoNeoNe
[oNe
[oNe
O O

5T 5T 5T 5T 57 57 57 57 57 57 57 57 57 5T 57
0
0
0 0 0 0O0O 0O

These matrices give the upper and lower limits of any region within
the gun geometry not covered between JL and JU., For this gun only the
region K-M-N-P is affected., The first matrix JC gives the lower limits,
i.e., the surface N-P, of this region. The first 41 points are zero,
from N to P it is 46, and zero the remaining points, only where this matrix
is non-zero will the calculations be made.

JD defines the upper limits of this region and also must be zero
at all points except between M and K (where it is 57 in this case).
JBU, JBL
] 16 17 18 19 20 21 22 23 2k 25 26
#7 28 29 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
17 17 17 17 17 17 17 17 17 17 17
18 19 20 21 22 23 2k 25 26 26 26 26 26 26 26 26 26 26 26 26
26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26
26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26
26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26
These two matrices give approximate initial borders (upper and

lower) for the beam. It is not necessary that these borders be particularly

accurate, although a reasonable guess as to the beam shape should be made.

These borders are used for two things, first they define the region where
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the initial space charge is to be set up and second they are used to
check for convergence of the program after each execution cycle.

JBU, the upper border, is made up of the J coordinates along the
line B-Q-R, and is zero from A to B. JBL consists.of the surfaces
B-C-3-T and is also zero from A to B.

Electrode Voltages, Format 2IL,Fl12.L

1 56 0.25

57 120 0.625 JU
57 120 0.625

1 %6 0.0

57 120 -0.575:} JL
57 120 -0.375
ho 56 0.25 - JC
ho 56 0.625 - JD

Voltages are set on the anodes defined by JU, JL, JC and JD in
the following manner. For each voltage to appear on the anode a card with
the lowest and highest I coordinates and the (normalized) voltage to be
set is made up. This voltage will then be set at all the matrix points
along the anode defined by I and the proper anode matrix.

The first three cards allow the setting of voltages along the sur-
face defined by JU, notably the surface G-H (I = 1 to I = 56) and the
surface K-L (I = 57 to 120). Since only two voltages are set the third
card is merely a duplicate of the preceeding one. The next three cards
set the voltages along JL and are very similar to the cards for JU. It
should be noted that the cathode voltage must be zero in any cace,

The remaining two cards set the voltages along JC and JD respec-
tively. These are made up in the same manner (with the two I limits and the
the proper voltage) as the previous cards.

Voltages on Verticle Lines, Format IkL/(3Ik4,6E10.3)

2
6 51 L1 0.29 0.33 0.37 0.41 0.45 0.49
52 57 41 0.53 0.57 0.61 0.62 0.625 0.625
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The number on the first card specifies the number of cards to
follow with the 3I4,6E10.3 format. The information on the latter cards
consists of the lowest J coordinate, the highest J coordinate, the
column (I) in which the numbers are to be stored, and the six (normalized)
voltages. The two J coordinates must specify exactly six numbers, i.e.,
the highest J must exceed the lowest by exactly 5.

In this example an approximetely uniform field is set up along
the surface N-M, this being the only gap between two electrodes (other
than the ends at I = 1 and 120) for this particular gun.

The only electrode voltages that have not now been set by the
above methods are those at the end (H-P) of the cathode accelerating
anode.

Voltages at Individual Points, Format Ik/(oTh,Flo.h

8

56 Lh 0.25
5 45 0.25
5 45 0.25
5% 3 0.11
55 5 0.05
55 T 0.035
55 9 0.024
5 11 0.018

The first card specifies the number of cards to follow. The
remaining cards give the I and J coordinates of points on the voltage
matrix and the values to set at these points.

For Fig. II.l the need for the first points (56, 44 and 56, L45)
is fairly obvious, the third point (55, 45) requires some explanation.

As was stated earlier the voltage matrix is solved first in a coarse
matrix (consisting of odd-numbered points of the voltage matrix). For
this calculations are made in every odd-numbered column (I) of the matrix

using odd-numbered points in column I and in I-2 and I+2. This means that
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during calculations in a column (such as 57) next to an anode (H-P

in column 56) matrix points in back of the anode surface (in this case
I =055 J=,45) will be used. Since the surface N-M falls along an
odd-numbered column (41) this problem does not occur here,

Also, since the surface D-E is in an even-numbered column (56),
voltages in column 55 will be used in a similar manner. In this case,
however, the problem is not so serious since these points are on an
electrode which is at zero potential to begin with. The program would
execute properly if these points were left at zero, but the convergence
of the field calculation will be speeded if the gradient of this
surface is taken into account. The numbers shown here were selected
with some hindsight, but an examination of the gun layout should enable
one to compute approximately what they should be.

| The next page presents a complete listing of the data for this

gun.
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10 16C¢ 20 120 60 5 1 30 50 17 30
40040 100040 06016 Oel 0e002 1e0E-11 040001
30 40 20900001 3¢9 Oel 0«8
15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15
1515 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15
1515 15 15 15 15 15 15 15 15 15 15 15 15 1515 1 1 1 1
! 11111111111 1 1111 1 11
t1 1111111111 11 1111 1 11
1111111111111 1111111
43 43 43 43 43 43 43 43 43 43 43 43 43 43 43 43 43 43 43 43
43 43 43 43 43 43 43 43 43 43 43 43 43 43 43 43 43 43 43 43
43 43 43 43 43 43 43 43 43 43 43 43 43 43 43 43 57 57 57 57
57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57
57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57
57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57
¢ 00 0 0 0 O
0
46 46 46 46 L6 46 46 46 46 46 46 46 46 46 46

oNeoNeoReoNe]
o O
OO.
[oNe]
[eoNe]
o O
[oNe]

57 57 57 57 57 57 57 57 57 57 57 57 57 57 57

[oN o]

. 16 17 18 19 20 21 22 23 24 25 26
27 28 29 30 30 30 3C 30 30 30 30 30 30 30 30 30 30 30 30 30
30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
30 30 30 3G 30 3C 30 30 30 30 30 30 30 30 30 30 30 30 30 30
30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30

17 17 17 17 17 17 17 17 17 17 17

18 19 20 21 22 23 24 25 26 26 26 26 26 26 26 26 26 26 26 26

26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26

26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26

26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26
1 56 0625

57 120 04625
57 120 04625
1 56 040
57 120 ~04375
57 120 ~04375
42 56 0425
42 56 04625
2
46 51 41 0429 0433 0437 0e4l 0e&5 0e&t9
52 57 41 0453 0457 0461 0465 04625 04625
8
56 44 0425
56 45 0425
55 45 0425
55 3 0411
55 5 0405
55 7 04035
55 9 04024

55 11 0.018



APPENDIX III. RDCHK-WRCHK

The subroutine RDCHK (A,N) reads binary cards into an erasable
buffer region and transmits up to twenty words per card (according to
the word count) to a backward block A until N data words have been read
and checksummed. The SCARDS subroutine is used to read one card image
from the input tape into the erasable storage from which the transmission
takes place.

The subroutine WRCHK (A,N) transmits N words from a backward
storage block A in groups of a meximum of twenty words into an erasable
buffer region and forms the checksummed, serialized card image to be
written on a punch tape. SPUNCH writes the contents of the erasable
region on an output tape as a punch record.

‘Since the subroutine SCARDS and SPUNCH are University of Michigan
input -output routines, one would have to use similar routines with RDCHK
and WRCHK or replace the calls for them by 709/90 channel commands.

These subroutines are written in UMAP (University of Michigan
Assembly Progrem) which is similar, but not identical, to FAP,

Listings of the subroutines appear on the following pages.
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ASSEMBLEs PUNCH OBJECT
RDCHK eeee BINARY CARD READ ROUTINE

OCHK

BINI

RDSAV

BINZ2
BIN3
RAS

BIN&4

BINS
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FORTRAN INTEGER

CHECK FOR FIRST CARD 7-9 PUNCH

RDCHKOO1

NOTEs THIS WILL ALLOW A BCD CARD

WITH 5 IN COLe
UNFORTUNATELY

TITLE

BINARY TAPE READ ROUTINE
TSX RDCHK s &
PAR A

PAR N

BTS NOTATION AeeeA(N=1)
ENTRY RDCHK

SXA RB4s 4
CLA* 244

TZE 394

SXA RB1ls1

SXA RB2s2

STO SWT

LRS 18

TNZ *+2

LLS 18

XCA

CAL 1s4

sSuUB ¥=1

STA RBIN&

STZ RTT

XCA

PAX 094

SXD RBIN3s+4
READ CARD AND TRANSMIT WORDS
AXT 01

SXA CRDSAV s 4
NZT SWT

TRA BDSWT
CALL SCARDS
BLK WBUFF ¢ 9 EOF
STO SWT

AXT ** 94

CAL WBUFF

ANA =05K8

SUB =05K8

TZE *+2

TRA BDCRD

CAL WBUFF

ANA =077K6
PDX 092

SXD RBIN6y 2
PXA 0s2

ADD WBASE

STA ERAS

PXD 0s0

TXI ¥+19lsl
TXH RBINSg1 g%
ACL #*% 92

LDQ#* ERAS

STQ *%9]

TIX RBIN2s291
TRA *+3

ACL* ERAS

TIX ¥=19291
ACL WBUFF

2 TO PASS

RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK



RTT1

RBING
REDUN

RB4
RB2.
RB1

BDSWT

EOF
BDCRD

FORM1
FORM2
FORM4
WBASE
SWT
RTT

WBUFF

LAS
TRA
TRA
CLA
ADD
STO
TIX
NZT
TRA
PRINT
FMT
[OP
ENDIO
AXT
AXT
AXT
TRA
PRINT
FMT
ENDIO
TRA
CALL
PRINT
FMT
ENDIO
CALL
FORMA
BCD
BCD
BCI
PZE
PZE
PZE
ERAS
ERAS
END

WBUFF+1
RTT1

RBING

RTT

=1

RTT
RBIN1 g4 9 %%
RTT

RB4

FORM1
RTT

#¥ 94
#¥% 92

*¥kg ]
394

FORM2

REDUN
SYSTEM

FORM4

SYSTEM
T SPECIFICATIONS

RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK

//510913945H CHECKSUM ERROR(S) DURING BINARY READ-IN ##¥¥%x *RDCHK

///7510s47THDECIMAL CARD TERMINATED BINARY READ~IN *3¥#x¥*

*91H6 9 44HSORRY BUT THE CARD ORDER IS WRONG k¥
WBUFF+4

26
0

*

*RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
RDCHK
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ASSEMBLEs PUNCH OBJECT

TITLE WRCHK o eee BINARY CAR
BINARY CARD PUNC8 ROUTINE
TSX WRCHK ¢ 4 '
TXH A
TXH N
BTS NOTATION AeeeA(N-1)
ENTRY WRCHK
ENTRY SERTAL
RCHK  CLA* 294
TZE 394
SXA WB4 s 4
SXA WB2s2
SXA WB1ls1l
LRS 18
TNZ *+2
LLS 18
XCA
CAL ls4
SuB *-1
STA WBIN4
XCA
PAX Os4
SXD WBIN3 4
TRANSPOSE CARD BLOCK AND CHEC
AXT Os1"
BIN1 AXT 2792
STZ WBUFF+2742
TIX ¥-19291
AXT 2092
PXD 0,0
BIN2 TXI ¥+19lsl
BIN3 TXH WBINGg 1 gk
BIN4 ACL #¥y]
BINS LDQ* WBIN&
sTQ WBUFF+2442
TIX WBIN2s2s1
DETERMINE WORD COUNT AND TOTA
AXT 092
BIN6 SLW WBUFF+1
pPXD 092
SUB TWT
ORA W79
SLW WBUFF
ACL WBUFF+1
SLW WBUFF+1

IDENTIFICATION AND SERIALIZAT

CAL ID1
SLw 1D
AXT 4?2

ACK CAL TABs 2

D WRITE ROUTINE

FORTRAN INTEGER

K SUM WORDS

L CHECKSUM

ION SECTION

WRCHKOO1

WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK

WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK
WRCHK



NEXT

wB1
wB2
wWB4

*
*
*

SERIAL

ID1
ID2

TAB
BZERO
TWT
W79

WBUFF
ID

-T0=

ARS 1

TZE NEXT
SLW TAB»y?2
TRA *+4
CAL BZERO
SLW TABs?2
TIX BACK 92191
CAL TAB-1
ALS 12
ORA TAB=2
ORA 102
SLW 1D+1
CAL TAB-3
ALS 12
ORA TAB=4
ALS 12
SLW 1D+2

OUTPUT SECTION

SXA #+3 94

CALL SPUNCH

BLK WBUFF 927
AXT *¥* 94

TIX WBIN1s4420
AXT *#y ]

AXT #¥k92

AXT *¥ 94

TRA 394

RESET SERIALIZATICN TO ZERO

CAL BZERO
SLW TAB-1
SLW TAB-2
SLW TAB-3
SLW TAB~4&
TRA 1s4

TABLES AND STORAGE

oCT 101040104004
oCT 0

oCT 1C00

0CT 1000

oCT 1000

0CT 1000

SYN *

OCT 1000

PZE 090,20
oCT 5K8

ERAS 25

ERAS 0

SYN WBUFF+24

END

CARD LOOP

WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH

WRCH

WRCH
WRCH
WRCH
WRCH
WRCH
WRCH-

WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH

WRCH -
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH
WRCH



APPENDIX IV. FLOW CHARTS FOR CEMFEG

The following figures present detailed flow charts for the
program. The following symbols are used:
A transfer point; if N is a number (e.g., 5) it corre-

sponds to an actual statement number in the progrem, if

it is a letter it is a break only in the flow chart.

:::: N is a statement number and there is a transfer to this
point in the program.
The beginning of & FORTRAN DO loop through statement

% number N for I starting at J, ending at L, incremented

by M, If M is omitted it is assumed equal to 1.

N is a statement number corresponding to the last statement
of a DO loop.

L A FORTRAN IF statement; a transfer is made to L, M or
MpP— N as X is greater than, equal to, or less than zero,

N respectively.

An operation of the program; includes subroutine calls,

tape manipulation and binary card reading.

C READ | Means input from cards by READ INPUT TAPE calls.
WRITE Printed output.
N —
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