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NUMERICAL METHOD AND FORTRAN PROGRAM FOR THE SOLUTION OF AN
AXISYMMETRIC ELECTROSTATIC COLLECTOR DESIGN PROBLEM
by Oliver W. Reese

Lewis Research Center

SUMMARY

This report describes the determination of the steady-state flow of electrons in an
axisymmetric spherical collector under a variety of boundary conditions. The electron
trajectory equations of motion are solved alternately with Poisson's equation for the
potential field until convergence is achieved.

The bounding surfaces are a sphere below, a spherical cone above, and, optionally,
a thin axial spike suspended from the apex of the cone. Negative decelerating potentials
are prescribed on the cone-spike surface and on segmented zones of the spherical sur-
face. Polar angles of the cone may vary from 0° to 160°.

The principal value of this report is that it pushes design research into the high-
current-density range, where space charge effects are strong. Initial attempts met
with convergence difficulties for current densities above 50 A/cm.z.

This report describes the method used to surmount these difficulties and handle
values as high as 100 A/cm2. This was achieved in two ways: first, by using variable
mesh spacing to ensure accuracy in regions where the solution was changing rapidly;
and second, by using a fast, accurate subprogram for obtaining the potential field. This
subprogram uses a Elirect, noniterative numerical solution to Poisson's equation, the
details of which are given in NASA TN D-6438.

The present report includes a description of the mathematical model, a discussion
of numerical techniques, results from two typical runs, and the FORTRAN computer
programs.

INTRODUCTION

Satellite communication systems have been proposed in which the satellite can re-
ceive, amplify, and rebroadcast microwave signals. The high efficiency of the micro-



wave amplifiers to be used is of prime importance to the lifetime and reliability of such
a system.

Microwave amplifiers, as a class, convert the energy of bunched electron beams
into radiofrequency (rf) energy. Since this process is only partially efficient, the re-
maining beam energy is dissipated as heat in the electron collector. However, collec-
tors can be designed and maintained at proper potentials to slow the electrons. The
electron energy is then spent doing work against the collector potential and is recover-
able as useful electrical power.

Reference 1 discusses how the results of the program described in this report are
used in collector design. Reference 2 describes a computer program which solves
Poisson's equation for a given space charge and which is required as a subroutine in the
iterative solution of the current problem.

It is important to realize that there are two characteristics of electron beam trajec-
tory patterns that facilitate efficient collector design:

(1) Good, uniform, vertical and horizontal spreading (i.e., a sufficient rise away

from the entry hole, and a pushing away from the collector axis)

(2) Good, uniform separation permitting insertion of electrodes to collect electrons

near the peak of their trajectories, where their energy is close to minimum
Both these characteristics imply no backstreaming, crossing, or impingement of beams
on the underside of the electrodes.

The original computer program dealt with negative decelerating potentials pre-
scribed only on segmented zones of the sphere. But this approach was ineffective be-
cause of the great distance between these surface potentials and the incoming stream of
electrons. '

A second stage of the design was to prescribe a decelerating potential on a cone of
varying polar angle. This slowed down the incoming stream considerably, and in most
cases the beam spread was sufficient. v

In other instances where even more beam spread was desirable, a third and final
design modification was made. Here a negative potential was prescribed on a thin spike
suspended from the cone. This had the effect of spreading the flow even more as it
entered, and allowing the other decelerating potentié.ls to come into play more effec-
tively.

The final FORTRAN program reported herein allows for the presence or absence of
an axial spike of varying length, as well as for the choice of decelerating surface poten-
tials on zonal segments of the sphere and on the cone-spike surface. The cone angle
varies from 0° to 160°. Initial conditions also include variable velocity and injection
positions of entering electron groups.

It was assumed that, prior to entry into the collector, the electron beam had been
sorted into graded velocity groups, with the outermost being the slowest. This is phys-
ically more realistic than assuming a constant velocity only. The beam was then
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injected through a small entry hole in the collector where the negative polar axis pierces
the spherical surface. The potential distribution on the surface of the sphere was as-
sumed to be a function of the polar angle only. This report describes the numerical
solution to a problem used in the design of such a collector under varying conditions of
surface potential, current density, and collector geometry.

A typical configuration is shown in figure 1. Notice that the electron groups reach
minimum velocity at their peaks and start falling back. If electrodes of the proper
potential are inserted to collect the electrons at these minimum velocity points, the
efficiency of the collector will then be maximized.

Electron
trajectories

Spike
(optional) —~

Polar

axis—~ \_ntry hole

Figure 1. - Typica! collector geometry (spherical cone).

The numerical technique and computer program describead in reference 2 were used
to determine the potential field inside the collector as required. The results were then
used as part of the design criteria of the collector as described in reference 1.

In situations where current density is low, less than 10 A/cm2, space charge effects
were found to be negligible. But with higher current densities and associated higher
space charge, certain problems arise near the entry hole that require special techniques
to ensure numerical stability. This report describes these techniques. Current densi-
ties as high as 100 A/cm2 were dealt with successfully. Initially, calculations were suc-
cessful only with current densities half as large, before numerical difficulties precluded
further computation. '

A complete description of the mathematical model is given, along with a discussion
of the assumptions made. " The technique used in determining the space charge distribu-
tion is then described. Apbendixés A to G contain the results of two typical computer



runs, a complete listing of the FORTRAN computer program, flow charts, magnetic
field calculations, the derivation of the equations of motion, and the mathematical
symbols.

STATEMENT OF THE PROBLEM

The problem is to determine the steady-state potential field and the associated
steady-state electron beam tré.jectory patterns within a spherical collector (1) for any
specified collector geometry (cone angle; collector radius; entry hole radius; and length
of axial spike, if any), (2) for negative potential distribution on the surfaces of the col-
lector, and (3) for magnetic field distribution and electron beam initial entry conditions
(current, current density, perveance, injection angles, positioning, and velocity).

This involves the determination at every mesh point in the sphere of the potential V
that satisfies Poisson's equation '

v2y =T(V) (1a)
where
2. 32V 203V 1 2%V  cot @ v 1 3%y |
vy -3V,23V, 19V, v, 1 3V (1b)
g2 PO 2o 2 00 52 2002

The bars refer'to dimensioned values. All mathematical symbols are defined in appen-
dix G. For convenience, these expressions and all others following are normalized by
the substitution: .

p=L (1c) .
R
We may now write
P (V) :
. (V) =2 (1d)
€0

The right-hand term in equation (1d) is related to space charge resulting from the
" beam trajectories. These trajectories are obtained from the solution to the differential
equation of motion (eq. (3)). Note that the determination of V is an iterative process,



in that the right-hand side (or source term), which depends on the space charge,
.changes when the internal potential V changes.
The source term consists of the dielectric constant €9 and pe(V) where

po(v) =AZ1 @)

o

[

The velocity term u is easily calculated since it is simply a function of certain initial
conditions and the potentials V and Vm' _

The current density term J is somewhat more complicated. In general, it is cal-
culated from the current flow through annuli formed by adjacent trajectories of the vari-
ous electron energy groups. This flow is shown later in figure 4. These trajectories
are calculated from the differential equation of motion

2 2, .2 | d " ,
3P R8I0 O, (l_al’- sin 6 ¢ _Vm>_p sin 6 cos 6 2
862 ' éz ézR R 9p : 36 92
202 _p' v, 2 A
+ - PN (Y, p*Rsing & —2)  (3)
P p292R2 26 3p
~ where
p normalized radius vector

9 polar angle
' ¢ - azimuthal angle
R radius of sphere

» Vm magnetic field

Details of this iterative process are described in the next section.

METHOD OF SOLUTION

First, the steady-state flow of electrons with a given velocity distribution was de-
termined within the collector. This was accomplished by taking the following four steps:
(1) With the given collector geometry and a specified set of initial conditions, a
first approximation to the potential field inside the collector was found by assuming zero

space charge and solving Laplace's equation



V4V =0 (4)
or
2V 23V 1 9%V cot g av
— 2 =2 — =0 (5)
apz p ap p2 892 p2 a6

(2) An arbitrary number of equally spaced electron trajectories were then calculated
from the equation of motion (eq. (3)). This equation is derived in appendix F. In gen-
eral, nine electron groups were solved for in this problem.

(3) From these trajectory patterns, the space charge was then calculated at each
mesh point, and the results were used as source terms in Poisson's equation which was
solved next,

v2y =€ (6)

Details of how the space charge was calculated are given in a later section.
(4) Equation (3) was solved again to obtain new trajectories based on the new poten-
tial field obtained from equation (6). This iterative process was then continued until
convergence was achieved. The entire process is shown in flow chart form in figure 2.
Prior to solving the problem, the following four sets of normalized initial conditions
must be specified. (The quantities listed in the first three sets are shown in figure 3
for the case of three electron classes.) ,
(1) Collector geometry: radius of collector R, initial polar angle 6g and
radius of entry hole a

(2) Collector boundary values of electric potential: on a spherical surface
(Vi Vg, + - Vf) (In general, the potential on the spherical surface
decreases linearly to zero (Vf = 0) as the polar angle increases from %9
to some prescribed 6. ); on a conical surface if b * O(Vl); and along the
negative polar axial spike if 60 # O(Vl) (optional)

(3) Electron beam entry conditions: type of flow (Brillouin or confined; con-

fined flow means there is no initial rotational velocity of the beam, or

¢ = 0), values of beam energy classes Vi entry positions of electron

classes in hole at injection Gi (Gi is the supplement of the polar angle
8), and entry angles @;. In general, i =1, 2, ..., 9.
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(4) Electron beam parameters: magnetic flux density BO, magnetic field
potential Vm, electric potential VO’ current IO’ and current density

Jo

Auxiliary Equations

We now discuss the auxiliary equations which are required in the solution of equa-

tion (3).
The first two are the magnetic field terms expressed in cylindrical coordinates.
oV, A" ov
I _R M sin g+ — cos 6 (7a)
op or 0Z
oV, ov A%
—~B - oR(—2 cos 6§ - — P sing (Tb)
08 or 0z

or letting B, = an/ar and B, = an/az, then

A%

o R(B,. sin 6 + B, cos §) (8a)
ap

8Vm

—_—= pR(Br cos 6 - B, sin 9) (8b)
06

Prior to entering the collector, the electron beam passes through a magnetic field
which is used to confine the beam. Part of this field leaks into the collector through the
entry hole and influences the flow of the electrons. It must be considered in the equa-
tions of motion.

Also used are the velocity terms, H>

and ¢, and the magnetic flux . These are
expressed as

. ' 2n Vv, + V)
92: 1 e 0'V'i _ 902 sin28 _ 9)
1+ (0'/p)? p?R?
(- yg)
2np2R2 sin29



Y =21 _{r B,r dr (11) |

which are equations (B16), (B8), and (B9) of reference 1, respectively.
Finally, the components B, and B, of the magnetic field Vi (eqs. (D9) and
(D10) of ref. 1) are expressed as

o0 .
n 2n+1 2n+1
B (r, Z) - (-1) X ad B(O, Z) X(£> (12)
r n!(n + 1) 5g20+1 2
n=0
and
o .
n+1 2n-2 2n-2
Bz(r, Z) - (" 1) % J B(O, Z) % (E) . (13)
2 2n-2 2
- 1) 0z
(- 1]
where
B(0,2) = B, 1-_1tan'1(-‘i‘_>-l—zé__ " (14)

The approximations of Br(r, z) and Bz(r, z) that were used are given in appendix E.

The Equation of Motion

The second-order differential equation of motion (eq. (3)) was transformed into two
first- order'equa_tions and solved by using a fourth-order Runge- Kutta method. As is
typical in integration techniques of this type, the choice of step size is based largely on
experience. In this problem, the most critical region is near the entry hole. For a
large collector radius (R = 16 cm) and a small entry hole (a = 0.05 cm), an initial step
size A8 of 0.01° was required. For a small collector radius (R = 8 cm) and a large
entry hole (a = 0.10 cm), an initial A8 of 0.05° was sufficient. As the trajectory
moved away from this critical region, the Af# step was increased to minimize computer
execution time.

Initially, the solution was obtained in the p-6 spherical plane. Then when any par-

9



ticular trajectory started to arc over (p' = 0), a change was made to the r-z cylindrical
coordinate system to avoid any possible discontinuities in the integration process.

Poisson's Equation
For any space charge field, the set of right-hand sides for Poisson's equation writ-
ten at all interior grid points may be computed, and the subroutine of reference 2 may
be applied to solve Poisson's equation for the internal potential field. The method of
calculating the space charge field frpm the trajectory field is now presented.
Calculation of Space Charge

The source term, or space charge term, in equation (6) is

Pe

— (15)
€0
where
€y dielectric constant, 8. gex10” 14 F/cm (farads per centimeter)
Pe volume charge density, C/cm3 (coulombs per cubic centimeter)
Furthermore,
J
€ u
where

J current density,‘A/cm2 (amperes per square centimeter)

u velocity, cm/sec

Figure 4 shows where a typical Pe is computed; namely, -at a point midway between two
trajectories. To ensure accuracy, space charge is calculated at selected points along
center lines midway between adjacent trajectories where the p-mesh lines are crossed.
Since u. is known at various points along a trajectory, one may interpolate to com-
pute u at any point, say at a position midway between two trajectories. Therefore, the

10



Polar
axis

Uiz

Figure 4. - Cross-sectional view of entry hole in spherical collector, show=
ing typical injection pattern of electron energy groups 2 to 9 at radii ro,
r3,. .. rg. First subscript refers to efectron trajectory number; second
subscript j refers to p-mesh line crossed by trajectory.

space charge at each mesh point may be determined once. J is known. We now show
how this is accomplished. : .

In general,
g=1 (17a)
. A
where
I current, A
A any particular element of area thfough Whiéﬁ current flows
Referring again to equation (6), we may now write
I, =_I.Qa_1 : (1'Tb)
1A

11




where
I0 initial current at injection -
i ith electron energy group

Referring again to figure 4, it is seen that the equally spaced electron én_erg-y' groﬁps '
form eight annuli at the entrance hole. The areas dA of these annuli may be expressed

dA1=7rr§ A
dA, = 112 - dA, = 1(2r.)2 - dA, -3 dA
 dAy =y - dA; =7(2ry p =3dAy

dA; = rrrz - 7rr§ = rr(3r2')2‘- 7r({2r2)2 =5dAq L | - (18)

I I R

Since I =JA, the current at injection through each annulus may be expressed
Io,1=9%d4,
Ip,2=JgdAy =3JgdAy

10,8 =J0 dA8 = 15Jo dAl

12




In the example of figure 4, the point shown represents a typical space coordinate
midway between two adjacent trajectories, in this case, trajectories 5 and 6. The
normal distance between the trajectories at this point is d. The area of the annulus
is then '

d (20)

A = 2rrd = 21y sin 6 i
b - s

The general expression for the current density, J =I/A (eq. (17a)), may now be
written as : _

(2i - 1)J, dA
e (21a)
ey, g Sin By,
or
N
(2i - 1)rgd ‘ '
g (21b)
, -
2d; 5Py, 5 810 3 5)
Notice that current is preserved in each annular- region, namely
Since Ai, j can be computed at (pi,j’ Gi’ j) py
where d; ; is the normal thickness of an annulus at this point.

Use of Irregular Mesh Spacing

The successful solution to this problem, especially those phases dealing with high
current densities, was largely due to_the use of irregular mesh spacing in both the p
and 6 directions. From figure 5 it is clearly apparent that the region in which the
solution varies most rapidly is immediately along and adjacent to the negative polar
axis, where the entering electron beam is most dense and of greatest velocity. Conse-
quently, a closely spaced mesh was used in this region. Conversely, a coarse spacing

was used where the solution was varying very slowly and quite predictably.

13



potential linesh
y 8-mesh values

[ 0
v

900

’ Electrodes (equi-

~Electron -
1 trajectories

Polar axis

Figure 5. - Cross section of right half of spherical cone-shaped
collector, showing typical pattern of electrodes, electron tra-
jectories, and irregular mesh spacing in both the p and 8
directions. -

" Convergence Acceleration

Experience has shown that in ‘sélvirig this problem, the iterants are well behaved
and ultimately converge to an acceptable approximation to the solution. But because of
the steadily decaying oscillatory nature of the itei-ants, a considerable savings in com-

_puter execution time was achieved by halving the newly calculated changes in the vari-
‘a.Lbles at each step. Normally, a max1mum of five iterations would provide an acceptable

solution.

FORTRAN PROGRAM
General Description

The progra;m,.gonsiAs_t's_df. the fol_low'i‘ng 16 éubroﬁtinesf
(1')_MAIN is ’éhé_ exé;:utifre ro@tjné for ﬁroéessing_ multiple cases and has primary
contxfo-lgof lqgicéilﬂow t_liroﬁghbfutﬂ'tl'lzeico.r'r‘lpiete Abrogfa.ﬁl. o .
,_,' (2'.) INPUT re'_ads‘and prints initié.l conditions, parameters, and other data requirédv
for ihternéi iisé by the pxjogrém (pjr'ir;fqﬁtl: freqixén_cy, _looping' indices, convergence cri-
teria, etc.). I R
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(3) INTGRN controls integration looping of equations of motion, step size, change-
over of coordinate systems, and the number of iterations required for convergence.

(4) DE is the spherical coordinate version of a routine for computing trajectories by
integrating the equations of motion. :

(5) DERIV calculates 9V/3p and 8V/08 for any specified interior point.

(6) RK is the spherical coordinate version of a Runge-Kutta integration subroutine
used to compute trajectories.

(7) MESH generates graduated mesh point arrays in both the r and 6 directions
for any specified collector geometry.

(8) RZTRAJ is the cylindrical coordinate version of a routine for computing trajec-
tories by integrating equations of motion. B

(9) RZRK is the cylindrical coordinate version of a Runge-Kutta integration subrou-
tine used to compute trajectories. : '

(10) RZDE contains the equations of motion in the cylindrical coordinate system.

It is similar to subroutine DE.

(11) OUT controls the printing of results at specified intervals along the trajec-
tories. : ‘ '
(12) VFIELD provides for the calculation of the potential field for any particular
set of boundary values and source terms. It uses the program described in reference 2.

(13) EQLINE calculates the spherical coordinates of any specified number of equi-
potential lines. It is used only after convergence is achieved in the main portion of the
program.

(14) RHSCAL generates space charge values along center lines of the various annuli
formed by the trajectories. It interpolates for these values at each mesh point, as re-
quired in the solution of Poisson's equation.

(15) PSICAL calculates the magnetic flux iy of the magnetic field at each mesh
point. ’

(16) BRBZ calculates B, and B,, the r and z components of the magnetic field,
at each mesh point.

All calculations were done on the IBM 7094 I1/7044 Direct Couple System computer,
The program will perform about 210 integration steps per minute. This figure is based
on trajectory calculations for eight electron energy groups.

About 15 000 storages are required for the program. This does not include that re-
quired for the solution of Poisson's equation. An additional 10 000 storage locations
are needed for a solution to Poisson's equation similar to that described in reference 2.

The FORTRAN program is listed in appendix B, FORTRAN symbols are defined in
appendix C, and flow charts are presented in appendix D.

15



Using the Program

The program always starts by reading in a nine-card input data deck. The contents
of each of these cards is now described.

Card 1 (Format 55H. . .)

Contains any desired information to identify the particular case being run
(card columns 1 to 55 only). ‘This will be printed out at the top of a listing.

Card 2 (Format 4E10.3)

R radius of collector, R, cm

B0 magnetic flux density, BO’ G

DTHTD 46 step size used in Runge-Kutta 1ntegrat10n (spherical coordinate),

Af, deg
THI1 cone angle, 91, deg
Card 3(Format 8E10.3)

Z10 initial current!, I, A

ZJo current densityl, I A/cm2

Vo initial electric potential, VO’ \'2

DELR r step size used in Runge-Kutta 1ntegrat1on (cylindrical coordi-
nates), Ar

CONFLO indicates confined flow when equal to 1 and Brillouin flow when equal
to 0

RAD radius of collector entry hole, a, cm

FLOOP number of iterations for space charge calculations (If no space

charge calculation is desired, this value should be set to 1.)

Card 4 (Format 4012)

NT number of trajectories to be calculated

KPOI printout frequency control, (e.g., 4 means to print results at every
fourth integration step of a trajectory)

N1

N2 integrate trajectories N1 to N2 in steps of N3

N3

1These two values are used only in the calculation bf the source term in Poisson's

equation when space charge iteration is necessary.
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IBAR when nonzero, indicates boundary values will be supplied along the
negative polar axis '

LOOP counter for number of space charge loops

KPOSC  print control for interim space charge calculations

Card 5 (Format 4F5.1)
These values are used by the integration subroutine in the spherical coordinate
system, which is the system used in the beginning portion of the program.

THSFAC step-size controls; increase step size DTH by a factor of THSFAC
THSDEL every THSDEL (deg) in the fg range from THSWHI (deg) to
THSWHI THSWLO (deg)

THSWLO

Card 6 (Format 16F5.3)
VSMI(I), electron energy classes for each of NT trajectories to be solved
I=1, NT for

Card 7 (Format 12, 10F5.3)
This calculation is done only once, after convergence has been achieved in the
main part of the program.

NEQL number of equipotential lines to be calculated
EQL(I), array of potential values for each equipotential line
I=1, NEQL

Card 8 (Format 16F5. 3)
XT(J, 16), boundary values on surface of spherical collector from initial
J=1, 16 cone angle 6, to 180°, V

Card 9 (Format 16F5.3)
XT(J, 16) continuation of card 8
J =117, JF
Two sample test runs are given in appendix A. These runs were chosen to more

clearly illustrate the makeup of the input data deck and to show the various options in
output format available to the user.

CONCLUDING REMARKS

We have described the numerical technique used to obtain a solution to a problem



associated with the design of an axisymmetric, spherical, depreSsed collector. Vary-
ing initial conditions include current density of electrons, surface potential on the col-
lector, collector geometry, and the velocity and position of entering electron groups.

Of particular importance to the successful solution is the scheme used near the
entry hole in the collector. Here the entering electron stream is of highest velocity and
greatést density, giving rise to computational problems, especially in cases of high
initial current densities. ’

Calculations by others in the past were successful in handling current densities to
50 A/cm2 before numerical difficulties precluded further computation. The numerical
approach described in this report is used to solve systems with current densities to
100 A/cmz.

Computational stability was achieved primarily by using a graduated mesh in both
the r and # directions, with greatest mesh point density in the hole region. - In addi-
tion, computational efficiency was improved by taking advantage of the fact that all en-
tering electron groups were distributed uniformly both in positioning and velocity group-
ing. That is, the fastest group entered closest to the axis, and the slowest group entered
nearest the edge of the entry hole.

Space charge effects were found to be negligible for initial current densities less
than 10 A/ cmz. Consequently, the problem was reduced to requiring only one iteration
and essentially solving Laplace's equation to obtain the potential distribution inside the
collector.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, June 2, 1972,
111-05.
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APPENDIX A

SAMPLE PROBLEMS

Short, partial, representative computer output listings of two sample runs are
presented. Run 1, depicted graphically in figure 6, is for a 0.2 spike, no space charge
iterations, confined flow, and a cone angle of 60°. Run 2, figure 7, is for no spike,
space charge effects calculated, Brillouin flow, and a cone angle of 4,50.

Figure 7 shows a poor pattern. Beam spread and separation is rather nonuniform
and erratic. In contrast, figure 6 shows well-shaped and well-behaved beams with good

spread and uniform spacing.

60°

. Normalized injection 750
Conical energy class,
surface~ v b
‘ -L15
0 / -1.05
Spike~ \ ‘,‘
?m‘ ra jectory

I

I 990
-.95 P ’

~

N\

R

(=)

%1350

150°

hole
Figure 6. - Sample run 1. No iterations necessary {current Figure 7. - Sample run 2. Five iterations for space charge
density, 8 Alcm“); 0.2 spoke; cone angle, 60°. i . effect; no spike; cone angle, 60°,

19



Sample Run 1

SAMPLE RUN Nide 1

NO SEACE thRbE EFFECTS
CCNF INED FLO

INPLT-

FO = B.AAOE-14 KP = &£.158E-07
CMFGA= 1.414F+10 ETAC= 1.753E+15
= 4000F-01

= ?.05GF+00 R = B.OCCE+QO
Vo= 7.500F+03 RO = 1.0G0E-G6
TAU02= .2643E-17 RAD = 0.400E+G0

CUTPLT EVERY 4 STEFS.

INITIAL VALIES-
1 DFLE

DELT THETA VSH vi INJEC, esie
{(ra) {DEG) (DEG) . ANGLES
2 0006 0.358 1794642 0.900 6o 7T5E+03 2.000 3,925€E-029
3 0.013 Ce716 179.284 €.800 6.00E¢D3 3,000 1.568E-08
4 0a619 1.€74 178.920 0,700 5.25€403 4,000 3.517E~C8
5 0H.025 la433 17B.567 C.60C 4a5CE+D3 S.COC 6e225E-C8
L3 0.031 1.761 178.209 Le500 3. 75E¢03 64700 Ge659E-18
7 0.0:38 2.149 177.851 Co40C 3.00E#03 7.C00 14373E-77
R Vahbs 2.5G7 177.493 0.20C 145CE+03 8.c00 1.809€-07

EAR VALUES-
R v

6. -1.50u
£.200  -1.500
.30 -0.782
£.353 -0.475
0.480  -0.503
€.560 ~0.411
0.633 -0.327
€.700  ~0.260
€.76¢ =-0.198
0.813  -0.148
€.B60 -0.108
€.900 -0.076
£.973 ~0.048
€.960 -0.02A
€.580  -0.014
0.963  <0.005
1.00¢ 0.

POTENTLAL FIELD
RHO

INPUT=

THETA  C.560 €.633 Ge 70C Ce 766 0.813 0,860 Ne90( 0,933 0,960 04980 7,993 1,000
6C .00 ~1.50E+00 -1.50E+00 -1.505000 ~1450E¢C0 -1.50E¢00 -1.50E¢CC -1 S0E+00 =1.50E¢00 =1,50E¢0D =1453E+40N ~1,57C¢7) ~1,50E¢"7
75«00 0. Ca O Ne 0. 0. Ce De Ce Ve e

M.0C 6, C. 0. 0. 0. C. s3% Ce re Ne Ne

1€5.00 C©. c. . 0. /N 0. 0. Ce N e A, [

120.60 0, c. 0. 0. 0. 0. 0. 0. Ce N e

135.€0 0. Ca 0. 0. 0. Na Ce (8 C. Ne ne

150.0¢ O, C. 0. Ceo 0. [\ Ce b Ce Ne [:18 =Ne
165.00 0. Ce 0. Ce 0. (28 Ce De Co e e T
17640 0, Co 0. Ge 0. 0. 0 Ye Ce b [ Ne
176425 Cu Ce Q. n. 0. 0. Ce Do © Qe ?. ko] .
176.50 0. Ce a. 8 C. N 0. - Oe Ce Je a3 )
176.75 6. (B Q. 0. 0. [.18 0. [ 0. Pe Go e
177.¢0 C. 0. 0. Ce 0o . 0e Co 3 e Ne . "o
177.25 €. Ce 0. [+ 0. 0. O, n, Q. % Co e
177.50 0. 0. 0. Ce 0. Ne Ce Oa Ce 218 e Ce
177.75 0. C. 0. 0. G, 0. Ce Ce Te e e e
178.00 0. Ce 0. [+ 0. Ce. 0. Co (A De Ne e
178.25 0. [ 8 0. Q. Q. C. Ce Ce b e e
178.50 0O. Ce 0. 0. [ Ce 0. [ n, Co e Ce
178.75 O. c. 0. 0. 0. 0. 0. Ne C. N e e
179.00 0. Ca . e 0. Ce C. Ce Qe e T Mo
179.25 0. Ce 0. 0. 0. C. 0. Ne 0. L\ e e
179.50 C. [N 0. 0. o. C. 18 e 0, o, n, .
179.15 0. Ca C. [+H Q. Ce e Co e T e
180 460 ~4411E-01 =3.27E-61 =2,60E-01 -1.98E-01 -1.«85-01 ~1e08E=C1 =T¢5TE=02 -4,BIE=(2 ~2.80E-02 -1.49E=02 -4,467E-?3 7,

xla=-1.5%0

POTENTIAL FIELD
cuteuT- RHO
TRETA G200 0.3C0 04393 C.480 0.560 04033 0.700 0.760 04813 0.860 £.900 0.933 C.960 C.980 £.993 1,320
60,0014 5000-1,5GC0-145000-1,5000-145600-145000-1+5000-145003~145000-105030-1,5000-1,5C00-1,50C2-145307-1,5700-1,502¢
75.00-1.3034=14.3515=143273-1 .3C86-1.2939-1.2824-142734-1,2666-142614-1,2575-1,2548-1,2528-142515~1,250T-142502-1,25%"2
90.00-1.2019-122268=141739-1.1368-11GT1-140832-1.0638-1.0481-140355-14€254-140175-1.0113=14CN66=140932~1,0F11-1,0PC
165.00-1.1946—1.1058=140366-C09807~049347~0.8960-0.8648-048386-048165-0.7984-3.7837=0.7720~0. 76321, 7564=C.7521-0, 7500
120.C6-101227-140 £74-Co9161-0.86408-07774=00 7233-0.6772-0.6380-34 604704 5769-0.5539~045354~0,5217-0,5104-0,5034=2,500
135.0C=140690-049279-0.8157-047216-U06404-04 569 5-0 4507404 4530-044058-00 3654-2,3315-043037-C+2820-142659~0,2553-0,2500
166400-1.0390-0.8706-047399-0,63C1-0153642-0, 4487-003716-0.3018-142386-0.1822-0,1326-L.CB98~"a054T=2,0276-0,02932,
165.00-1.047C~0.8378-046917-045727-024708-0.3619-043C42-0.2369-04 17930, 1308-0.0910-0.0591-+034T=0.L172=0,N156
176400=101201-046251-0.6692-045¢74=0:4454~043573-0.2816-C+2169-041625-021176=0.812-C.£526=C403(8=".£151-0,0050 ¢
176025-101251-0.8246-006685-00 546700 4448~U43567-042011-0e2165-041622-0e 1174-240811-040525-0,0377-2,0151-0,005¢
17650-101304-0082 0-04667T-6a 565900446 1-003562-042807-042161-041619-041172~C,0810-Co0524~0 2030 T-2,0150-0,0C49 ©
A
-
A
s

176075-1.1362-0.8233-0,6670-04,5451-0.6435-0.3556-0.2802-042157-041616=0.1169-0.1808~040523-040306=0,7151-2,0749
177400-121425-0.8226-0.6661-0,5443-044428-043550-042797-042153-041613-041167-0.0837-Co0522-C4N3N5-2,2150-0,£149
177425-141493-0.8218~0,6653-0.5434-0.4421~043543-042792-0.2149-0.1609-041165-9.0805-0,0521-7.0305=-7,0149-0,0M49
177250-141566=-02821G-0.6643-045425-0.441 3-0.3536-0.2787~042145~0e1606-041162-0.3803~Cai520~Co0304-N,7169-C.C249 ©
177.75-1.1652<0.820N=0.6633-0.5414-0.4404-0e3529-0.2782-Ce2143-041602-Co1160-0.0802-0,N519-0.0303=0,7149-0,0049
17RafiN~141765-€,8150-0,6622-04 5403-0.4395-043521-0e2776~042135-041598-C01157=0,9B00=0,C517-0.0303-,0148-0,0049 ~
I

178.765-1.1R51-0,81 78=0.6609-0.5350-0,4385-043512~0+2769-C22129-041594-041154-0,0798-0,N516-0,0302-1,01648-2,0749
178450-121574-0.08164-0,6594~0.5375-044374-0,3502-042762-042123-041589-0e1150=0,0796-Co"514-00301-0,7168-0,M"49



178475~122120-0.8148-0.6577-0,53568-044361-0.3490-0.2754~C,+2116-0,1583-Call47-0,0794~CoT513~
179.000-1.2298<00.8128-0,6557-0.5338-0.4345-0.3476-0.2744-0,2108-0,1577-0+1142-3,3791-C,"7511~
179025-1.a257A-0.8102-0,653C-0,5311-044324-06:3459-0,2731-C42097-0.1568-0.1137-0,7788-2,45( 8~
179.50=142850~0.8G£5-0.6494-0,.5274-0.4296-0.3434-0.,2714-C+2082-0.1557-0.1129-9,0784~Ce504~
179.75-1a33R7-0,8004~0.6433-G,5213-0442¢6-0,3393~0,2685~0e2058-041537-0e1116-040777-0.0698~

1604G0-1.500C-047820-0.0250-3.5213-0,4249-C.3393-0.2685-042058-0,1537-Cal1116-C.2777-C.0498-C.

THFTA
L. 00
15.00
9N .00
1¢5.C0
120.00
135.00
150.0¢C
165.CC
116.0C
17625
176.50
176.75
177.00
177.25
177.50
177.75
L718.00
178.25
178.50
178.75
179.0C
179.2¢
179.50
179.75 -
180 .00

NELTHFT3=-0.N200 NEG.

TRJ THFTA RHO

STEP

2 179.¢64 1.000
179.28 1.0.00
178.93 1.n00
17R.57 1.000
178.21 1.000
177.85 1.000
177.49 1,000

179.56 0,967

179.20 0.97%

17R.E5 0.984
178449 n,.988

178.13 0.990

177.77 0.991

177.41 0.992

179.48 0.935

179.12 0.958

178.77 0.569

178441 0,575

177. 6% 0,983
177433 0,985

m
©

12

179.40 0.906
179.04 0.937
178.£9 0.953
178433 0.963
177497 0.969
177.61 0,974
177.25% n.977

n
©

16

TABLE OF KHO-VALUES FOR

EQUIPOTENTIAL
~0.50 -0.80 -0.70
[LPY (L Q.
0. Q. 0.
0. Ne Ge
Q.627 0.8%86 Ca
0.412 Ue531 0,667
0.323 0,408 Ce5L1
C.283 a.350 Ca425
v.270 0.324 C.388
N.21% 0.315 Ge375
0.21%5 0.315 Ca374
0.27% 0,314 Ca374
0.275 0.314 0.376
0.276 0.313 C.373
N.276 0.313 0,373
Ga.27¢ 0.312 Ga372
0.277 0.312 €.371
1,277 0,311 0372
0.278 0.311 €. 370
N.278 0.310 C.369
0D.279 0.3.9 Ga368
0.278 0.308 0.367
0.280 U.30¢ 0.365
n.280 0.304 €.363
0,281 0.300 0.360
Ve284 0.267 G349
vr DVORH
Ca 0. 0.
Oa O 0.
~Ca ~Ca Ce
~0. -0e [<1Y
=Ca 0. 0.
-0a -0. Oe
=C. -0 Ce
—2.414E-02 5.552E+03 0.
=1.554E-02 5.671E+u3 0.
=1.147E-02 5,546E+U3 0O,
-%.NS7E-03 S5.573E+C3 0,
=T74539E-03 5,5956+03 Q.
—€.441E-03 5.615E+03 0.
~%e 646E-03 S5.633E+(3 4.
-4,BR6E~-02 5.857E+C3 0.
~3.160E-02 5.949E+03 0.
=2.321€-02 S.724E+03 0.
~1.843E-02 5.754E+03 0,
~1.571E-02 " 5.779E+03 C.
=1.2S9E~-02 5.616E+03 0.
=1.139E-02 5.637E+U3 a.
-74391€-02 64253E+03 G,
-4.816E-02 5.959E¢03 oO.
~3,558E~02 5.9S51E+(3 G
-2.808E-0G2 5.76CE+03 0O,
~2.324F~02 S5.TB4E+(3 ¢,
~1.9776~02 5.8C4E+03 Q.
=1.T20E-C2 5.B23E+03 O,

179.32 0,478
178.96 n.917
178.€1 11.937
178425 0.950
1774689 0,959
177.53 04965
177.17 n.969

EP n

179.24 0.857
178. 88 1W.898

3
4
5
[
1
8
T
2
3
&
5
6
7
8
11
2
3
4
S
6 178.05 0.980
1
8
1
?
3
“
5
&
7
A
T
?
3
4
5
[
1
F
T
?
3

~Se RGOE-02
- £.S0NE~NO2
~4. 806E-02
~3. 811E-02
=3.139€~02
~2.b06€E~-02
~2.315E-02

-1.212€-01
~8.1641E-02

64515E+03 (.
6e316E¢03 o,
5.5S8E+L3 Q.
6.022E¢03 0.
6eCe4E+0Q3 (.,
5.8(9E+03 0.
5.827€E+03 0O,

©a939E+G3 (.,
65676443 0O,

1
SWITCh TO R-2 COORCINATE SYSTEM-
TRAJECTORY NUa

THETA
167.39
166,59
166.75
167.20
167.72
16822
1ER.67
1£9.06
169.38
169.65

169.87

RHD
0.388
0. 408
0.457
0.518
0.5R6
G.6060
0.737
0.815
0.894
0.973
1.050

R
0n.085
0.N95
f.105
0.115
0.125
0.135
0.145
N.155
D.1656
0.175
0.185

4 DELRZ.010

4
=0.379
-0.397
=0oh45
-0.505
-C.573
-0.646
-0.722
~0.800
-0.879
-0.957
=1.034

DVDR
le346E-01
1.097E-01
1.153E-01
9+ 98BE-02
SeT60E-012
1.015e-01
l.113€-61
1.16¢E-01
1+359E-01
1.428E-01
1.627€-01

LINES
“0.60

ovoTH

2.
1.
1.
8e
Te
6e
Se

2.
l.
le
8e
Te
6o
Se

2.
1.
1.
8e
7.
6o
Se

2.
l.
1.
Ge
Te
6o
Se

1.
1.
1.
Be
Te
be
Se

le
le

ovoz
-1.591E «00
-1+386E+C0
-1.387E+00
=1.284E+0C
=121 8E+00
-1.162E+00
~ls111E+0C
=101 4E¢00
=9.620E-01
~B4405E~-01
~B.097E~CL

-0.5C =N.40 -0,.30 -0.2C
e. J. 0. O,

0. [ X% Ce O.

0. 0. Ne Ce

0. o, e Ce
1.0C 0. Co 0.
0.7c8 %.82C C.938 C.
0.589 0.675 N.762 0.845
0,537 0.618 Q.74 0.794
0.517 ¢.598 D684 0777
0.517 G.597 C.683 0.776
0.516 0.597 0.683 0.776
C.516 0.59%96 L.682 Ce175
0.515 J.596 L.682 0.775
C.514 0.595 0.682 Cal75
0,514 0,595 0,681 L7746
0.513 0.5%4 C.681 D174
2.512 0,593 Ce687 0.773
0.511 0.592 D679 0.773
0.510 0.591 0.679 Ca.772
0.509 0.590 L5678 f.772
0.507 04589 0.677 Ce771
C.505 0.587 0.675 9.770
0.502 0.585 C.673 2768
0.498 D.581 G.670 0.766
0.498 0.581 0.670 D.766
RH-PR Ri—PPR THD2 PHD2

4O0BE+C1l 1.145E+03
S31E+01 64.6C6E+02
122E+01 2.461E¢02
842E+CO  1.520E+02
290E+00 1.023E+C2
196E+00  T.236E+G1
382E¢00  4.759E+CL

3176401 5.301E¢02
SO9E+N] =2,B60E+DL
113£¢01 ~8,14BE+0L
BOLE+D0 ~7.892E+01
27BE+0D -T.366E+401
210E¢00 -64643E+01
459E+00 ~5,137E+01

2C9E+01 9.558E+C2
S04E+01  1.546E402
124E+01 -4.931E+01
936E+0D -B4828E+Cl
400E+00 ~8.199E+01
295E+400 -5.047E+C]
4STE+OD 1.16BE+01

06SE+0]1 1,049€+C3
L6TE*OL  3.465E+D2
122E+C1 BJ06BE+0L
OL2E+ND ~14634E+01
4B6E+CD -3,894E+01
348E+C0 -2,491€+Cl
467E+00 -1.B26E+01

921E+C1  9.979E+02
411E+01  «,349E¢02
104E+0L  1,755E+C2
9B80E+D0 S5.8C2E+C1
S06E+CO  l.ll6E+01
364E+00 2.516E+CO
485E+00 -3,021E+00

T88E+01  9.212E#02
349E¢PL  4.578E+02

P

1,836E~01
-3,808E+00
-5.494E+00
~b2669E¢I0
-7.083€+00
-7.488E+00
~7+729E+00
=TeB44E+DD
=T7.840E+00
=T+ 754E+00
=T+ 60TE+00

PP
~24520E¢02
=24384E¢02
~1.190E+02
=Te624E¢01
~5.065E+01
=3,238Ee01
~1.723E+01
~5.895E+00

5¢332E+00
1.20SE+01
1. 701E401

6e366E*14  1.4T0E+12
1.396E¢15 1.538E¢12
2426TE+15  1e667E¢12
3.113E+415 1.896E¢12
3.T794E+15 24350E¢12
4elT2E+15 3,528E+12
2.743E+15 T.T75E+12

6.694E¢14 2.790E¢16
1.409E+15  2,244E¢16
24267E+15 1.660E+16
3,095E¢15 14352E+16
3,750E+15 1,25TE+16
4.CB9E*15 1.436E¢16
2.593E+15 2.361E+l6

7+155E¢14 3.651E¢16
14391€415 4.T61E+16
241B2E+15 4,321€E¢16
2.957€¢15 3.827E+1l6
3.574E¢15 34552E¢16
3.916E+15 3.486E+16
2.518E+15 3.,577E+16

Te943E¢14 2.933E¢16
1.429E¢15 5.311E+16
241526415 S5.774E¢l6
2,860E+15 5.618E¢16
3.436E+15 5.,425€+16
3.786E+15 5426CE+16
24432E+15 4.562E¢16

B.90TE+14 2.194E¢16
1.509E¢15 4, 920E+16
2.182E+15 6.105E+16
2.830E+15 &.43BE+16
3.361E¢15 6.479E+16
3. 7QCE+15 6.474E+16
2.338E+15 6.183E¢l6

9.991E+14 1.65CE+l6
1e615E+15 4,3C0E+16

v
-6.967E-C1
=64 684E-1
-6.014E~C1
-5.207€-01
~44342E-0C1
~3.458E-0C1
~24580E-C1
=1.730E-CL1
=9.392E-02
~242T6E-C2

44139E-02

TI0N-0,2167-0,0048

299=",714T7-7,0748
297-247146-0,7748
295~ 145~
C291-"," 144~

L0048

£291-1.7144-C,0047

t
o s D
.
-
[

D3N DD
e

©.925
C. 891
C.879
. 879
0. 879
N.879
0.879
n,878"°
G.878
C.878
n.878
€. 877
€. 877
N, 877
Te 876
Ce 876
0.875
D874
R, 874

PSI

3.914E-29
1.563£-"8
3.577€-28
64206E-78
9. 625E-08
1.367E-27
1. 797€-27

1.830E=09
9,319€-09
2,355g-n8
4,413E-18
64974E~N8
9.643E-03
1.102E-27

Te893E-12
44 939E~C9
1e 440E-08
24929E-08
4+852E-78
TN17E-C8
B84977E-08

4e148E-17
2, T51€E-29
Be831E-"9
14933€-28
3,358E-"8
S5.061E-08
Te3602E-28

2.587E-19
1,688E-09
5¢676E-09
1le311E-"8
20379€-18
3.644E-28
S«745E-"8

1.,814E-19
le132E-N9

21
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STFP 380

? 16B.02 N.275
3 16T.66 N.325
STEP 3RA4

2 167.86 0.215
3 167.50 n.325
STFP 388

? 167.70 0,275
3 167.34 0.325

=84922F-01
-7.953E-01

-£.915F-N1
= 7. 960E-01

-8.9C6FE-01
=7.964F-01

SuliCH TO H-I‘CﬂunnnNATE SYSTEM-
TRAJECTORY NU.

THFTA
167.26
166.18
166.03
166.22
16€.55
166294
167.32
1€1.69
16R.U2
168432
168.58
168+ R0
168.99

RHO
0.325
N.362
0.380
0.427
N.480
0.538
0.600
V.664
0.731
€.799
0.867
0.935
1.0U4

3 ODELR=,010

[
0.072
6.082
6.n92
c.102
0.112
0.122
0.132
0.142
0.152
0.162
0.172
0.182
0.192

2
-0317
-0.332
-0,3¢8
-0.414
-0.467
-0.524
-D.5E5
~Ge 649
-0.715
~0.782
-U.B850
-0.618
-0.985

SwiTCH TO R-Z COORUINATE SYSTEN-
TRAJECTORY NOo

THETA
167.58
165.95
16471
163.81
163,21

162.8A

162.76
162.82
1£3.01
163.32
163.70
164415
lé4a.b64
165.14
165.60
165.99
166431
16€.59
166,82

RHO
0.276
Da.786
0.301
0.320
043446
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T 179:22 04673 -1 4558-00 1, 96TEeuk  Ue 506U2EHIC 20 2i9E42  304S0E+Q5 1e2I8E414  4e624E-10
8 179.13 0,679 -1,263E-0L 2,C42E+04 Uy 3.662E40U 24 751E402 24270E415 3.47SE+14 943826-10
STFP I8
2 179.55 G.871 =3,6425E-Gl 1,4USE+04 U, 10633E401  1e034E403 9.12€E414  Z,761E+1C 1.787E-12
03 179,46 D.9LC -2 T43E-OL 1.387E+04 O 10209 E4U1 5. 6426402 1.568E+15 Ze301E41i Bo066E~12
4 179,37 GoS22 -2, 363F-0i 1:395E+04  Us 9.4ULEWO  3.58SE40Z 2027TE415 1.110E412 24524E-11
5 179,28 0,945 -2, 093E-0 1.606E+u4 O. Tob2TENO 2. TSBEeU2 248S9E+15 206SEE+12  €o186E-1%
6 179.19 ,$55 -). 882E-0' 1,643F+us 0, 6.27T9E+IU 24 164E4G2  3.38TE+15 9e92iE+412 1.308E-10
7 179,10 0,962 -1.695E-0l 2. U6BE¢04 U, S.i50E40U 2,101E+02 3.679E+15 24298E+12 2.4S4E-10
8 179,01 00672 -1¢394E-0k 2,144E+u4 Do 3.09GE+30 2. 529E+02 2.530£415 E.T2EE+13  6,009E-10
STEP 24
_ 7 179,43 U,E39 -3, 9495-01 1.252E+04 O, 1e%42E401 Bo193E402 10061E+15 74284E4CS  1.3T1E-12
3 179.34 0.886 -3 1626-01 1.413Fe04 0. 1,09BE401 40 9464E4U2 1oT4BE415 Se646E+1G 5. 660E-12
4 179-25 0,913 -2 A8AF-0. 1.405E+06 ©a Bo69UEHD 34 21BE+02 2.4TSE4L5 24665E+11  1.684E-11
5 179,16 €,930 -2.3806-01 . 4186404 O, ToORLEH0 2.337E+02 3.11CE415 E€.992E+11 4.022E-al
6 179.07 0,642 -2.123E-01 1. TGOE+U4 U 5.840E400 2,U26E402 34603E415 2451€E+412 84460E-L1
7 178 9R (o682 -1, B95E 1.T4TE404 e 4aTH9E40 1. TikE1U2 349CLE+i5 €o3CiE+41Z Lo 643E-L0
8 178,89 U $66 -1 494E-0L 2,294F404 U 2.584E+00  2,305E4U2 2.914E+15 3.255E+412 4.555E-10
STEP a0
SWITCH TO R~7 COORDINATE SYSTEM-
TRAJECTORY NO, 2 DELR=,010
THETA  RHD ] 1 DVNR ovD2 14 zpp v

122,32 0o(9C 0,075 ~0.049 1:3CB8E+00  -1,T741E+00 lo255E400 =-S.16E5E401 -8,15¢E~(1
134653 0Ca(S4 7085 -0,039 1:333E400 -1,6B87E+J0 8,542E-01 ~=2,077E+01 ~-€42C6E~D}
10850 (. 160 C.A 095 ~0:032 L2 40TE+00 =14 502E+0U 6c0726-01 =10974E401 =-E4183E~yl
10e-2) ¢gelc? 5106 ~0. 027 1.3B0E+J0  -1o614E+00 4:.40TE-0) -1o506E401 ~€011SE~01
161,25 GCe V7 .;!15 -Cs 023 1. 399E40J -1.528E+30 3.109E-01 -14120E+01 =-E,028E~y)
99,22 0,27 0.125 -C. 020 1:410E+O0 2 4T1E+GO 2,123E-01 -8o7GGE4QC <-7.637E~ui
Q7483 Qc 136 U, 135 -2.019 1a616E400 ~i.432F+00 12343E-01 -T.QUiE+40C =-7.821E~¢1
Qe G146 3,145 -0.518 V1,41 9E400  «1.4C0TE+D0 Ted63E~0V2 =54TF4E4CC =7,652E~(]
96,31 0,156 0,355 -0,917 L.420E¢00 -1,390E+00 1.735€~02 =-4.9USE+0U <=7,557E-y1
95495 C(ol66 0:165 -0.1 7 1: 422E40U0 ~1.38i 5400 =-2.819E-02 -4o23CE4+G0 -7.414E~¢i
95,77 o176 (5175 =0, 008 1: 4228400 =1.3T6E+0U0 —6,TT6E~D2z =-3.TUSE+UC ~7,26%E~01
95,72 0-186 0105 -0.019 1o 422F490  =1.3T74E+GU  -1:J26E-D1 =2.287E4G0 =Te1liE~ul
95,77 0,196 0:195 -9,020 3:422E400 -1,376E+CU =—1c338E-01% ~20948E+GC <-6.952E~C)
Q%90 295 =G. 02} S:8u6E-Ul  -14273E+00 =—1c627E-01 =-2.805E+0C -£€.,843E~C1
Cb6e1C o2k 0,715 -04023 5-813€-0. =1 24TE+G0 =1.R9BE-D1 =2.63iE+0U -€.T€2E~Ci
9é,36 (22 9225 0,025 5:814E=~J1 223E+00 =2,i54E-01 ~2:4TEE40C ~&.6E8CE~CL
96462 (227 $.235 ~0c327 S5,811E=0L =1,203E¢00 =20394E-D01 -24337E40C -&o554E~C)
96093 o247 0: 245 -G U0 5:8U4E=IL =-1.1B4E+00 =24621E-01 -2.211E¢UC -€.5C6E~ul
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APPENDIX B

FORTRAN PROGRAM

C* ’
C PRIIGRAM FOR CALCULATING POTENTIAL FIELD IN AN AXISYMMETRIC
C ELECTROSTATIC CULLECTOR. TAKING SPACE CHARGE INTO EFFECT.
C* EXECUTIVE ROUTINE FOR PROCESSING MULTIPLE CASES
C* 7 AND MAIN CONTRUL OF LOGICAL FLOW THROUGHOUT PROGRAM,
C*
Coxs
COMMON BOWCVFORRT(LIC) yDRHMIL6) o DTHTOWDTHTRZODVDRI1C)
1 DVDTE10) DVRDRsDVRDZ oEQLILC) ETADWIBAR I ToeJFoJTeKPQeKPOI
2 KPOSC el UOPsNEQLeNLoN2¢yN3oPHD2A(L10) ¢PLPL2sPSIALLIN)PSID(L10)+RY
3 RANDGRHM(17) oRHOP(10) «RHOPP(10) oRHTILG) +RHV(10),SPCH,TAUD2,
4 THDULO) « THMD(25) s THSDEL o THSFAC ¢ THSWHI o THSWLO,
S THTD(1G) e THTIR(10) e THL1 s TH2e V{1 T7e25)¢VQeVR
6 VSMITL1O) e VTILU ) eW(16) e XCTRoXTE25416)Y(16),24C
EQUIVALENCE (DTEeY( 1)) o (THaY(2)) o(RHeY(3)) ol RH24RHPyY(4) )
% (RHIPoY(5)) o(RH2PoY(6) el W(1l)DELRIs(W(2)+AR),
B AW (3D eZ)olWla) oZ2¢ZP)o(W{S5)sZ1P)os(W(6) 22P)
Co¥%x
C SUBROUTINES-
C 1l MAIN
C 2« INPUT
C 3. INTGRN
C 4o IE
C 5« DERIV
C bHa RK
C Te MESH
' Be RZTRAY
C 9« RIRK(RZODE}
C 10+ R7ZDE
C 11. QuT
C 12« VFIFELD
C 134 EQLINES
C 140 RHSCAL (A2 230 4VO ¢THL «THF e Xe V24 IBARsRHMe TH2)
C 154 PSICAL(RWZ+PSTI+BOJASM)
C l6e BRBZ (ReZsBR+BZBDASM)
C
10 FORMAT(SHGPASS o 13¢1X BHFOLLOWS=-)
C .
C INIETTALIZE SPACE CHARGE FIELD TO ZERO TO SET up
c LAPLACE ECUATIGN.
DD 1 d=1le25
1 XTlJdel}=3a0
C .
C INITIALIZE MESH SI1ZE. BOUNDARY CUNDITIONSs CONVERGENCE
C CRITERIA,
Pi=0.N
LKTR=1
CAlLL INPUT
L=L00P
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C COMPUTE PCTENTIAL FIELD FOR GIVEN SPACE CHARGE FIELDe
7 CALL VFIELD
{F(SPCHaEQ.NL) GO TO 3

C
c CONDITIONAL QUTPUT OF POUTENTEAL FIELD.
WRITE(6410) LKTR
3 CALL ourv
C
c INTEGRATIGN OF ELFCTRON CLASS TRAJECTGRIES THROUGH
C THE COMPUTED PUTENTIAL FIELD.
CALL INTGRN
L=L-1
LOCP=1L00P~1
JT=1
LKTR=LKTR+1
CALL INPUT
[FlLtaGTal) GO TO 2
c .
N1=2
N2=8
N3=1
SPCH=0,.0
KPG=0
IF{L.EQaYl) GC TO 2
C
sSToP
END
" SURRCUTINE INPUT
Cx '
Cx . REANS AND PRINTS INITIAL CONDITIONS, PARAMETERS AND
c* MISCELLANFOUS DATA KEQUIRED FOR INTERNAL USE BY ,
C* PROGRAM (CUTPUT FREOUUENCY, LOOPING INDICES. CGNVERGENCE
cx* CRITERIA. FTCala .
Cx .
Cx%k %k .
COMMON BOLCVFeDRHT{10) yDRHMI16) sOTHTDOTHTR,OVORI10)
1 DVDTI10) s DVROR OVRDZ yEQL{10) JETAOWIBARGIToJF o JT+KPOKPOIL
2 KPOSCLOOP ¢ NEQL +NLyN2sN3+PHD2A(10)sPI+PI24PSIALIL10)4PSID(10) 4R,
3 RADRHME1TIRHOP({LO) s RHOPP(16) s RHT(LG) oRHV(10),SPCH,TAUD2,
4 ThD(L10) + THMD(25) o THSDEL o THSFAC « THSWHI s THSWLO,
5 THTBU10) « THTIR(10) o THL s TH2 e V174251 e VO« VR
6 VSMI{10) o VT(L1O) oW (16D o XCTReXT {25,160 4Y(16)+240
EQUIVALENCE (OTHoY{1) ) olTHoY{2)) olRHeY(3)) o LRH24RHP Y (4] ),
#F (RHIPY(5)) (RH2P oY1 6))s (WiL) eDELR) v (Wl(2)9AR)
# {W{3)eZ)olW(a)oZ22:ZP)o(WI5)oZ1P)o{W{6)422P)
C¥xx
16 FORMAT(2X+3HIO=,1PEL13,3)
17 FORMAT(2X +3H.JUN=4 1PEL1343+4X+5HR =,E1043)

18 FORMAT{2Xe3HVO=,1PE1343,4X+5HBL =.£1043)

19 FORMAT(2X+6HEMFGA=+ LPELC o3 ¢4X e SHETAG=¢E1DRL3)
20 FORMAT(2X.6F+FO =9 1PE1D L3 ¢4X e SHKP =eE1Ce3)
21 FORMAT(1X.6HINPUT=-)

22 FORMAT(4LOT2Z)

23 FORMAT(16H BRILLOUIN FLOWa).



[aEsRakalal

lalel

SO0 05

30

24 FORMAT(/1Xe1Z2HOUTPUT EVERY +12+1X+6HSTEPSS)

25 FORMAT{(2X«6HTAUO2=9E10e¢394Xe5HRAD =4E1D63)

26 FORMAT(16F5.3)

27 FORMAT(3X o 1H e BXoe@HDEL [+ 9X 9 4HDELT » 5X¢S5HTHETA 99X9 3HVSM,
¥ OX o 2HVI + BXoeEHINJEC @ ¢ 8Xe 4HPSIO)

28 FORMAT(2X+s12+42F1343,F10e3¢F123,1PE14.2,,0PF104341PEL15.3)

29 FORMAT(16HOINITIAL VALUES-)

3G FnRMAT(IZXoSP(RAD)-SX.SH(DtG)-4X.5H(DEh).31X-6HANGLES)

31 FORMAT{1H1)

32 FORMATIS5H

33 FORMAT(RE10.3)

34 FORMAT(15H COCNFINED FLOWS)

35 FORMAT{12.10F5.3)

36 FORMAT(/1Xe2SHCONE ANGLE IS CUT OF RANGE (=+F5.0+9H DELREES))

37 FURMAT(/1X+30HSTEP SIZE TOL LARGE, DELTHETA=,F5.2)

A8 FORMAT(/1X«32HCONFLICTING BOUNDARY CONDITIONS-)

39 FORMATI2X.18FSURFACE POTENTIAL=.1PE9.2)

40 FORMAT{2X.15+BEAM POTENTIAL=4,1PE9.2)

41 FORMAT(4FS5.1)

42 FORMAT(24HGNG SPACE CHARGE EFFECTS)

43 FORMAT(1XeT12.21H JTERATIONS FOR SPACE)

44 FORMAT(15H CFHARGE EFFECTS)

INITIALI7F TRAJECTORY CALCULATICGNS.
FIRST TIME SETTING OF INITIAL CONDITIONS., BGUNDARY
PARAMETERS. CONVERGENCE CRITERILA.

JT=1 :

IF{PI-NEADa) GO TO 9

CGNSTANTS.
PI=3.141562¢5
PI2=2.%P
CVF=1R0./P1
FO=B.R60E-14
FTAO=1.753F+15
OM=1.414E+10

REAG/WRITE.
WRITEL6.31)
RFAD(5.32)
WRITEL6.32)
REALC(5+33) R.RO, DTHTD.THl
READ(5+33) Z1G.,240, VO-DELR.CUN?LU.RAD
READ(5422) NToKPOI oNLeN2oN3+IBAKLOOP+KPOSC

INCREASE STEP SIZE DTH. BY A FACTOR
GF (THSFAC) EVERY (THSDEL) DEGREES
N THE THETA({S5) RANGE FRGM- (THSWHI)
. TO (THSWLG) UEGREES. S
READ(541) THSFACTHSDEL o THSWHIL « THSWLU
READ(S.26) (NMSMI{1)e I=14NT)
READ(5+35) NFOL. (EQL(I)s I=1e.NEOL)
TH2=177.-TH1/6G. - ‘
JF=25
KPO=0
IKP=710/(VD%x21.5)



IR alal

14
15

TEST MAGNITUDE OF CURRENT DENSITY
TO SEE IF SPACE CLHARGE CALCULATIONS
SHOULD BF MADE.

SPCH=0.0

IF{740.LTa10.0) GO TO 14

SPCH=1.0

WRITE(6.43) LOOP

WRITE(6.44)

GG TO 15

WRITF({6442)

TAUB?2=(R%R) /(24 %ETAO*VQ)

INDICATF TYPE OF FLOW.
IFICONFLNLGFC20.0) GO TO 1
WRITE(6.34)

GG TO 2
WRITE(6423)
CONTINUF

READ BOUNCARY CUNDITIONS.

REAC(H«26) (XT(Jelb6)s J=1,JF)
Na 3 Jd=1l.JdF

XTldelb)==XT(Js16)
XCTR=XTi1.16)

NO 4 I=1.15
XTCLl, 1 )=XCTR

INPUT [ATA CHECKa

[FITH1 eGE20eC.AND.THL1oLEL174e) GO TO 5
WRITE(6.36) TH1

CALL EXIT
[F(DTHTDeLT20.0.ANDDTHTDeGEa=+05) GO TO 6
WRITE(6437) CTHTD

CALL FXIT _
[F(VSMI(1)oLE.ABS(XCTR)) GO TU 7
TO=VSMI(NT)

WRITE(6.3B)
WRITE(6439) XCTR

WRITE(6.4C) 10

CALL EXIT

INITIAL OLTPUT.
WRITF(6.21)
WRITF(6+28) FO.ZIKP
WRITE(6.19) (M.FTAG
WRITE(6.,16) 210
WRITE(6.1T7) 740,R
WRITF(6.18) VO.BO
WRITE(6425) TAUO2.RAD
WRITE(6e24) KPOI
DTHTR=DTHTN/CVF

DETERMINE ENTRY CONDITICNS.
DIMENSTON ALPH{10),0ELI(10)
TO=RAD/FLOATINT-1)
NO 8 [=1.NT
T1=FL OAT(I-1)%T0
DELILT)=ARSINITI/R)
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TALPHIT)=1.08FLOAT(T)

T2=PI=-DFLILL(T)

ST=SIN(T2)

C1=CNs(T2)

ARF=R*%ST

7ED=R*(1.0+CT)
CALL PSICAL{ARE +ZEDPSI+BORAD)
PSIO(T)=PSI

[F(CONFLOLEQ.O4) PSICLTI)=0.0
CONT INUE

SETTING OF RHO-THETA VARIABLE MESH.
CALL MESH

SPREAD INITIAL TRAJECTORY VALUES.

EVFRY TIMF INITIALIZATION OF TRAJECTORIES.
DO 10 IT=2,NTY

RHT(IT)1=,99G6¢
ALPHA=ALPH(IT)/CVF

GAMMA=PI-ALPFA-DELI{IT)+DTHTR
T2==RHTUITI/ZIDTHTIR*SINI{GAMMA) )
TA=SINCALPHA+DELIT{IT))-SIN(GAMMA}

RH2P=-T2%T3

DRHTULIT)=RH2°P

RHOP(IT)=RH2F

THOLIT)=vSMI(ITH/ (1 +RHOP(IT)%%2)

CALCULATE VTH(I)e.
NO 11 I=1.NT
THIR( [ )=PI-CELIL(I)}
THIND(I)=THTR(I ) *CVF
VT (1)=svasySNILT)

PRINT INITIAL TRAJECTORY VALUES.
WRITEL(6429)
WRITEL6.27)
WRITE(é.30)
DO 12 1=2.,8
DELID=DELT( I 1*¥CVF
T1=180.-DELILC

WRITE(6+28) [ DELICTE)+DELIDTYoVSMI(IL)oVT(I)+ALPH(IL)PSID(I)

NO 13 [=2.NT
IT=1
TH=THTR(IT)
RH=RHT(IT)
RHP=RHOPLIT)
CALL DE
RHOPPLITY=RHZP

RETURN
END



SUBRGUTINE [INTGRN

C*
C» CONTRGLS INTEGRATION LOOPING OF EQUATIONS OF MOTIGN.
Cx STEP-SIZE+ CHANGEGVER GOF CUORDINATE SYSTEMS AND THE
C* NUMBER OF ITERATICNS REQUIRED FOR CONVERGENT SOLUTIONe
Cx%
C %% %
COMMON RDLCVF«DRHT(10),DRHM(16).DTHTD«DTHTR,DVDR(10},
1 DVDT(10) .DVRDOR«DVRDZ+EOL{10)+ETAQWIBARIToJFoJTKPOLKPOI»
2 KPOSCoLOOP 4 NEQL «N1yN2WN3,PHD2A(10),+PL,P12,PSIA(10),PSIDC(LC)sR,
3 RADRHMULT I +RHOPCLO) o RHOPP (1D ) 4RHT(LIN) yRHV(10)ySPCH,TAUOZ2,
4 THO(10) s THME(25) « THSDEL ¢ THSFAC« THSWHI + THSWLG,
S THTD(10) e THTR(10) s TH1 s TH2eV(17:25)+V6e VR,
6 VSMI(10)oVT{10) oW l16) ¢ XCTRoXT(25416)4Y(26)4240C
EQUIVALENCE (DTEeY(1))o{THY(2)) {RHsY(3))s{RH2+RHPsY(4))»
* (RHIPoY{5) ) «{RH2P+Y(6) ) o {W(1) DELRI +(W(2)+AR),
# AW 3)eZ)elWl4)oZ2:2P)oIW(5).Z1P)+(W(6)+Z22P)
(&%

1C FORMAT(7HOLTHTD=1PESL2)
EXTERNAL DE
DTE=DTHTR

C CHECK FOR SPACE CHARGE ITERATIONe
IF(SPCHeEQ.Os} GO TO 1
N1=5
N2=5
N3=1
IF(LSWeEQa9) GO TO 1
LSw=9
THO=THTD(S5)

1 DO 2 IT=N1+NZN3
TH =THTR(IT)
RH =RHT(IT) -
REP=DRHT{IT)
RGIL D=RH
CALL RKI(DE)
RHOP (IT)=RHF
RHOPP(IT)=RHZP
THTRIIT)I=TH
THTIDCIT)I=THIR(IT)®*CVF
RHT(IT)=RH

2 ORBT(IT)=RHP

INCREASE STEP SIZE DTHe BY A FACTOR
OF (THSFAC) EVERY (THSDEL) DEGREES
IN THE THETA{5) RANGE FRCM [(THSWHI)
TO (THSWLG) DEGREES.
IF{THTD(S)aGTaTHSWHI} GO TO 3
IFITHTD(S5)aLETHSWLO) THSWHI=0.0

THSWhI=THSWH I-THSDEL
DTH=THSFAC*DTH

T1=CVF*DTH
WRITE(6,10) T1

[sEaRaRalal

3 CONTINUE
JT=4T+1
CALL DUT
IFISPCLH.ECQ.) GO TO 4
IFIRHaGTRHM(T)) GO TO 1
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ThF=THTD(5)
CALL RHSCALIRADZJO s VO THO+THF oXTy VSMI « IBAReRHMy THMO(1)+KPOSC)
KPG=0 :

RFTURN

R-7 COURGCINATE TEST.
IFITHTR(2)«GTa3.1) GO TO 5
[FIRHNOPIN2) oL To0.) CALL RZTRAJ
IF{RHT{N1)aGTa1,0) GO TO 6
GO T0 1

RETURN
END

SURBROUTINE CE

CONTAINS FQUATIONS OF MOTION IN SPHERICAL
CONRDINATE SYSYTEM.

COMMON BOCVF.DRHT(L10) JORHMELIE)oDTHTD+OTHTRDVDR(10D) »

DVDT(10) sDVROReDOVRDZ «EOL(10) ETAO I BAR [T JFoJT «KFPOsKPOIL
KPOSC e LONP«NEQLeNLeN2¢N3+PHD2A(L0)oPIL+PI2.PSIAIY0),PSIO(10)sR,
RAD.RHM(17)0RH0P(IO.oRHOPP(10,QRHT(IO’vRHV(lO)cSPCHQTAUQZO
THD(1G) « THMC{25) « THSDEL» THSFAC s THSWHI » THSWL O
THTD(10) o THTRU10) e THLeTH2eVI{1T7425)eVOsVR
VSMICIO) o VTLIODaWLE) o XCTRXTL25016)0Y(1600240

FOUIVALENCE (DTHoY{1))elTHoY(2)) «{RHsY(3)) s {RH2+RHPsY (4} ),

* (RHIPSY(S5) ) o{RHZP+Y(6) ) s {in{1) «DELRI o (W (2)+AR),

2 (W{3)eZ) ol (4} sZ2:7P)o(NI5)Z1PIe(WI(6),22P)

DS WN -

ST=SIN(TH)
ST2=5T%%2
CT=COS(TH)

COMPUTE DV/DRHO AND DV/DTHETA.
CALL DERIV
ARE=RH%2R ¥ST
JTED=R%{ 1. +RH2(CT)

COMPUTE PSI.
CALL PSICAL(ARE ZED.PSI.BO.RAD)

COMPUTE BR AND Bla
CALlL BRBZ(AREZEDBR+BZBG.RAD)
T1=—FYAQ/( AREXARF%P[2)
PRD=TL1*{PSI-PSIO(IT))
PRD2=PHD*%2
PRU?2MLIT ) =PHL2
PSTA (IT)=PS1

COMPUTES FIKST AND SECOND DERIVATIVES OF RHGO WITH
RESPECT TC THETA (SPHERICAL COURDINATES}).
DVMDRH=R*(BR*ST+82%(T)
DVMDTH=RE*R* (BR&®CT-R7*ST)
T1=RH¥RH*R2¥R*ST#PHD




PARLI=DVDR{IT)I/R+STxPKEDSDVMDTH
PAR2=DVODT(IT )}/R-T1*OVMORH
TO=(VSMI(ITI+VTUIT) I /{TAUC2*RH*RH* (Ll +(RHP/RH)}%%2))
THD2=TO-{PHDZ%ST2) /(1 e +(RHP/RH }%%2)
THO(IT }=THD2
T1=RH3STRPHL
T2={ T1%ST%P+D)/THD2
TH=ETAD/R

T3=T6/ThD2
T1=RH+T2+T3*PARL

T2=-{RHP*ST3CT*PHD2)/THD2

T3=(2.%RHP*%2) /RH

T4=={(RHP*TS )/ (RHXRH*THED2)
RH2P=T1¢T2¢T2¢T4%PAR2

RH1P=RH2
C
RETURN
END
SUBROQUTINE DERILV
C*
C* CALCULATES ThE RATES OF CHANGE OF THE POTENTIAL
C* FIFLD IN SPHERICAL COGRDINATES FOR ANY SPECIFIED
Cx* INTERIGR POINTa
C%
C¥¥% % ]
COMMON BOQeCVFeDRHTILU) «DRHM{L16)4DTHTD+DTHTRH,DVDRI{10)
1 DVOT(10) ¢ DVROR +DVRUZ »EQLU10) ETAC.IBAReIT o JFoJT +KPOWKPOIL»
2 KPOSCoLOOP+NEUL oNLeN2+eN3+PHDZ2A(LG) ePI+PLI2,PSIA(10)+PSID(LIC) R
3 RADeRHM(17)+RHOP{10) +RHOPPI10) +kHT(10)RHV{101),SPCHyTAUD2,
4 THDULO) «THMO(25) « THSDEL « THSFAC s THSWHI » THSWLO
5 THIND(10) « THTR(O10) o THL s TH24sV(17425)¢VDeVR
6 VSMI(10) o vT(10D oW (16D e XCTReXTI25016)Y(16),2J40
EQUIVALENCE (DThoYE1) D)o lTHY(2))elRHeY{3) )4 (RH2sRHPsY(4))»
% (RHIPoY(S5)) o(RH2P«Y(6) ) o {1 ) eDELR) oUW (2)+AR)
F (W) eZ b ol Wl4) oZ22¢ZP) el mWiB)eZ1P)o{Wl6)e22P)
CXx%k 3%
T2=TH%XCVF
T3=15.
[
C DETERMINE RHO INTERPOLATION FACTOR (FRIe
DO l ‘=l017
IFIRAM(T)GTaRH) GO TO 2
1 CONTINUE
2 1FlIFQa17) I=16
FR={RH=RHM{ I-1})/DRHM(I-1)
C
C DETERMINF THETA INTERPOLATICN FACTOR (FT).
DO 3 J=1.25
IFITEMDIJ) aCTaT2) GO TO 4
3 CONTINUE
4 IF{T2.6TaTHZz) T3=425
FT=(T?2-THMD(J=-1))/T3
T3=T3/CVF
C

VPL1=V{I=1led=1)0¢FT%{VII-1ed I=V(l=1lsd-1))
VP2=VILl  «J=1D)+FTH(VIT «J I=-VvIT +Jd-1))
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VP3I=vil=-1eJd D+FRE(VIT oJ d=vii-1sd )
VPGV I=1sd=10¢FRE(V(] oJ=-11-Vv(i=-1led~-1))

VI(ITI=VPI+FRX{VP2-VP1)
FVALUATES DV/0RHO AND DV/DTHETA AT (RHeT2) FROM CURRENT .
POTENTI AL FIELD.

DVOR(IT)I={(VE2=-VPL)/ORHM(I-1))*VGC

DVDTCEIT)=((VF3-VP4 ) /T3)*V0

IF{THTD(IT)aEToTH2) DVDTLITI=0.0

RETURN
END

SURROUTINE RK(DE)

INTEGRATES ONE TRAJECTORY ONE STEP USING RUNGE- KUTTA
FORMULAS IN SPHERICAL COORDINATES.

COMMON HO CVF+DRHT(10) DRHM(16)'DTHTD.DTHTR90VDR(10’v

OVDT{10) sDVRDR ¢DVRDZ +EQL (10D e ETADIBAR +IT o dF o JT yKPO,KPOIL s
KPOSCoLNOP o NELUL eNLoN2 ¢ N3 e PHD2ALL0)+PL 4PL2.PSIALILD)PSID(1CG),4R,
RADSRHM(17) +RHOP{ 10) 4RHOPP(10) ¢RHTE 1) »RHV(10)+ SPCH,TAUDZ,
THO(LOY s THME( 251, THSDEL s THSFAC S THSWHIE , THSWL O,
THTD‘ 10, THTR(IO)QTHI THZQV(17045,0V0 VR »
VSMICL10) e VTLLIO) sW( 16) e XC TR XT(25,16)sY(16) 240

EQUIVALENCE (DThHoY( 1)) ol{THeY{2)) o (RHsY(3)) o{RHZ+RHPyY(4) ),

* (RHIP+Y{S5))o{RH2PoY(6) Vo (Wl(1) DELR) ¢ (W (2)4AR),
F AAl3)0Z) el wld) o22472P )t WIB)22Z2P)(HI6)22P)

Y(15)=v(32)
Y(1€)=Y(4)

CaLtL DE
Y{T)=Y{1L)*YLE)
Y{B)=Y(1)*Y (&)
Y(2)sY(2)¢Y(1)/2,
Y{3)=Y{15)+.5%Y(7)
YU4)=¥{1é)+a SRY(B)
CALL DE
Y{Si=Y{1)*Y (%)
YI10)=Y(1)*Y(6) .
Y{3)=¥(15)¢a5%Y (T}
YI4)=Y(16)+ta5%Y(10)
CaLL DE _
Y{11)=Y{1)*Y{5)
Y{12)=Y(1)*Y(6)
Y{2)=¥{(2)+Y{1)/2.
YE3)=Y(15h+YL11)
Yi4)=Y{16)¢Y{12])
CALL DE
Y{13)=Y(1b%Y(5)
Y{l4)=y(1)*Y{6)

Y(3)=YE1S0+0YETVe2.%Y( 9)42.%Y(11)+Y{13)) /b.
Y(4)=Y(16)+(V(B)+2.%Y (10 +2.%Y (121 4¢Y(14)) /6.



CaLL DE
- RETURN
END

SUBROUTINE MESH

- C¥%

C% FOR ANY SPECIFIED COLLECTCR GEOMETRY, GENERATES
CC% GRACUATED MESH PUINT ARKAYS IN bUTH THE RHQO AND
% ThFTA DIRECTIONS
€%
C %% % . -
COMMON B0 «CVF ORKET( LG ) +DRHM{16)+OTHTD,DTHTR yDVDR{1C ),
_DVDT(lG)oDVRDRoDVRD[oEUL(10)-ETAO-lBARv[TvJF'JTOKFU'KPUIv
KPﬂSC;LﬂOPohEQLleoN2.N3vPHDZA(IU)oploP[ZoPSIA(lQ’oPSID(IQ)QRl
RAD.RHM(17’0RH0P(IO)oRHOPP(IO'QRHT(IG)ORHV(IG)’SPCH.TAUDZv
THO(10) s THMC(25) « THSDEL ¢ THSFAC o THSWHI s THSWL Qs
_THTO(IU,QTHTR(IU"‘hloTHZQV(17025)oVOoVRo
VSMICLG) e NT (L0 ) oW (16) o XCTR o XT(25:16)9Y(16) 4240
FQUIVALFNCE (DTE«YI1))elTHIY(2)) o(RHIY(3)) el RH2ZRHPsY{4) ),
# (RHIP«Y(S))e(RH2PY(6)) o W(1)DELR)o(W(2) 1AR),
2 (W3 eZ) ol W) eZ242P)e(WlD)2Z1P)o(Wi(b)22P)

POLWN -

Cxux ) .

C . GENERATE RHO AND OELRHO ARRAYS.
Ti=04R/120.
REM{1T)=1.0

GENERATE VARIABLE MESH RHO IN RHM ARRAY RANGING FROM
RHM{1)=0 T0O RHM(17)=1 wlITH FINE STEP AT END.
no 1 I=1.16
J=17-1 .
DREM{II=FLOAT()*T1
1 RHM (JD—RhM(J#l)—DRHM(J)
DRhMI1)=Na2
“REM (1)=0.0

[aNalel

[l

GENERATE THETA ARRAY.
JR=TH1/15.
JK=12-JK

GENERATE VARIABLE MESH THETA IN DEGREES IN THMD ARRAY
RANGING FROM THMD(1)=TH1 TO THMD(25)=180 WITH FINE STEP
AT FND. .
NO 2 Jd=1l.4K
2 THMD(Y )= THlﬁlS.#FLOAT(J-l)
JK1=JK+1
JKZ2=JK+2 .
THMDE UKL =17 T7a=e25%FLOAT(JR])
TR2=THMD( JK1)
NO 3 J=JK2.JF.
3 THMO(A)=THMD (UKL )+ 25%FLOAT (U~ JKl)
RETURN
FND

[aEs N alal
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CxE % ) .
10 FORMAT(33H1SwITCH TO R~7Z COCRDINATE SYSTEM-)
11 FORMAT({15H TRAJECTORY NOa s 13+2Xe5HDELR=,F 4¢3:}

o
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12 FORMAT(/4X+5FTHETA¢3X+s3HRHC+S5X o« LHR o 7Xo1HZq6X.4HDVDR'8Xo4HDVDZ.9Xo

SUBROUTINE RZTRAJ

CONTROLS INTEGRATIGN OF ECUATIONS OF MOTICN IN THE

R-7 RECTILINEAR CGORDINATE SYSTEM.

COVERT FRCM SPHERICAL COORDINATES (RHO.THETA) TO CYLINDRICAL
CONRDINATES (Re.2) AND CUNTINUE INTEGRATION COF TRAJECTORY UNTIL

IT REACHES SPHERICAL SURFACE.

COMMON BOsCVFoDRKHT(1G) sDRHM(16)eDTHTD+DTHTRDVDRI10D )

DVOTULDD)  DVRDR OVRDZ yEOL{10) cETAQWIBARI T JFoJTKPC.KPOI,
KPOSC «LOCP o NEGUL N1y N2 N3.PHD2A(10)PI.PI12,PSIA(10),PSIO(10) R,
RADJRHMU17) «RHOP(L10) «RHOPP(10) oRKHT(10) «RHVI1C) o SPCHsTAUG2,

TED(10) s THME{ 25) s THSDEL « THSFAC o THSWHI « THSWL O
THTD(10) s THTR(O10) o THL«TH2+sVI17425)4VOs VR,
VSMIC10) o VT(IC )4 W(L6) e XCTReXT{25:16)sY(16)4+2J0

SN SN -

FQUIVALENCE (OTHY(1D))adTHoYL2)) {RHY(3)) s {RH24RHPoY(4)),

% (RHIPY(5))e{RHZP«Y(6)) o {W(1)DELR)«U(W(2)4+AR),
* (W{3)eZ)o(W(4)eZ2:IP)elW(5)+Z1P)+(W(6)Z2P)

* 2HZP« 10X+ 3HZPP«10Xe1HV)

13 FORMATI{2XeF1a2¢3F7.341P5E12.3)

1

EXTERNAL RIZILCE
WRITE(6.10)
WRITE(6+.11) N2,.DELR
WRITE(6.12)

CONVERT TC R-Z COORDINATES.
AR=RHTINZ2 V=S IN(TH)
7 =RHTIN2)=CCS{(TH)

INITIALIZE R=Z INTEGRATICNS
TO=RAOP(NZ ) 37-RHTINZ2 ) %*4aR
T1=RHT(NZ2 )%Z+RHOP (N2 ) %AR

=TO0/T1
CALL RIDE
THRZ=90.=-CVF*ATAN(Z/AR)
RHRZ=SORT(AR*AR+Z%Z)
T2=DVRODZ-7ZP*CVRDR
TO=VSMI(IT)+VR
Tlsla¢7P%%2
T3=2.%(TO/T1)
72p=T2/73
WRITE(6:¢13) THRZ,RHRZ +AR +Z OVRDR+DVRDZ +ZP+22Ps VR

INTEGRATE TO SURFACE.
CALL RZRK(RZICE)
THRZ=90.~CVF*ATAN{Z/AR )

RHRZ=SORT(AR*AR+Z*7))

WRITE(6+13) THRZRHRZ AR +Z+DVRDR+DVRDZ +ZP+Z2P+VR
IF(RHR7LTa1.0) GG TO 1

IFINL.EQ.NZ) TO=T0/0.0

N2=N2-1
RETURN
END
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SUBRCGUTINE RZRK(RZDE)

INTEGRATES ONE TRAJECTURY UNE STEP USING RUNGE=-KUTTA
FORMULAS IN CYLINOURICAL CUOORDINATES.,

COMMON BOsCVF.ORKT(10) ,0RHM(16)+OTHTO+DTHTR,DVDR(10)»
NDVDT{10) «DVRDR «DVRODZ «EQL 10 ) +ETAOWIBAR+IToJFoJT+KPOWKPOI
KPOSCLOOPNEUL+NLoNZ2 NI PHD2A(L10 )1 PT+PL2+PSTA(L1D)+PSI0(10) 4R,
RADRHM(17)RHOP(10) +RHOPP(10)+RHT(10) ,RHV(10).SPCH,TAUCZ,
THD(LO) e THME(25) ¢ THSDEL « THSFAC« THSWHI » THSWL G
THTID(10) s THIR(1A) e TH1 s TH2,VI17,25),V0.VR,
VSMIUL10D o VT (10 ) o Wl16) e XCTRoXT (254160 0Y(16)424C

EQUIVALENCE (NDTHeY(1))elTHeY(2)) e(RHsY(3))s (RHZ+RHPsY(4) ),

# {RH1PY(5)) olRHZP«Y(6)) o lwll)+DELR)s{WI2) vAR)

* AWl3)eZ)olWia) oZ2:7P)olW(S5)+Z1P) (W6} Z22P)

Wll5)=Ww(13)
wWlls)=nl4)

CALL RZIDE
WET)=W(l)2W(5)
W(R)=W(l)*wlE)
W(2)=wl2)¢4l]1)/2a
W{3)=W(15)¢.5%xW(T)
Wl4)=ul{16)+a5%W(8)
CALL RZDE

W9 )=Ww{l)%W(E)

W10 )=wWl1)xuW(6)
WE3)=w(15)+aC%W(T)
Wl4)=W(l6)+.5%W(10)
CALL RZDE
Willi=wll)%uwi(5)
WIlZ)i=w(1)2W(6)
Wi2)=wi2)+wl(l)/2.
Wl3)=w(lS5)+w(ll)
Wl4a)=Wll6)+u(12)
CALL RZDE
Wll3)=W(1)%W(5)
Wlla)=wll)¥W(6)

W 3)=W(LlS)t(W({T)e2.%W( G)+2%n{(ll)¢tw(l3))/6a
WlG)=WllO)e(n(B)+2.3W(10) 42 %W {1l2)+W(l4)) /0.
CALL RZIDE

RETURN

FND

SUBROUTINE RZ0DFE

COMPUTES FIRST ANG SECOND DERIVATIVES OF Z wWITH
RESPECT TG R (CYLINDRICAL COORDINATES).

COMMON BN CVFoDRET(10) 4DRHM(16) ¢ UTHTD ,OTHTR2DVDR(10)

1 DVDT(10)«DVROR ¢DVRDZ +EGL (10) 4 ETAO W IBAR 41T+ JF ¢ JToKPOsKPOIL
2 KPOSCoLOOP o NEQLoNL1oN2oN3sPHO2A(10),P1,PLI2,PSIALL0).PSIOIL0) R,
3 RAD,RHM{17) +RHOP(10) +RHOPP (10 ) +RHT(10) 4RHV(10 ), SPCHeTAUOZ,
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4 ThRD(10) ¢ THMG(25) « THSDEL ¢« THSFAC » THSWHI + THSWL O
5 ThTD(10) « THTR(1D) e THLsTH2,V{17425)4VGsVR
6 VSHI{10)oVT(1C)wl16)+XCTRyXT{(25:16)0Y(16)2JC
EQUIVALENCE (DTHeY{1D)olTHoY(2)) +{RHY(3)) o {RHZ2sRHP+Y(4) ),
% (RHIP«Y{5))«lRH2P«YLB)) o (W(1) +OELRIS{W(2)sAR),
 (WI3)eZ)ed{m(41422:7ZP)olW(5)+Z1P)elulo)Z2P)
Cuxx
RH=SORT(Z%%2 +AR%%2)
TE=ATAN2(AR«7)
CALL DERIV
VR=VT(IT)
DVRDR={AR*DVER( IT) #(Z¥DVDTCIT) }/RH)/(RH%EVOD)
DVRDZ =(7*0DVDR{ [ T)-AR®CVOT(IT)I/RH)/ (RH¥*VO)
T1=DVRDZ-ZP*DVRDR
T2=z=2.%((VSMI(ITI+VR)I/(1aeZP%%2} )
72P=T1/72
21P=72

KETURN
END

SUBROUTINE OUT

[of 3

C PRINTS QUT SELECTED DATA ALCNG A TRAJECTORY,

Cx

Co% %

COMMON BOCVF+DRHT(10)sORHM(161DTHTD.OTHTR+DVDR{101) »
DVOT{10) «DVRUR +DVROZ +EQLI10) +ETAQGIBAR 4IToJFyJT +KPOyKPUI,
KPOSCoLOOP e NEOLeNLIN2eN3oPHD2A(LG) «PL4PL2+PSIA(LNYWPSID(10)sR,
RANDGRHM( 17 ) RHOP{10) «RHOPP(10)¢RHTI{10) ,RHV(10),SPCH,TAUD2,
THD(10) s THEME(25) « THSDEL + THSFAC+THSWHI « THSWLO,

THID{10) e THTR(10) e THL1 o TH24VI(17+25)+VOsVR
VSMICI0) e VT {10 ) oW {LED o XCTReXTI25+16)0Y{16)4200
EQUIVALENCE (DTHeY{(1))s(THeY{2)) slRHeY(3) ) s RH2,RHPsY(4) ),
% (RHIPY(5) ) o{RHZ2P+sY{6) Do {W(1)+sDELRD) v (n(2)+AR),
3 AW{3) o2V e iWi{4) s72¢2P)el{5)eZIP)elWib)22P)
CXxxk
C FORMAT STATEMENTS.
16 FORMAT (1O0HODELTHETA=sF74445H DEGS)
11 FORMAT(5H STEP,.I5)
12 FORNMAT(/1Xe3AFTRIe2X«SHTHETA+2X ¢ 3HRHO 66X,
A 2HVT«7Xe SHOVORHe7X e SHOVDTH o6 X e SHRH=PR s+ 6X ¢ 6HRH=PPR 16 X9 4HTHD2,»
B 6Xe4HPHD2e6Xe3HPSIT)
13 FORMAT(1XeJ2¢FBe2e¢Fbe3+1P8BE11e3)

U W\

C

C PRINT TITLES.
IF(K9.EQ«9) GO TO 1
K9=9g
WRITE(6.,10) CTHTD
WRITE(6.,12)

C

1 IF(KPN.GTal) GO TO 4
JT1=0T7=-1
WRITE(6.11) JT1
NG 2 [=N1.N2.N3
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Ca%

Caxx

23
24
25
26
217
28
28
30
31
32
33
34
35

WRITE(6s13) T+THTD( L) 4RHTUII»VT(I),OVDR(IL},
% DVDT(I)oREOPUI)«RHOPPL I« THO(L) «PHD2A(TL ) PSIALT)
TF{RHT(N2)1.GTa1la0)} GO TO 3

KPC=KPOI

RETURN

N2=N2-1

KPC=KPOI

RETURN

KPG=KP{l-1
IF(RHT(NZ).GE1la8) GO TO 4
RETURN

END

SUBROUTINE VFIELD

COMPUTES THE POTENTIAL FIELD V FOR A GIVEN SPACE CHARGE
FIFLD BY SOLVING POISSONS EQUATION.

POISS1 ANLC POISS2 ARE SUBROUTINES DESCRIBED BY THE TN
OF REFERENCE 2. THEY WERE DEVELUPEU TO SOLVE POISSONS
- FQUATION IN A SUBREGION OF A SPHERE IN AN EFFICIENT
NON-TTERATIVE FASHION., USING A BLOCK DIAGCNAL MATRIX
TECHNIQUE .

COMMON/BLOCKI/NReNTSRALLT) v TA(25)¢X(25+16)X14AVS

COMMON RO CVFyDRKET(10)+DRHM{16)»0THTD+DTHTR+DVDR(10),
DVDT(10) ¢ DVRDR «DVRDZ +EQL(1Q) eETAOWIBAR I T JF 9 JT+KPOWKPOI

RADWRHMI17),RHOP(10) +RHOPP{10)+RHT{10) «RHV(10)+SPCH,TAUOZ,

THO(10) « THME(25) « THSDEL ¢« THSFAC+ THSWHI + THSWL Oy

THTDU10) e THIR(10) o THL s TH24s V{1 7+25)4VO. VR,

VSMICLO) e VT(10) oW 16)XCTReXT(254+106)eY(16),2J0
EQUIVALENCE (DTFY(L1))olTHsY{2)) +(RHaY(3) )}y (RHZ+RHP2Y (4} ),
%2 (RH1PY{5)) o {RH2P Y 6) ) o ln(l) DELRIS{W(2)+AR)

B (W(3)eZ) el W(4)sZ2¢ZP)olW(5)+21P)s(W(6)Z2P)

VN L W

LOGICAL AvS
DIMENSION XB{(15).TD(25)

FGRMAT(16F543)
FORMAT(LIX.F€a2+,1PL2E10Q.2) -
FORMAT(TH INPUT~-+52Xe3HRHO)
FORMAT (] 1HO*¥NO BAR%**%)
FORMAT(13H0 EAR VALUES-)
FORMAT(4X «1HRs8X9 LHV)
FORMATI(2XeF56343XeFée3)

FORMAT (8H OUTPUT=+52X+3HRHD)
FORMAT(6H THETA+3Xe1E(F54342X1) )
FORMATI(6H THETA+3Xe12{F5.345X))
FORMAT (4hH X1=.F542)
FORMAT(1XsFéEa2:16FT04)
FORMAT(/54X. 1SHPOTENTJAL FIELD)

KPGSC+LOOP ¢ NEQLoNLyN2¢N3sPHU2A(10) +P1+PI2,PSTALLID)PSID(LC) R,
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1¢

11

X1=XCTR
NR=17
NR1=NR-1
NR2=NR=2

NO Y I=1.17
RA({)=RHM(T)
NT=JF
NT1=NT-1

DG 2 J=1.NT
NO 2z K=1.NR1
X‘JvK'=XT‘JvK)

IF AXTAL SPIKFE IS PRESENT IN THIS PARTICULAR PROBLEM,
READ IN TKRESE VALUES AND DISPLAY THEM. -

IF(TRARLEC.O) GO TO 4

00 3 I=1.NR2

XINTLI)=XBL1)

NO 5 J=1.NT

TCUJI=THMDLJ)

TA(J)=THMOLJ)I/CVF

IF{IRAR.EQ.0) GO TO 9

READ BAR VALUES.
AVS=,TRUE.
[FILSW.EQeS) GO TO 7
L.Sh=9
REAU(5+423) (X{NTsI)s [=1,NR1)
D0 6 i=1.,NR2
XBII)==XINT. |)
XENToI)==XINT. )

PRINT BAR VALUESa
WRITE(6.27)
WRITE(b6.28)
WRITE(6.29) RA(1).X1
DO B [=1«NR1
J=1+1
WRITE(6.23) RALJIoXINTWI)
GG 7O 10
AVS=.FALSE.
WRITF(6.26)

SET-UP ANL FACTOR SUB-MATRICES IN BLOCK DIAGONAL
COEFFICIENT MATRIX
CALL POISS1

PRINT INPUT BLOCKS
WRITE(€.35)
WRITE(6425)
WRITE(6432) (RA{(I)s I=64NR)
N0 11 J=1.NT
WRITE(6+424) TD(J)e (X{JeK=1)es K=64NR)
WRITE(6,33) X1

CARRY OUT SOLUTIGN OF MATRIX PROBLEM TO YIELD V-FIELD.
CALL POISS2 '
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C
C
17
12
13
C
C
14
15
C
Cx
C
C
Cc
G
Cx
Coxx
Cex %
10
11
12
13
C
C
I
C

fo (IS IV SRRPRR NN

¥
%

ADJUST EAR VALUES.
[IF(IBARLEQL.O) GO TO 17
DO 16 [=4,1¢
XINT«II=XINT1e1)

PRINT OQUTPUT BLUCK.
WRITE(E,35)

WRITE(£&£.30)
WRITE(6.311 (RA{I)e [=2¢NR)

DO 12 J=l.JF

WRITE(6Ee34) TDUI)e(X(JeK=1) K=2+NR)
00 13 J4=2,JF

NO 13 K=1.,15

XT(JeKIz=XldeK)

DISPLAY ECUIPOTENTIAL LINE DATA.
[FILOOP.LEa1) CALL EQLINE
NA 14 J=1.JF
Viled)=XCTR
DO 15 [=2.17
K=i-1
nn 15 J=1,J4F
VT od)=XTl{JesK)

RETURN
END

SUBRDUTINE ECLINE

FIND ON EACH THETA MESH LINE THE RHO VALUES ASSOCIATED
WITH NEQL PRE-SPECIFIED POTENTIAL VALUES. AN EQUIPOTENTIAL
CURVE PASSES THROUGH SETS OF THESE POINTS.

COMMON BO+CVFeDRHT{L1G) +ORHM(16) +OTHTDUTHTR<OVDR(10),
OVNT(10)  OVRDRsDVROZ +EQLI10) +ETADGEBARITo JFoJT+KFCoKPOI
KPOSC LOOP «AEQLoNLeN2+N3PHD2A(10) P11 +PLI2+,PSIA(10)+PSID(L1CG) R,
RADyRHM(17) ¢RHOP(10) 4KHUPP(10) »KHTI1G) +RHV{10),SPCH.TAUO2,
ThD{10) ¢ THMCE 25) « THSOEL ¢« THSFAC o THSWHI « THSWL O
THTOU(W0) e THTR(1C) « TH1 e TH24V(17425)9 VO VR
VSMIC10) o VT(LG) eW(16) o XCTReXT (25 416),¥(16),2J0

FOQUIVALENCE (DTHeY(1))olTHsY(2)) e{RHoY(3) )y (RHZ/RHPoY(4)),
(RHIP<Y(S5)) e (RH2P 4 Y(6)) o (W(1) ¢DELR)»(W(2) +AR),
(W 3D eZ el Wla) s22,7ZP) et n(5)sZ1P)olWl(b) 22P)

FORMAT (/28X «23HTABRLE OF RHO-VALUES FOR)
FORMAT (30X «1SHEQUIPOTENTIAL LINES)
FORMAT(1XeF6e2¢2Xs10F10)a3)
FORMAT(2X+5HTHETA«2X10(F10.2})

ZERQO OUT RHV-ARRAY,
no 6 1=1,10
RHVIl)=0.,0

WRITE(6.10)
WRITF(6.11)
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22
23
24
25
26
27
28
29
a0
31
32
33

NR=17 .
WRITE(6.13) (EQL(I). P=1'NEQL3

DO 5 J=l.JF

DO 4 [=1.NEOL

NO 1 K1=1,NR

K=NR-K1

IFIEQL(T)eGTXTlJeK)) GO TO 2
CONTINUE

{IF(K1.GTA4l) GO TO 3
RHV(Il)=0.0
GO TN 5

FIXTUIeK)=ECLUINI/UXTUIoK)=XTL{JyK+1))
[FIKaGTL0d) GG TO 4 .
F={XCTR-EQLUII)/{XCTR-XT(J,K¢1))
RHV(E)=RHM(K+1 ) +F* (RHM{K+2 ) =RHM(K#+1) )
WRITE(6412) THMD(J)e (RHVI{I)e [=1eNEOQL)

RETURN
FND

SUBROUTINE RESCALIAGZJ0«VOTHO THF 4 XoV2o IBARRHMyTH2,KPOSC)

RIGHT~HANL SIDE CALCULATICN FUR POISSON MATRIX EQUATION.
EQUIVALENT TO CALCULATICN OF SPACE CHARGE FIELD.

DIMENSION VO11)4C(9) o VI(L0)oRHI11) JADIL1L) yRHS(1149)+ARG(16)
* THO(L1e3) o THR(119G) «RHSI (104161 sX{ 254+16) 3V2010)RHM(1T)

FORMAT STATEMENTS,.
FORMAT(1XeF5e3+FT7e3)
FORMAT(16F540)
FORMAT(L1HORFS ARRAY-)
FORMAT(1Xe1£6F841)
FORMAT(2X416FR42)
FORMAT (10F5.0)
FORMAT( /72X e 3FRHD y5X ¢ 2H=-V)
FORMAT(12HORFS VALUES.)
FORMAT(/2X+3FRHOW4X 9 1HC o 2X o 4HTUBE » 4X ¢ SHTHETA 46 X9 3HRHS)
FORMAT(1XoFS50302ldelH=0si1¢F10.3.F%9a1)
FORMAT(5H TH1=4F7.3, 71X¢eSHTHF =,F843)
FORMAT (/74X SEAXTAL/2X +9HPOTENTIAL/1Xe12HDISTRIBUTION)

A=RADILS CF ENTRY HOLE.
740=J0 (CURRENT DENSITY)e
THO=INITI2. VALUE GF TRAJECTORY 5.
X=XT{25.1€6)+ SOURCE TERMSe :
V2=ENERGY CLASSESa
TH2=CONF ANGLE.

TH1=THO

IF=z11

JF= 7

JF1=JdF+1

JF2=JF +2

ENT=8.
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EC =8.860FE~-14

ETA=1.753F+¢15

Cl =2.%E0%SORT(2o*ETA)IXENTRENT
PI =3.141592¢5

CVF=180./P1

WRITF(6e29)

WRITE(6432) THO, THF

SECTION FCR COMPUTING SPACE CHARGE ALONG

TUBE CENTER LINES.

I=RIG LOCGFE FOR 11 RHO VALUES FRCM C.63 TO 1.00
J=SMe LOOP FOR 7 TUBES (1-2+2-34eae.7-8),
THF=RHO €3 CRASSING ANGLE OF TRAJe NUe 5
READ 11 AXIAL V~VALUES(RHO .63 T0 1.0)

AND VSMI-2RRAY{9). .

GENERATE 2RG-ARRAY. C—-ARRAY, AND VI—-ARRAY,
ARG(K)=THETA MESH VALUES IN HCLE REGIUNS

C (4)=1s3e50aaa9l3 (MULTIPLIERS).
VI (J1=1455¢1a%0900d10e4¢0sG (ENERGY CLASSES IN TUBES).

. DO 1 K=1,16
CARG(KI=180.~FLOAT{K)*.25

DO 2 J=1,.JF
VI =(V2(J)4V2(S+1)) /2.
Cld)=2%y=-1

GENERATE AND PRINT RH-=ARRAY AND V-ARRAY.
RH{I) ARRAY-11 AXIAL RHO MESH VALUES
: FROM <633 TO 1.000
V ([)-POTENTIAL DISTRIBUTION AT THESE
11 AXIAL MESH POINTS.
WRITE(6.33})
WRITE(6.28)
DO 3 I=1,1F
RHIT)=RHM( 1 +€)
VIT)==X{25,145)
WRITEL(6.22) RHUI)eVLIT)

GENERATE THETA~ARRAY AND SPREAD THRUUGHOUT

SPACE CHARGE REGIGN (BASED ON TRAJECTORY NO. S)e
DTH=TH1-THF :
ORD=14=RHM(T)

- T0=DTH/ORD

DO 5 I=1.1F

16=1+6

DIFF=REM( 16 )-RHM(T)

Tl=THF+TOXDIFF .
T2=T1+(180.-T1i/8.
‘DEL=(1804-T2)/4a

DO & J4=1.4F2 .

THRIT+J)=180.~-FLOAT(J)*DEL

THROL+J)=THED L+ J)/CVF

CONTINUE

GENERATE 2D-ARRAY {DISTANCE BETWEEN
TRAJECTORIES 4 ANO 5 AT EACH OF
11 RHO MESH LINES).
DO 6 I=1.1F _
TX1=RH(II*TANTHR([.5))
TX2=RH(E)*TAN(THR([.4))
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6

10
11

12

13

14
15

16

17

i8

19

ADLT¥=TX2-TX1

CALCULATE SOURCE TERMS FCR ALL TRAJECTORY

CROSSINGS UF RHO MESH LINES.

AJ=A%A%] 0
NO 9 I=1l.1F

IF(KPOSCaNELO) WRITE(6.30)
NO 9 J=1.JF

El=vIi(d4)=v(1)

IFIELl.GTL0L) GO TO 7
RHS(T.J)=0.0

GG 1O 8

F2=SQKT(EY)}
ST=SIN(THR(T.J)}

DEN=CL1*SORT(VO*%3)%£2%RH{1 )%ST*AD(1)

RHSCIL «J)=(C(J)*AJ)/DEN
Jl=d+1
IC=CLH)

[FIKPOSCaNELO) WRITE(6031) RHIL)eICoJedlyTHD LI ¢J) »RHS(I,4)

CONTINUE

SECTION FGR INTERPOLATING SPACE CHARGE FIELD AT MESH POINTS,.

no 15 I=1.10
NC 15 K=1.16
DO 10 J=1.7

IFIARGIK )2 GTTHD(I4J)) GO TO 11
CONT INUE
[FlJaNEa1l) GO TO 13
DELRHS=0=RHS( 1 +J)
T1=180-THD(Ted)
T2=ARGIK}=THL(1+d)

F=T2/T1

IFUARGIK )oLTTHD{IW+Jd)) GO TG 14
T1=RHS( 1 +J) +F*DELRHS

RHSTITLWK)={RFSI{I.K)¢T1) /2.

GO TN 15
T1=THO(l . J=11=-THOL L. J)
DFLRHS=RHS({eJ-1)=-RHS(1.J)

G0 TO 12
RESI(I.K1=0.C
CONTINUE
IF(KPOSC.ECL0) GO TO 17

PRINT.
WRITE(A.24)
WRITE(6.26) (ARG(K)e K=1416)
NO 16 [=1.10
WRITE(6425) (RHSI{1.K)s K=10416)

ZFRQO OUT ERHS PREPARATORY 10
LOADING SCURCE TERMS.

D0 18 J=2.24

NO 18 K=1,15

X{J.K)=0.0

{F(IRAR.NE.G) GO TO 20

ND 19 [I=1.16

X{(25411=0.0
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20 J2=13.-TH2/1%.

21

N 21 J=32.24

DO 21 K=6,15
J1=25-]

K1=K-5
X(JdeKI=RHST(KLsJ1)}

RETURN
END

SUBROUTINE PSICAL(R.Z+PSTeBOsASM)

CALCULATES PSIe THE MAGNETIC FLUX., GF THE MAGNETIC

FIELD AT EACH MESH POINT IN
ENTRY HOLE.

Pl=3a141592¢°¢

RF =R

RSC=R=*R

X= 7/ASM

X?2 = X*X

AT = ATAN2(ASM.-7}

Tz lat+X2
TO = PI=-AT-X/T
T4 = 3.—5.*)‘2

Tée= 3-~7.*X2‘°‘(2."X2)
T= 21a=5e%X2

T= 165a=~X2%T

T8= Sa=3.%X2%T

T= 36a=5.%X2

Tz Hb4a=X2%T

T= 20.-x2%T

T10=9a%( 15~11a%X2%T)

T= 1la=X2
T= Ta%¥X2%*7T
T= 19R.~T

T= 1544=-X2%T
T= 35.-~-x2%T
T12 = 21a=12a%X2%T

X1= ASM%(1.+X2)
V= (RF/X1)%%?

T= (21.3T10)/5a+(11a%T12%V)/4e
T= 7.*‘890.5*V*T
T={5%T6)/3e+a125%V%T

T= Ta/4,4128%vaT

= l-+V*T

T= TO-(ASMEXERSU%T)/{X1%%3)
PSI= RO¥RSQ%T

RETUKN
END

THE REGICGN OF THE
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SUBRDUTINE BRBZ(R+24BR+BZ+B0+ASM)

CALCULATES BR AND BZs THE R AND Z CCMPONENTS OF THE
MAGNET IC FIELD AT EACH MESH POINT IN THE REGION

OF THE ENTRY HOLE.

PI=3,1415G2¢£¢
IF(2.FQeNa0) 71=,0004
X=Z/ASM

X2=X%%2

Ti=1.

T2=1.

T3z21a=5.%X2

Ta4=3,-5.%X2

T5=3.-7.*X2* (6a=5%X2)

T6=3 =T ¥X2%(24~X2)
T151e=X2% (27 a=Te%X2%(9e—3.%X2) )

TB8=54=34%X2%(15.~X2%(216-5a%X2))
T9=230a=X2%(284-5.%X2)

T9=5."ll.*x2*‘20.-3.*XZ*T9,
T10=544=X2% (36.~5.%X2)
T10=220.—-X2%T10
T1C=9.%(15.-11,%T10%X2)

Tll=18.°X2*(9.—X2)
T11=195e—-143.%X2%(10.,~X2%T11)
Tl1=3.-X2%T11
T12==X2%2{1001.-91.%X2)
T12==~X2%(2574.,¢T12)
T12==X2%(2002.¢T12)

T12=~X2%{( 455,+T12)
T12=211%(21.+4T12)
T1B=(ASM®Z )/ (ASMRASM+2%Z)

IK=1,+X2
A1=ASM%*ZK
A2=ASM*IK%X

Cl=(-2.%BO )/ (PI#ASN*ZK*ZK)
C2={—4*%C1*X)/A1
C3=C2/4A2
Ca=(-6%C33X})/A1
C5=C4/ A2
CH=(—-40.%C5%X) /AL
CT=(3.%C6)/A2
CB8=(-143CT#*X) /AL
C9=Carsa2
ClO=(~4.%(9%Xx) /A1
Cll=(45.%C10)/A2
Cl2=(—-2.%C11%X) /A1

AT=ATANZ2{ ASM,~1)

8B8=(BO/P1)*(PI-AT-T1B)
1=C 1*T
2=C 2*T
3=C 3*7
4= 4%T
5=C 5*7
&=C 6%T

= o Jite v I+ <l v <l o o ]
OV & WN e



B 71=C 77 7
B 8=C 8%7 8
8 9=C 9T 9
B10=C10%T10
811=C11*T11
B12=C12%T12

R2=R/2.

RS=R2*R2
T1=Bl10-RS*B12/3¢€.
T1=BA-RS5S*T1/725,
T1=B6-RS*T1/1]16.
T1=84~-RS*T1/S.
T1=B2-RSxT1/4,
BZ=BR=-RS*T1

T1=B9-Bl1#RS/30.
T1=B7-RS#T1/20.
T1=R5-RS%T1/}2.
T1=B3-RS3T1/¢.
T1=81-RS*T1/zZ.
BR==R2%T1

RETURN
END
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ALPH(10)
ALPHA
AR

ASM
AVS

BO
BR
BZ
CONFLO

CVF
DELI(10)
DELID
DELR
DRHM(16)
DRHT(10)
DTH
DTHTD
DTHTR
DVDR(10)
DVDT(10)
DVMDRH
DVMDTH
DVRDR
DVRDZ
EQL(10)

50

APPENDIX C

FORTRAN SYMBOLS

array of entry angles, «, rad

entry angle, o, deg

rectilinear coordinate, r

radius of entry hole, a, cm

axial boundary value logical switch TRUE indicates preséncg of an
axial spike '

magnetic flux density, B0

r-component of magnetic field, Br

z- component of magnetic field, BZ

switch for type of flow (conﬁned flow when not equal to 0; Brillouin flow
when equal to 0)

conversion factor, deg to rad

6; array, rad

entry angles of electron classes, 51, deg

step size Ar for r-z trajectory integration

Ap of mesh

Ap of trajectories

Af of trajectories (equivalent to DTHTR below), rad
Af of trajectories (step in 6 for p-8 trajectory integration), deg
A8 of trajectories, rad

oV/3p array

oV/20 array

an/ dp array -

an/ o0

avr/ or

avr/ 0z

array of values for which equipotential lines are to be calculated



ETAO
EO
FLOOP
IBAR
IT

J1,J2,JF,JT

KPO, KPOI

KPOSC
K9

LKTR
LOOP
NEQL

N1, N2, N3
NF

NR

NT

PHD

PHD?2
PHD2A(10)
PI, PI2

PSI
PSIA(10)
PSI0

R

RA(17)
RAD

RH, RHP
RH1P
RH2, RH2P

initial electron charge-to-mass ratio

permittivity of free space, €9

storage for number of iteration loops in space charge calculation
indicator for axial boundary values

iteration counter

looping indexes

main output frequency control of trajectory data (e.g., 5 means to print
every fifth point); KPOI is constant; KPO may be varied

output control for space charge values
initialization switch

counter for number of loops

indicator switch for space charge looping
number of equipotential lines to be calculated
control indexes for trajectory calculations
number of §-mesh lines, usually 26

number of p-mesh points, usually 17

number of trajectories, usually 9

@(d¢/0t), where ¢ is azimuthal angle
2

@

g’oz array for output

m, 7r2

magnetic flux, ¢

Y array

initial magnetic flux, Yo
radius of collector, R, cm
array of r-mesh values
radius of entry hole, a, cm
p, p'(3p/36)

2

Py P}

51



RHM@17) p-mesh values

RHOP(10) -  p'

RHOPP(10) - p"'

RHRZ p in r-z coordinate system
RHT(10) p-values for each trajectory
RHV(10) p-values for equipotential lines
SPCH . ~ space charge indicator switch

ST, ST2 ‘sin 6, sin26

TO,T1,T2,. .. temporary storages

TA(25) ~ 6-mesh values

TAUO2 72

TH variable of integration, 6

THO - initial cone angle, deg

TH1 } initial cone angle, deg

TH2 | collector angle at which surface charge is zero, deg
THD(10) - § array

THF by

THMD(25) - §-mesh values, deg

THSDEL 6 step-size increment, deg

THSW 6 switch for step-size control
THTD(10) 6-coordinate of trajectory, deg
THD2 - g2 |

THTR f-coordinate of trajectory, rad.
THRZ § in r-z coordinate system

V(17, 25) potential inside spherical collector -
Vo ' initial normalized electrical potentiai, V0
VR - interpolated potential in r-z system
VSMI(lO) v, array; béam velocities

VT(10) - array of initial voltages

W(16) Runge- Kutta storage area in r-z system
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. XCTR

- XT(25, 16)
Y(16)
Z,ZP
Z1P

7.2, Z2P

ZJ0
Z10

ZKP
ZED

value of source téim at center of sphere '
source term needed for solution to Poisson's equation -
Runge-Kutta storageAé.rea in p-o system

2, z'(az/ or) '

4
2

7.z cylindrical coordinate system
2“2

initial current density, J, A/ cm?

~ initial current, IO’ A

perveance, 'Kp~, A/ V3/ 2

rectilinear coordinate, z

miscellaneous storages for independent variables in
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APPENDIX D

FLOW CHARTS

Flow charts are presented only for those five subroutines, INTGRN, DE, RZTRAJ,
VFIELD, RHSCAL, which might not otherwise be easily understood. Diamond-shaped
blocks indicate decision-making points in the subroutines. Numbers appearing on blocks
refer to the corresponding FORTRAN statement numbers in the subroutines.

Subroutine INTGRN .

Yes No

1,2

1, 2
Integrate one Integrate one
step to obtain step to obtain
Pjs gi,j (i=1, NT) P, 85 for mid-
for NT electron electron veloc-
velocity classes ity class

| ]

DTH = Change
step-size
DTHeTHSFAC A0?
=
JT+1
Call Call
RZTRA) out

Change to
r-z coordin-
ates?

ps <0.633
?

‘ ( Return )
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Subroutine DE

Call subroutine
DERIV
to obtain

aV/d0 and dV/o8

!

Call subroutine
PSICAL
to obtain W

1

Call subroutine
BRBZ
to oblain B, and BZ

|

Call §, 92 Vp/a,,
vy /98, 82

|

Calculate p"

Subroutine RZTRAJ

Write trajectory

number and Ar

r=osing

Z=pcos @

Write o, 8

subroutine
RZEGE

Write p, 8,

rnzz7,7" Vv
v, for, and oV, /foz

1 - :
/ Call
subroutine -

rng 2,7, Vv,
v, /or, and oV/oz

\. : RZRK

/<kYes

Exit

p

Yes Last

MAIN

trajectory
?
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where x = z/a.

APPENDIX E

MAGNETIC FIELD CALCULATIONS

B
B(Z)(O’ Z) -0 T - tan—]‘(j.l_)- X
4 "2 1a4x

Then,

(ABBgX  3.5x2
4 5
7a (1 . x2>
8By 3- 42x® 4 35x%
”as (1 + x2)6
4% 48030)( (
7
naG(I + x2>
12 X 480B
S0 (1- 97w 4 e3xt - 2169
8
na7(1 + xz)
12 X 14 % 4BOBOX (

9
nas(l + x2>

BY(0,2) = -

8Y%0,2) = 3 - 14x% + 7xY)

B0, 2) - - 5 - 45x% + 63x% - 15x%)

12 X 14 X 480B
T T 70 (5 - 220x% + 990x% - 924x® + 165%8)
o/ _o\0
Ta (1 + X )
14X 48 x 480B,
ST T TT0T (135 - 1980x2 + 534652 - 356450 4 495x8)

11
nalo(l + xz)

X -
B, (0,2) = -

BX(0,2) =

14X 45 % 48 X 4808
T 03 195x% + 1430x% - 2574x® + 12878 - 143x10)

B0, 2) =

z
12
na.l 1(1 + x2>
28 % 45 X 48 x 480Bx

13
rralz(l + x2>

(231 - 5005%% + 22022x? - 28314x5 + 11011x8 - 1001x10) |

B}Zm(O, z) =-

(E1)

(E2)
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To simplify these expressions, let

T3=1—5x2

T4=3-5x2

Ty =3 - 42x2 + 35x% = 3 - 7x%(6 - 5x°)

Tg =3 - 14x° + Tx? =3 - %2 - x?)

T, =1-27x2 + 63x?- 21x8 -1 - 3x2[9 - Tx2(3 - x2)]

Tg =5 - 45x2 + 63x% - 15x% - 5 - 3x2 [15 - x2(21 - 5x2)]

Tq = 5 - 220x% + 990x” - 924x® + 165x8 - 5 - 11x2{20 - 3x2[30 - x2(28 - 5x2)]} L

Tyo = 135 - 1980x2 + 5346x3 - 3564x5 + 495x8
- 9(15 - 11x2{20 - x2[54 - x2(36 - 5x2)]}>
T, =3- 195%2 + 1430x% - 2574x% + 1287x8 - 143x10

=3 - 13x2<15 - 11x2{10 - x*[18 - (9 - Xz)]D

T,y = 231 -'5005%% + 22022x% - 28314x% + 11011x8 - 1001x1°

- 11[21 - 13x (35 - x2{154 - x%[198 - 72011 - xz)]}>]

Then, substituting these expressions for those in (E2), we now have

< .

(E3)



2B,

I _
BZ(O, z) = - 5
na<1 + x2>
BBOx
BI(0, 2) =
2 2\
Ta (1 + X )
8B,T
B0, 2) = 03
3 2\
Ta (1 + X )
48B xT
BIV(0,2) = - 0 4
4( 2)5
ma (1l + x
48B,T
B/(0,2) = - — 08
5( 2)6
ra“(1 + x
"4 X 480BxT
B;’.I(o, z) 270 e
7
na6<1 + x2>
12 X 480B,T
B;m(o, )
(o)
7a (1+ X
12 X 14 X 480B,xT
B;’HI(O, Z) == (g)x 8
rra8<1 + x2>
12 X 14 X 480B,T
BX(0,2) = - 09
9 9 10
Ta (1 + X )
14 X 48 X 480B,xT
8X(0, 2) = 0710

Z
11
nalo(l + xz)

14 X 45 X 48 X 480B0T11

B)zg(o, z) = P
nau(l + xz)
28 X 45 X 48 X 480BxT
B)Zm(o, 2) = - %112

13
na12<1 + xz>

J

(E4)
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Since

) 3 5 : 7
B (r,2) =-BY0,2) X + L B, z)(-;‘-) ._L gV, z)(g) s gV z)(g) o

2 12 2!3! 314!
(E5)
We make the substitution r, = r/2, and nest as follows,
: 2 2 2 2 X1 2
r r r r B™r
Br(r,z)=-rzBI- 2 (pll__"2 )pV__"2 |pVII__."2 BX . 2_ ...
1x2 2%3 "3x%x4 4x5 5X6
(E6)
and similarly, j o
2 -2 2 2 2 \T
r r r ; I r
B.(r,z) =B - r3[pl- 2 (plV__2)gVI__2|gVIl "2 (pX “2pX0
z 2 2 2 2 2 2
2 3 4 5 6
(ET)
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APPENDIX F

DERIVATIQN OF EQUATIONS OF MOTION
" The equétions of motion as derived in reference 1, ‘equations (B17) and (B18), are

9A '
_p"g +_7LaV -T-Lsmequga-ﬂ-PSlneéﬂ——g (F1)
r2%® R , op

32 2, -2

p9 po6 +ps1n9g0

) 9 A
5o 200" +smf)cos(9§0 2, 1_3V._ M o509 pA, -Lsing o —2 (Fz)
' p p2g230 PR ? pR 26

Solving these two equations simultaneously for p'' yields

.9

. . 2 V ' 12 ‘v 2 !
ptt = p 4 LSINT0 7 f1+2p._p$11}96059¢ 8N _f, = (F3)
¢ rR¢2 ~ P 8 o’
‘where
'W
| , 3A
f1=lﬂ-51n9A o - pslnefﬂ—g—
R 90 ¢ P '
: > (F4a)
oA
fz__a_Y_pRcoseA go pR61n6§0—-——¢
@
56 06
vy

or, using the relations described in appendix D of reference 1, these' expressions may
. be rewritten

Cav )
=1V _sing o2 |
R 3 26 |
‘ v > (F4b)
A o
f, ——a—Y+p2Rsm9 go—-—m—
a8 o op

Away from the entry hole, the magnetic field terms ¢, A @’ and Vm ‘are negli- -
~gible. Therefore, in this region equation (F3) may bé expressed, -~ Bl
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n_ w2V, 207 _pm 2V
R29-2A op P bszéz a6

P =p+

using equation (B16) of reference 1 as
5 2nVgle; + V)

8~ = 5
Rzp2 1+ (—9—')
p

and, with the appropriate substitutions, we may express this equation in cylindrical
coordinates

AV _ 3V
- 0Z or
€i+V

1+ (z')2
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APPENDIX G

MATHEMATICAL SYMBOLS

area of annulus, cm2

radius of collector entry hole, cm

r-component of potential field, aV _/dr, G/cm
z- component of potential field, an/ 0z, G/cm
magnetic flux density, G

radius of electron beam at injection, cm

v+ Vv

current, A

current density, A/cm2

perveance, A/V3/2

unreduced radius of spherical collector, cm
cylindrical coordinates

electron energy

normalized electric potential

magnetic field potential

ovV/or ’

oV/oz

- 9V/op

ov/26

ith normalized injection energy class
permittivity of free space, 8.86x10” 14 F/cm
electron charge-mass ratio, cha.rge/kg’><1011
normalized radius vector

unnormalized radius vector, cm

space charge density, C/cm3
R/(2nVg)Y/2

polar and azimuthal spherical coordinate angles
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