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EBQ CODE
TRANSPORT OF SPACE CHARGE BEAMS IN
AXTALLY SYMMETRIC DEVICFS
Arthur C. Paul
Computer Applications Department
Engineering and Technical Services Division
Lawrence Berkeley Laboratory

University of California
Berkeley, California 94720

Abstract

Such general-purpose space charge codes as EGUN,1 BATES,2
WOLF,3 and TRANSPORT4 do not gracefully accommodate the simulation
of relativistic space-charged beams propagating a long distance in axi-
ally symmetric devices wheie a high degree of cancellation has »sccurred
between the self~magnetic and self-electric forces of the beam.

The EBQ code was written specifically tu follow high current beam
particles where space charge is important in long distance flight In
axially symmetric machines possessing external electric and magnetic

field. FBQ simultaneously tracks all trajectaries so as Lo allow

procedures for charge deposition based on inter-ray separalions.

lElectron Trajectory Program, W. B. Herrmannsfeld, SLAC-166 (1973).

2Zp Computer Program for the Design of High Perveance Ion Sources,
D. G. Bates, Culham Laboratories, CLM-R-53 (1966),

3WOLF, A Computer Ion Beam Simulation Package, A. C. Paul, W. S.
Cooper, LBL-5373 (1976); Mathematical Models and Algorithms for the
Computer Program WOLF, Klaus Halbach, LBL-4444 (1975},

4TRANSPORT, An Ion Optic Program, LBL Versiom, A. C. Paul, LBL-2697
(1975).
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The orbits are treated in Cartesiun geometry (position and momentum)
with z as the independent variable. Poisson's equation is solved in
cylindrical geometry on an orthogonal rectangular mesh.

EBQ can also handle problems involving multiple ion species where
the space charge from each must be included. Such problems arise in
the design of ior sour~2s where different charge and mass states are

present.



INTRODUCTION

The EBQ (electric field E, magnetic fields B, and space charge Q)
code simulates steady state problems envolving space charge transport of
charged particles in cylindrically symmetric devices, providing a fairly
flexible and forgiving data input structure.

This two dimensional program accepts data specifying the externally
applied electric and magnetic flelds. The electric and magnetic self
fields of the particles are used to obtain a self-consistent azimuthally
symmetric charge and current distributions. The code follows particles
trajectories and employs a unique method of assigring values of the
charge density to grid points. This method provides sufficient accuracy
to model the cancellation that occurs between radjial electric and magne-~
tic self-forces in a relativistic beam.

A problem can be conceptually divided into four parts, specified b
the 1) electrostatic boundary of the problem, 2) the externally applied
magnetic fields, 3) the rays (charged particles) comprising the beam,
and 4) special input instirucing the computer code on output and plot-
ting options, etc. The mathematical procedures used in processing
the problem are described on pages 2 - 62, followed by a detailed
description of the data input, pages 77 - 205, and twelve examples,

pages 207 - 299,



COMPUTATIONAL PROCEDURE

The EBQ code solves Liaplace's equa-ion in cylindrical peometry by
relaxation using the modified Lieberman procedure. Having thus obtained
the electrostatic potential, the rays are tracked simultaneously using
the local gradient of the potential to find the electric field from the
electrodes. Space charge is calculated either by application of Gauss's
Law or by the potenticl found from solution of Poisson's equation with a
known charge distribution. The particles are ordered in ascending
radius. The current enclosed by a ray is then used to find the radial
electrical space charge field by Gauss's Law and the self-magnetic field
bv Ampere's law. The inter-ray spacing is used to map the appropriate
charge density onto a lattice which is used on the next cycle to fi 41
the space charge field in addition to the electrode field by solution of
Poisson's enquation. The axially symmetric external magne’ - field is
found from the local magnetic vector potential.

The next cycle is started by solving Poisson's equation. The rays
are then reinitialized and simultaneous tracking pervorued with the rays
depositing charee on the lattice for usce on the next cycle. This set of
calontatisn s repeated until a predetermined number of cycles have
“en performed or until the First moment of the particle distribution

fails to change by a predetermined amount.



EQUATIONS OF MOTION

EBQ simultaneously track up to 100 trajectories paraxially propa-
gating along some device made up of cylindrically symmetric electrodes
and magnetic field lenses (solenoids). The independent variable is the
axial position z. Due to the simultaneous processing of all rays, no
retrograde motion is allowed. EBQ simulates the beam's space charge by
solving Poisson's equation and the beam's self magnetic field by appli-
cation of Ampere's Law to the current distribution within the beam,

The equations of motion are implemented in Cartesian coordinates to
avoid the singularity at the origin (R = 0), while Poisson's equation
and the expressions for the magnetic field are implemented in polar
coordinates to take advantage of the assumed axial symmetry of the
geometry. Seven equations of motion are simultaneously integrated for
each ray, yielding the three dimensional position and mom2ntum of the
particle, its path length, and the time of flight.

The « 1uations of motion are derived from the Lorentz equation:
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Eliminating time by the relation d/dt = v, d/dz, we obtain for the

components of the Lorentz equation:
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where ' denotes differentiation with respnct to the longitudinal
coordinate, z. The spatial coordinates can be found from their
differentials

x = Px/Pz

y = Py/Pz

The path length differential is given by

S = P/Pz
where P is the total momentum of the particle, derivable from the energy
by the relativistic relation

2 F2 4 2P2
E = Ky c

The velocity of the particle can readily be found as

p"l
v o= =
F
¢ i the vo'lacity of iight, Fy the rest eneigy in ev and P the
Sareoatam in oev/Co o The flight time differential is now found to be



rewriting the equations:

1 Ll
P =E.‘1LE +ﬂyB—B
X 2P X c z y
C 2
1 ¥
P =3}%—-E +i (B—XB
y 2Py
Al L) 1
p o= &1 E g +3.‘1<xB—yB>
z 2 P Z c y x
[ Z
t
x = Pp /P
L}
y B Py/Pz
'
S = P/P
z
L} +
t = 5 /v

subject o the specification of the initial position in phase space, x,
y, z. Px, Py, Pz.

The units fur E and P are ergs and ergs sec/cm respectively, B in
the gauss, ¢ in cm/sec (3 x 1710), e in esu (4.8 x 10719) and E in
statvolts. Practically, for computer implementation, we will work in
units of energy and momentum of ev zud ev/c, and electric field in

Volts 'cm, the momentum equations now become

[ev E(ev)

P <H> = q P_JW/'J Ex<(V/cm)>+ 300q [y Bz(g) - er'(g)J

v E{ev)

Py (Eﬁ) = q ?:TE;7EY Ev<(v/cm\>+ 30uq [Bx(g) - x Bz(g{

P; <§X> - F’%és;%T Ez 6V/cm)>+ 300q [;'Bv(g) - y'Bx(gJ

z
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SELF-FIELDS

The beam carries charge along the z direction which is deposired on
the mesh whenever a ray crosses a mesh line. The current enclosed by
ecach ray is used to find the self magnetic fields by application of

Ampere's Law. The paraxial flow guarantees only a B¢ component

Tay

B¢ - 7
R
/ _ .
! Bedf = 1t
; Bé y
where 1 is the beam current contained inside the orbit
i
Bg = =
' 2nR
where oy 7 4% x 10 7 mks wnits. 1 is the total beam current enclosed
bv the -av npd ¢ onsideration at radius R,
. i {amps)
Bt(gauss, = 0.2
tlgau R (cm

From symmercy, B¢ has an x and v component which enters the equavions Af
m-tinn depending on the ¢ coordinate of the ray, but no B, component.

This is what [ mear by paraxial approximaticn.


http://equ.it
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The space charge by application of Gauss's Law would give a radial

electric field

/ Eds = E—O rQ
Zerr = —S—
0
- i
Er Zneorv

_ 50 i (Amps)
Er(V/Cm) N ﬂeo ricm Vv Cm; BeCS

The constant has the numerical value 1.795775 x 1012 cm/farad; 1 is
the same enclosed beam current used in calculating the self-magnetic
field.

Gauss's Law is not a good approximation to the space charge in the
presence of grid electrodes, since these structures short out any radial
electric field. A scale factor is thercfore made available for use with
Gauss's Law to reduce the average field value on the first cycle when
gridded guns are simulated. The subsequent cycles are based on solution
of Poisson's equation and properly reflect the radial self-electric
field in the vicinity of conductors.

The calculational procedure for self fields on any cycle n after
the first uses the beam current i, to find the self-magnetic field and
the electric potential Uy_j of the preceeding cycle to find the self-
radial electric field. Care must be used, since for a beam initially

slightly too small, the electric field w~ill be too large and it will
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blow up, while on the next cycle, the beam will see too small an elec-
tric field to balance the self-magnetic field and will therefere pinch
on itself. This procedural instability can be damped by applying a
correction to the beam radius used in de:ermining the self-magnetic
field based on the approximation of the radius of the beam on the

previous cycle (N-1) locally determined from the radial electric field.
Bp = 0.2 i_
. n —-
By Cso Ry TRy)

Where Ry is the ray radius on this cycle, Cgp is an input constant,
and Ry-] 1s an approximation to the beam radius on cycle N-1

determined from the local radial electric field by Gauss's Law.

For very high current beams it is necessary to keep the self-magnetic

and electric field balanced, so Cgp = | is & good guess; with not so
igh a current where the prohlem is dominated by the self-electric field
the value of Cqg is unimportant. Note, when iteratively calculated,

the radial value is Ry regardless of the valtue of Cgg.


file:///olue

-9-

CHARGE DEPOSITION
Self fields for iantense beams must be started in a reasonable way.
EQB provides several options.
1) Gauss's Law
2} Charge 3
3) Averaging Over Many Cycles
4) Self Force Damping
5) Charge Linmit.

The space charge and self magnetic forces must be in proper balance
or the beam will blow up from excessive space changes or self pinch from
insufficient space charge. Since the space charge is evaluated for the
previous cycle some care must be used Lo prevent the magnetic self field
from pinching the beam. In reality as the beam pinches, the space
charge provides a compensating restoring force. In the simulation code,
when not using Gauss's Law, this restoring force is evaluated on the
previous cycle and so is non-responsive till the next cycle. In order
to stabilize the runs so they do not oscillate the self magnetic force
can be artificially damped.

The charge and enclosed current can be calculated by one of two

different methods.

Standard Method - The standard method calculates the enclosed
current as the sum of current for all rays whose radius is less than
that of the ray under consideration. The self current of a given ray is

taken as (4J-3)}/(8J-4) times its current, so:
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MAX

. ‘ 43-3
Linsioe, = Z O <R 357 1
1 k=1

K*J

The space charge is deposited on the two nearest mesh intersections by a
linear interpoiation based on the distance of approach. The charge
JTH

carried by the ray is

where Vj is the velocity of the ray and Ij its current. If the ray

is & from the KM mesh point, and 4 is the mesh interval, then

_ _ [
@y = G -5)

5
Qr1,s Q; (3

The self magnetic field in equilibrium with this space charge is

Iinside 3

B = 0.2 v

Neil-charge Deposition - The Neil-charge deposition method is used

when data is provided giving the charge density at the point of beam
origin via the "DENSITY" input specification. This input gives the
current density J 1in amperes/cm2 as a function of R in cm at the place
of beam origin. Ceonservation of charge requires that the charge between

two adjacent rays be conserved,

Q = Jr)/v
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the charge to be deposited on a mesh line of radius R, separated from
the adjacent mesh lines by the internal A is the charge between the
cylinders of radius Rm * A/2. This charge is calculated from a mapping
of the known charge density at the location of beam origin onto the
local lattice map, Figure A. Let Jo(ro) be the current density at
the origin of the beam as a function of radius r, at which a given ray
is born. Ulet r be the radius of the beam at the current location. Rays
may in fact have crossed as shown in the figure represented by a
multi-valued contrioution of J,{(r,) to the c rrent value at r.
Figure B shows the charge deposition mesh lattice superimposed over the
radial mapping function. The charge to be deposited cn any mesh point
is the integral of the charge along this mapping function.

Consider the charge to be depusited on mesh line 1j, figure 8

r J(r )dr
o] [o] s}

Qg 2 vt )

while the charge to be deposited on mesh line n; figure B is
- 1

. D¢ e ddr ~ t© J(r )ar r J(r )dr
Q - o el [s] " f (o] e} [] . o] [o] [o]
R2 7 vir ) v(r ) v({r )
2 C ° E ° G °
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The charge deposited on the axis is given by

572
q = 8 f 'L'OJ(ro)dr0

o 2 22 _°
A o V(ro)
Ta 10
9
4 8
Z. " o )
AN
7
1

N
T
o
XBL 823-1900

Figure A. Radial mapping function of Neil charge deposition.

R2+A/’)
n,at RL 77T sl N
“R,-A/ ___-__/.ff_l__x_ 4
2 2 i
|
]
T
L
D

R1+A/2__ _
n, at R j“

IRJ-A/}

XBL 823-1901

Figure B. MESH lattice superimposed over the radial mapping function.
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The self-magnetic field is determined from the current enclosed by a
given ray. The enclosed current used with the Neil charge procedure is
found from the ratio of areas of the ray as detlermined by the radial
mapping function and the various ray currents which lie inside. For
example, consider the current interior to ray 3 in Figure C. Here, all
of the current rays 1, 2, and 6 and some fraction of the current carried

by rays 3, 5, and 7 are inside ray 3.

-]

N
current
2 inside
ray 3

XBL B23-1902

Figure C. Finding current interior to a ray from the radial mapping

function.

Each ray is assumed to be carrying its current over a radial interval

extending half way to its nearest neighbors.
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EXTERNAL MAGNETIC FIELD

The magnetic field from external lenses (solenoids) is calculated
from the magnetic vector potential. This potential A can be found from

the known radii a and the position Zj, of concentric clrcular loops.

)'/P.
A
X R '
al
| e
yd N o
z 7z “
1 L
/ ‘
. u
A 2oyy 42
4 T op

The distance from a point on this loop to some point in space at R,Z,¢
is

2 ]1/2

2 = ((ZI—Z)2 + a2 + R® - 2aR cos¢

The only component which does not cancel is the tangential component in
contribution to A at (R,Z). The value of dl in this direction is

ad¢cosd. Thus

m

=
-

A = 2. a cos¢ d¢
¢ T o ((ZL~Z)2 + a2 + R2 - 2aR cos¢]1/2

=~
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Evaluation of these elliptic integrals yield the magnetic vector

potential.

The magnetic field is obtained from

g = Yx K
) 3A
* _ {1 3Az _ 3 - 3Ar _ 3Azf~ 1 13(rA¢) - "r| -
B o= |Tag "3 (rA®) T arJ“”? ot 3% | 2

The azimuthal symmetry guarantees A, = A, = o

- 3A A9 = -3
Ez 3 + o Br A/ 3z

The vector potential is knuwn on the lattice points of the magunetic
potential mesh defined by COILGEN data. The value of the potential and
the field values within a lattice cell are derived by finite difference
approximation. Consider a Taylor series expansion of the vector
potential about some point R,Z. The central diffarence equation is
obtained by representiug R = ry, + r, Z = z, + z so that r, z are

small displacements from rg,2,-

) - 3Ad 3A ¢ 1 3°A¢ 2
Ad(r,2) A¢(ro,z0> + 5 ztg |t T r
2 2
LLael 2 3Ae [
2 drdz
dz

Defining the expansion coefficients through second order by

2
A¢(r,z) = a, +az+ayr+ax + aaz2 +acrz
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results in the finite difference approximation to the vector potential

A -A A -A A +A_-2A
4 2 173 173 "0y 2
Ad(r,z) = A (r z ) + z + ( r + r
[ h p
o oo 2 \ 2 ZhZ
A2+A4—2A0 2 A5+AO—A1—A4
+ 2 z + B rz
22
R 2
i
1 5
+2+ %
T h
+
2 0 4
3
Z

where AL Ap, A, Ajg, , and Ag are the potential values at
! 2 3 5

the star mesh intersections 0, 1, 2, 3, 4, and 5 as shown above. h and
. are the radial and longitudinal mesh sizes and r and z are small

displacements from the central poiant r,, zg.

The magnetic field components are

B = -a

- 2a,z - a.r
r 1 4 5

B = a, + 2a,r + a_z + %2

z 2 3 5
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Near the axis of cylindrical symmetry R + o and a power series expansion
for A¢ based on the known symmetry must be used. Only even powers of R
can exist in the expression for B,, since it must be the same for *r.

Assuming the following expansion near the axis for B,

2 292
3z+a5z ] + 4[a2+a43+36z ]r

B = 2[& +a
o

The vector potential is found by integrating B,

zz)r + {a, +a, z+a zz)r3

A = (a +ajzvag 2*8,%48,

Dropping third order terins, we have

Ay = ar + ajrz
yielding

Br = Ta,r

B = u(a, + a,z)
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In terms of the lattice point values, we have

—

h e
r
L
0 [ 4
’o—z_-
A A-A
Ad = (Ti> r o+ <—2le) 2T
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ELECTRODYNAMIC POTENTIAI

Poisson's equation is solv~d by the standard finite difterence
approximation in cylindrical coordinates. Consider the usaal

rectangular mesh shown:

R
« 8 s

1
s
h

]
< o O
2 0 4
o3
z

Here % is the longitudinal mesh size and h the radial mesh size.
The solution for the potential at point o satisfied the finite
difference equaticn approximating 72y = p

1 . h s 1 ) h 1 2 2
ul— "1+ = J + U, [__ 1 -.___ﬂ + U, — + U =~ U Ly S =
2r : T’ 2

1,: p) r 3,2 T, 2, 4,2 u!hz 42

wl.ere Uy, Uy, Uy, U3 and U, are the potentials at thc mesh
interse-tiong 0, 1, 2, 3, and 4 shown in the star diagram above.

Near the axis, the singularitv generated by the h/2r; terms is removed

hy taking a power series expansisn for u in 2ven powers or r
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The appropriate finite difference equation is

/ -~
. 2 2 { 1 4 2
U (—— +u, (S + v -) +U (L—> - v | 4 —-]
1 h2> 3 (h2> 2 (12 W\ ,2 013772

Several classes of mesh stars result when a boundary intersects the

I
©

mesh. The irregular stars shown below result. Define R and R5 as the
unit normalized boundary intersectic.s (if the boundary is dz from point
o, then R = dz/& such that when 0 £ dz <2, 0<8< 1) the Taylor series

expansion coefficients for the potential becomes

2 A
= = +
u a, taz+agr + ast + a,z agrz
where
2a = Ug
ay = (UQ - g)/2u
ay = WUy + g - 20,)/2D2
ay = (U = 20, = (1=R2)U) /Dy (14R)
ap = s = (LRI /DR R)
-

C e e s ), .H*"SU]/D )
- AR i L oy G ) S B A oJ 172
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The value of I,J,K,L,Dj and D; are determined by the boundary
intersection quadrant, Up is the Fixed boundary point potential and
is not relaxed during solution of the equations. The electric fields

are:

_ du _

E. 7 37 7 8t Iagrtoagr
_ du _

R TS Y

For intermal (not boundary points or electrode points) points, higher
order terms can be included in the expression for E, and E,. This
will slow down the calculation but might be necessary for very high
current beams where significant depression of the potential on axis
accurred. Control of this option is selected by the value of

CONST(86). The additional terms are:

_ 3
U, = U+ar” + (a7. + agz) rz
. 2 2
Er = Er + 336r + 2a7rz + age
2
EZ = EZ + agr 4 Zagrz

For axial points we have, to third order in the potential

+ 332) Zea z3

U = U +a,z + a z2 + (a
o 3]

1

e = 2r {a, + a,z)
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= 2

2
€ = a, + 2ahz + agr + 3362

Higher order terms may also be included. These additional terms are:

- 2.2 4
u = u+ asz r- + a7r
- ? 3
e, = Er + Zasz r + 4a7r
€ = E7 + Znﬁrzz
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BOUNDARY MESH

During processing of the boundary an array is set up specifying if
a point is totally interior (i.e., not on the boundary or bordering an
electrode, or a boundary point). If a point is interior, then the value
of this mesh point is the index ICOEF used to find the finite difference
coefficient for solving Poisson's equation. If the point is a boundary
point, then three added quantities are masked into this airay specifying
the type of boundary IB, the index for the potential of the electrode
IPOT, and the unit normalized displacement of the boundary R from the
central mesh point.

The structure of this MESH ( ) array in the sixty bit word of the

CDC computer environment is

MESH ( ) = B IR IPOT ICOEF

60 31 30 22 13 1

A boundary point is aoy point, I, whose mesh value, MESH(I), is
greater than the maximum value allowed for coefficients, 4095-77778B,
However, the array size of 6000 allows only 6000/6=1000 boundary
points. The maximum order of mesh points is determined by the size of

the U, MESH and RH arrazys currently 6000 points.
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A Neumann boundary is identified by a zero potential index flag
(i.e.,, bits 13-21)., The type of boundary is given by bits 22-29. A
Neumann boundary on the axis of cylindrical symmetry is designated as
type 003, while a left Neumann boundary i; type 002 and a right end
Neumann boundary is type 004.

A Drichlet boundary refers to an electrode, frozen at a potential
value given by POT(IPOT) where POT ( ) is an user input array of
potentials and IPOT is bits 13-21 of the mesh value associated with the
given point.

A table of the mesh array can be printed by use of MAP 1 data
input. The distance B of the electrode from the mesh point is stored in
the high order 30 bits of the mesh array and can be printed by use of
MAP 5 data input. This boundary intersection distance is associated
with a given leg of the mesh according to the value of the boundary
type, bits 22-29,

Bit 30 is used only during orbit tracking and is normally zero.
If, however, bit 30 has been turned cn, orbit trackit will terminate
for any ray reaching this point.

Representation of the boundary intersection by 30 bits yields
results accurate to five significant figures, as shown in table 1,
Columns 2 and 3 show the 60 bit value in base 10 and octal while columns
4 and 5 show the effects of truncation of the word to the high order 30

bits.
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The following section now defines the individual mesh star types,
thelr finite difference Poisson equation coefficients and electric fleld
expansion coefficients used in the EBQ code.

The finite difference equations approximating Poisson's equation
can be defined in terms of coupling coefficients sampling the potentials

of points surrounding the center of the relaxation star.

2
Ve = »p

becomes

Cpéy + Coby + Capg + Cuty =~ Cotg = Cep

For vegular stars there are no boundary or electrode intersections and

the appropriate equations are: ry # 0

2 1 h 1 h 1 1 2 2
e o L et (- ey v ir e, vy - By v B -
2 'YL T2 /"3 T 7 %2 7 7 % Wl 2%
T 1 —g —
h
!
2 0 4
3[
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When solving Poisson's equation on the axis we take advantage of the
required symmetry and the potentfal is developed in even powers of r.
For regular stars with no electrode intersections the appropriate

equation at rg = 0 is:

2 1 1 T4 .2 B
Ve = ot e t5 4, [h2+;z‘]"’o =0

When boundaries or electrodes occur in a mesh star we type them

according to the following scheme.

IP > 0
001 Q02 ’ Q03 % 004
N5 006 007 Q108

|
=
-

C1ER 012R 01e n148

|
:%
L.

0158 0168 0178 0208
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The displacement of the electrode From the central point O 1is
defined as the unit normalized beta (B8) while thc complimented

displacement from the relative star mesh point 5 i3 called B85 etc.

+Bgl+ “Boke /

6 \' 6 5 6 > 5

TYPE \ gL TYPE *-BJ?.-*/

002 2 4 004 2 4
\ O O /

7 8 7 8

—_
—

\ s 7
1 1 5
f 5 6
¥ L —1 4
TYPE | TYPE
2
oo, Bt fig 03 " 0 4
0 4 879. 881
————
7 8 j A —
3 3

Neumann boundaries occur on the periphery of the problem and are
identified by the convention of a zero potential index. Single Neumann
boundaries of type 00l, 002, 003 and 004 assume reflection about the mesh
liie upon which the boundary lies. For example, if the right end of the
problem is a type 004 Neumann boundary, the potential of the star index &4
is taken as the potential of star index 2, guaranteeing left-right

symmetry.



_30_

2 o——b—— o4 2 0

Regular Star Neumann Star, Type 004
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The single Neumann boundary typecs are

IP=0

T ]

| = ]

Type 001 Type €02 Type 0G3 Type 004

Often the corners of a problem define a double Neumann boundary
where there is both left-right and up-down reflection symmetry. In this
case, the symmetry is guaranteed by replacing the regular star potential
values cutcide the problem by the values inside the prceblem. The double

Neumann boundary types are:

P=0

|
.

005 006 007 010B



POISSON'S EQUATION

Conslider the type 001, 002, 003 and 004 irregular stars. The finite
difference coupling coefficients now must reflect the electrode displace-
ment distance B from the central point. The boundary or electrode poten—
tial will be designated Py. Then the finite difference approximaticns

are:

1
et T
4 | 0<B<1
- 2 0 p

5 o [_
S S h 2, 1 2 _gh
' [2+rj]¢b+ 2t : Br]%

3 (1+B)1\2 I_

5 / z
+ 00 s -ey MY+ A
2 [th \ r/ 12 ¢}
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TYPE 002

>y

2./ fa
A —
Biz 0 dz 4
0<B<1
] 3

2 _ 1 dr ( 2
9 ¢ = trl _'rz (1+2r/ +¢B(—__2 j

dz " P(1+R)
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TYPE 003
1
~
2 dz |0 0<R<1
\ﬂdr 4
B \
3 ~
\\
2 2 dr )\ 1 2 dr
T o= N (Lt Bl b, =5+ @B |l = 5
dr " (1+R) - dz dr (l+8)8
] ]
+ 7310_0—2—"' 7] 1‘%(1'8)
dz" dz dr” g
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TYPE 004
2 1 \
B [114:2¢¢
dR 4
2 laz
8dz
3
|
Y P (| I P I A P
dr \ dr” (1+8)dz




Poisson equation coefficients.

Type 011, 012, 013, and 014

015, 016, 0l7, and 020

011
012
e
° |
|
0— Q-0

Same

Cy =

C =

C3

Same

C1=

Cy

_36_

as type 00l with

0 and C4 = 2C4

4/dr2 ¢4 = 2/d22(14p)

= C4/B Cs = 4/dr2+7/dz28

as type 003 with Co=0, C4=2C,

4/dr? ¢y = Cy/B

= 2/dz2(1+8) re = 4/dr2+2/dz2F



015

016

017

e

Same

Same

Same

Same
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as

as

as

as

type

type

type

type

with Cp=2C;, C4=0

with Cy1=0, C3=2Cj3

with C4=0, Cp=2Cy

with C1=0, C3=2Cjy
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When boundary electrodes intersect two legs of a mesh star, they are

typed according to the following scheme:

R 0 0
o S 0228
a

0
o 0 —] — 023B

. Py —— 023B
0 [ 0
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Note that mathematically there is no distinction between the finfte
difference approximatior to Foisson's equation for th« Lnside corners and
slant electrodes, These types are 021B-024B as shown above, where a is
the unit normalized vertical leg electrode distance and B 1s the unit

normalized horizontal leg electrode distance.
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TYPE 021B

RE 0

2 1 h
7““:“]—7“(2+%'>¢3+ : 7% " 3 '":—]4‘3
a(l+a)h” 0 B(1+R)2 (l+a)h 0

2 1 h 2
+ ——— —"—(2+(l—m)—->+—— ¢
a+pye? ok’ Yo/ et 0
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TYPE 022B
1 F— - 5
+BL+
Ze ’ p — 4
0 +
ah
+
b
30
v - 21 {2+E¢1+“£__2"’2
hé(1+a) o B(1+8)2° B

1 h 1 h
PN S . b, =~]1— {2 - (1-a) —
h2(1+u)u < r0> 3B [ﬁhz ( o

>+
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TYPE 023B

—

[0
«BL+
20 o b
+ 0
ah
+
30

2 1 ch 2 1
Ve = — 2+ ¢, + ¢, + 2 -
(1+o)h [ ro:| Ve 7 aliean? [

2 l_ 1 < h 2
+ ¢, - 2 - (1-o —4) + $
pepal B L;_I:T o wl| 0
TYPF 0248
3l
cth +« RL >
+
1 o
oI 4
3
LI 1 h 2 I B
o= - 7 [2)'?“}%* 7 % " 2[2
al(l+a)h 0 (1+R) 2 (1+adh

2 1 ‘ 2
+ — b~ |- 2+ (l-a) —) + ¢
pl1+erg? P [ah ( ro) ?J 0

el
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Several special star mesh definitions are shown below.

2 e 0258

® 3
1
0 4
2 Y 026B
3
1 o!
2 4 or 2 4 0278



When a boundary electrode intersects three legs of a mesh star, they

are typed according to the following scheme:

!
a
B < 0 P — 0318
R Y
L ]
’
¥
B < 0 *— 'y 0328
IR
[}
.
31 f
- " 0338
[ Q0 v
[ ]
[
B0 a —’ 0248
[ — ®
e |y '
L ]
®

R » 0 [ — ¢ 0358
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Mesh types 41B-50B define Poisson's equation coefficients and electric
field approximations for slant electrodes intersecting the outer problem

boundary.

Treat as type 218 with C3=0,

C1=2C1
41B =0

Treat as type 243 with C3=0,

428 ,____LL_* =0 c1=2¢,

Treat as type 23B with
43B Z=0 Cy=0, €,=2C,

Treat as type 24B with

4438 z=0

C2=0 , C[‘:ZC[‘

\

Treat as type 21B with
458 Z=ZMAX
C,=0, Cy=2Cy
468 -9
Treat as type 22B with
R=RMAX
=0, Cq=2C3



478 Treat as type 23B with
R=RMAX
C1=0, C3=7C3
50B Treat as type 22B with
Z=ZMAX
C,=0, Cp=205

Mest types 51B-54B define slanted electrodes running along the outer
bou ‘ary. The Poisson equation coefficients for these types are

1

modi ied 2, 3, and 4 types.

S1B 5\\\~\\\\‘\-ﬁr—
g —

_\
o—~J»——~———o R=0

\ Z=XMAX
\ Treat as type 2,
2B [ ——
C4=0, C,=2C,

Pra— ———e R=RMAX Treat as type 3,
338
— CI=O, C3=2C3
Treat as type &
S4B

l Cp=0, C4r2C,
z=0
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Mesh types 55B-60B define single point electrodes. They are treated as
type 001-004 for Poisson's equation and totally interior (non-electrode
intersecting) points for the electric field calculati.n, 1f a single
point is defined with a displacement off the mesh in both r and z, it
will be treated by convention as a vertical mesh pair, generacing a tvpe

55B and 57B mesh point.

Single point on mesh intersection,
setous type 5508,

57B
SKe--X
1f DR>10_5, tveat as vertical pair. 555!
type S.B and 57B.
¥

=
H+
+
-
—+-
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ELECTRIC FIELD COEFFICIENTS

Electric fields are calculated from a power series expansion of U}

around the central mesh star located at Ry, Z, such that

I~

DRMESH + Ro R < Rc + DRMESH

o] —
N —

~
~
N
™~
+

DLMESH + Zo < DZMESH

o —
I
o
[

Defining R = Ry vt and 2 = Z, + z, then r and z are small
displacements trm Ry, Zg.
The expansi n used depends on the mesh star type. For regular

stars, type O an interior electrode intersection stars, type 001, 002,

N3, 004, 021, O 2, 023, and 024, the expansion is

u = u_+a,z+ a,r +a r2 + a z2 + a.rz

o { 2 3 4 5

Er = a, + 233r + agz

Ez a, + ZaAz + agr
e coetficients a;  as, ag, a4 and ag are given in Table 2.
The acuation tor ag lepends in which quadrant of the star the oif
dieonal teem is loc ted.

=~

QUAD 4

H
WAD 2 I QuaD 1
2 e— } @
3
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The expanslon used for type Ol1B and 013B stars must be even in powers
of z to reflect the left-right symmetry at the left edge and of the

problem. Here

_ T 2
U= u + a,r + aqr + (34 + aSr)z
E = a, + 2a,r + a 22
r 2 3 5
= 2 R
Ez 2a,z + 2a.rz

The expansion used for type 012B and Ol4F stars must be cven in powers

of r, since we are on the axis of rotational sv etry.

5 5
= +az + AR + acz)r
1] ug ! a,z (a3 S

= 2
E _33[' + ZHSI‘Z

2
E = a, + 2a,z + a.r”
] 4 5

These coefficients aj, as, a3, a3, and ag are given in Table 3.

Electric field expansions for stars in which an electrode passes through
aad parallel te mesh points can take advantage of the required symmetry.
For types 0045 and 003B « have A = 0 and Uy = Uy = U, = POT.

2
r

3

2
+ a,z + a.rz
4

m = U + az+ +
b a7 a,r a 5

B J
1
]
]
:
1
-
wn

ELECTRODE

o

- -— -0
> — - — —

*-———




_50_

Assuming only a linear r dependence, then A3 = 0. Symmetry requires

Al = A4 = U so0;

B
2 h
R
s 2nt
u = ag + a,r + agrz
Er = 32 + asz
EZ = agr

For tvpes 002B and 0048 we have R = 0 and v} = ug = u3 = POT.

Assuming only a linear z dependence requires A; = 0, while symmetry
demands Ay = Aq = 0, so;
1 5
»-—-——— -
!
0
*
1
| b
E1RCTRODE 2 i
< | "
3 8
U, Uy
S
~ ”S_UH
&, 2hi
no= u_+ a4,z + ag 21
ir = JSA
I-,Z = a; *+ agr
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Electric field expansions are not necessary for types Ol5B, 017B, 016B
and 020B stars since R = R, + r, Z = Z;, + z would lie outside the

problem boundary.

ELECTRODE
! OUTSIDE
+ f PROBLEM
|

t [ i . i b Zuitmiahs \ o

{ { OUTSIDE 0| 41

; 2 Oi PROBLEM | !

1

I !

) : : |

| . $oehs

17 31 3 8!
___l‘__ ________ PY !

!

TYPE 015B, 0178 TYPE 016B, 020B



_52_

Electric field calculations for types 41B-54B

The electric field calculations for these types of mesh points are
approximated by moving to an adjacent interior mesh peint, ID, and
treating as an expansion about that point in the appropriate displaced
quadrant. This somewhat sloppy procedure is justified in that details
finer than a mesh cell cannot be accurately modeled and really require

finer mesh.

41 B

Increment R 47 B Back step R
QUAD 4 QuAD 1

Back step Z
QUAD 1

Increment R S0R
QUAD 4

]

Increment Z 52 B ack step

B
QUAD 2 QUAD 1
Back step 2 53 B B
QUAD 1

ack step R
QUAD 1

1D :: !
lncrement 2 51 B -—__{___~_ Increment R
QUAD 2 QUAD 4
1D

AL T NKEK

Back step R QUAD 2

1L
I
——
n
Back step Z 54 B H.. Increment Z
ik

Sy
1
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Electric field calculations for mesh types 55B-60B

Electric field expansions for boundary mesh types 35B-60B are
approximated by those for mesh types 001-004. The expansions are
totally interior, as if the single electrode intersection generating the
55B-60B type were not present. The electrode effects the [ields only
insofar as it determined the value of the potentials on the adjacent
mesh points and therefore effects the calculations through its Poisson

equation expansion coefficients.

Equipotential Calculation

Equipotential lines are calculated with the condition that the
total derivative of the potential be zero. The initial value of the
potential line is specified as input or taken as a tenth increment of
the maximum potential of the problem. The axis of symmetry (r=0) is
searched for a potential U, at Z, greater th ~he desired value
p- The exact axial position z of the potential line Up is then

found as:

where F, is the longitudinal electric field dU/dz. This linear
correction to the starting position of the linme is applied iteratively
until sufficient accuracy is obtained.

The line is then tracked by advancing R or Z by a predetermined

step ds according to the relative size of Eg or E,.



Table 2. Electric field coetf. tents, types 1-4,
001 002 003 004
2 2 2 2
vV, _”s’“ Ua"“o“ B Um0, Ug-8U, (1-8 )uo
Al 7% B+ AL 2t BB L
2 2 2 2
- ~(1- -u_+U B +(1-8)U -
- EB_”JB -85y U +U BT+ (18U U-uy
B{1+BIh RO1+BIR Zh
- UB*BU3—(1+B)UO Ul¢u]-2u0 51}11»UB-(1¢(«)Uo ul+UB—ZUo
8(1+8)h? 2h? B(1+8)h? 2h
. U+, -2 UgtBU,-u_(1+8) U+, -20 BU2+UB—(19H)U°
A JRCI ) PN - R Los o
222 s(1ep)e? 242 s1em) 22
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Table 5. Poiseon equation coefficients.
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When the radial electric field exceeds the longitudinal field,

S
o1
"

z = z+ds ; r = r - ==ds ; Ez

and when the radial electric field is less than the longitudinal field

r = r + ds ; z = z - EE ds ; Er < E:
Ez

The equipotential line is tracked until it closes on itself, or
unti]l it leaves the problem lLoundary, or until more than 200 points nave
been found on a given line, or until both Er and Ez vanish.

These calculations are controllad by the following data clements.

CONST (47) = NEQUIP
CONST (48) = DSEQUIP
CONST (49) = PRINT EQUIP LINE

n

CONST (51) EQUIP ERROR E
CONST (52) = ITER MAX
PLOT EQUIP S

CONST (76) = R or Z OF L.INE SEARCH

NEQUIP specities how many equipotential linec are to be followed. If
zero, no lines will be generated. DSEQUIP is the interval of
advancement for R or Z in following the line. The value of R, Z and
U(R,2) will be printed as output if CONST (49} = I; otherwise, no
princed output is generated. The maximum error in tha2 line 1s given by
CONST (51) such that an iterative corvection will be applied a maximum

of CONST (52) times such that
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A CalComp plot of the lines will appear on any trajectory plots
specified by CONST (34) = 11, If no trajectories are calculated, a plot
can still be generated by setting CONST (34) = !l and using the
PLOT EQUIP S data card.

The equipotential plots are made by a search along the Z direction
at R=CONST (76) if the step, CONST (48), is positive or along the R

direction at Z=CONST (76) if the step, CONST (48), is negative.
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NORMAL OUTPUT FROM EBQCODE

Each data card encountered is printed into the output stream.

After generation of MESH by boundary input, a map of the mesh array
giving the index for the coupling coefficients is printed.

After Ray input, a table of the standard values of the RAYS, i.e.,
N, X, Y, Z, Px, Py, Pz,.and current ‘s printed followed by a summary
table giving the average value of beam energy (ev), current (amps),
momentum (ev/c), magnetic ridigity (g-cm), y and R.

After TRACK input, a table of the current value of the CONST array
is printed, followed by the standard orbit output. At the conclusion of
ray tracing for each cycle, the longitudinal velocity V,(cm/sec) of
each ray will be printed. Tf a ray was lost on some aperture, its
velocity will be printed as zero. 1Tf a ray encountered a stopping flag,
bit 30 turned on, its velocity will be printed as -2. 1If a ray exceeded
the allowed energy interval given by CONST (64-65), its velocity will be
printed as -3. A map of the potential and charge arrav 1s then given.

After END a summary of the number of calls and accumulated CP time
1n seconds is printed.

Orbit output at a specified z value consists of a table of
RAY E(ev) X(cm) Y(em) S{cm) Px(ev/c) P lev/c) P (ev/c) T(sec) R(cm)

For each ray traced, orbit output is printed for the initial particle
distribution and the final particle distribution. If wmore than one
Poisson-ray trace cycle is performed, then orbit output is generated for
the particle distribution at the end of each cycle. Special output can

be requested on the last cycle by the following data input:
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CONST 19 DZOUT output particle map every DZOUT cm.

CONST 20 1 output table of fields along with orbit

OUTrUT z( ) 5 output particle map at each given z
value

PUNCH FAGED] s the particle distribution is printed
and written to tape 4 at each given z
value

FIELD z( ) s a map of the electric and magnetic

field experienced by each ray is
printed for each Z value

PLOT PHASE z( ) 3 a plot of r vs dr/dz is made for each
z value
PLOT DENSITY z( ) S a plot of p ve r is made for each Z
value

1f detailed output is desired on any intermediate cycle, the continue
option on the track card should be used. Consider output at 10, 20,

22.5 ¢m on the lst, 7th, and 8th cycles,

TRACK X 1 first iteration with output

TRACK CONTINUE 6 track next 6 cycles, output on last,
7th cycle

TRACK CONTINUE 1 track, 8th cvcle

The amount of output generated during orbit integration is determined by
the above specified output specifications, If a specified Z value does

not fall on a usual RK step interval, the integrator will make a special
stop at the required value. When tracking many rays, it is often useful

to know the value of certain moments of the particle Aistribution
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CONST *42 dZMOMENT

specifies a calculation of R, R.,., Pr, P .. every dZMOMENT cm along
the beam path.

CalComp plots are available for the trajectory profiles of the rays
selected by the PLOT TRAJ carde according to the value of CONST (34),
CalComp phase plots are available for Z values selected by the PLOT
PHASE card according to the value of CONST(37). CalComp plot of the
charge density versus r is available for the Z values selected by the
PLOT DENSITY card according .o the value of CONST (44). 1If a density
plot is desired on a regular interval, then alternatively the interval
can be specified by

CONST *45 dZDENSITY

where <ZDENSITY is in cm.
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CONTROLLING THE VOLUME AND TYPE OF OUTPUT FROM EBQ

Print of static fields can be specified in the following ways.

PRINT FI:LDS

MAP 1
MAP 2
MAP 3
MAP 4
MAP 5
MAP 11
MAP 13
MAP 14
MAP 15

OQUTPUT POISSON

CONST (18)

CONST (28)

Prints fields generated at specified

locations B, B,, A¢, E

r» Eys and U

Output map of MESH ARRAY

Qutput electrostatic potential array

Qutput charge density array

Output POISSON equation coefficients

Qutput map
Output map
Output map
Output map

Output map

of

of

of

of

of

boundary-mesh displacements R

BR,BZ fields on a specified grid
vector potential on a specified grid
ER,EZ fields on a specified grid

electrostatic potential on a

specified grid

Output potentials at four R,Z locations during
convergence of Poisson's equation

Poisson output print interval for residual and
cycle number

COILGEN output giving the value of A¢, B,

By

generated during evaluated of the elliptic

integral while calculating the value of A¢ from
the coil geometry.

Orbit output is controlled by the following data types:

CONST (19)
CONST (20)
CONST (27)

CONST (42)

Orbit print interval

Field output with orbit output

Diagnostic output ray number

Calculate moments for distribution CONST(42) cm.
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OQutput field values for values given in the
parameter list during orbit calculations

FIELD z( ) S

OUTPUT Z ( ) S ~ Output rays for Z values given in the parameter
List during orbit tracking

PRINT RAYS - Output table of the initial values of the rays,
X, Y, Z, Px, Py, Pz,

PRINT CONST ~ Prints out the values of the CONST ( ) array

PRINT POT - Prints out the electrode potential array

?RINT FIELDS - Prints out the fields on a specified grid
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Plotted output is available on the CalComp device and on the
printer. This output is controlled by the data summarized in the
following list. The data controlling the plotting occurs in the input
stream preceding the TRACK command - e.g.,

PLOT TRAJ S

PLOT PHASE 2.4 6.7 23.5 S

TRACK
The one exception is the PLOT PHASE 5 data with no z values producing a
plot of the final ray data at whatever values are left after termination

of the RK integration.

TRAJECTORIES -~ PLOT TRAJ N( ) §

PLOT RAY B( ) S

CONST(34) - CalComp TRAJ if value is 10 or 11
CONST(35) -~ CalComp R axis length, inches
CONST(36) -~ CalComp Z axis length, inches
CONST(43) - Plot BZ on frame if value is I.

PHASE PLOTS - PLOT PHASE Z( ) S - specifies plot of phase
space for Z values given
in parameters list

CONST(37) - CalComp phase plot if value is 10
or 11

CONST(38) - CalComp dR/dZ axis length, inches
CONST(39) - CalComp R axis length, inches
DENSITY PLOTS - CONST(44) - CalComp density profile if value
is 10 or 11

Printer plot if value is 1 or 11l

CONST(45) - DZ interval of plot of density
profile



PLOT

PLOT

PLOT

PLOT

PLOT

PLOT

DENSITY Z( ) S

BOUNDARY

EQUIP S

ENERGY S

AMPS S

PSI S

1 JDENSITY z( ) S
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specifies a plot of the charge density
profile for Z values given in parameter list.

CalComp plot of the electrode boundaries

CalComp plot of electrode boundaries and all
equipotential lines specified by CONST{(47),
EQUIP, and PLOT EQUIP data

CalComp plot of the ion energy versus beam
radius

CalComp plot of the beam current versus beam
radius

CalComp plot of the beam rotational angle W
versus beam radius

specifies a plot of the current density
profile for the Z values specified.
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PHASE PLOTTING

EBQ can generate any one or combination of X-X', Y-Y', and r-r'
phase plots according to the value of CONST(57). These phase plots can
be produced for the rays which have not hit an electrode or exceed the
maximum radius, all at a given Z, or all at a given energy, or all at
arriving on a special surface. If more than one ray group has been
generated, these plots can be produced separately for each ray group or
for all groups together, according to the value of CONST(66).

Rays are eliminated from plotting at a given time when they have
previously been lost by exceeding a maximum radial value, CONST(3!l), or
by hitting a boundary region defined as "OUTSIDE"., Rays which have not
been so eliminated will be plotted at the longitudinal Z values speci-
fied on the PLOT PHASE Z( ) data entry. These phase plots might appear
distorted by the space charge depression of the beam energy. CONST(64)
and (65) may be set in order to produce a plot of all the rays at a given
energy. CONST(64) and (65) specify the minimur and maximum beam energy,
such that any ray whose energy falls outside this range is simply no
longer integrated. After conclusion of the tracking, a phase pl-: made
will be for values, which are left from the time the rays fel! outside
the allowed energy range. Consider producing & phase plot at 250 kV.

CONST *65 250E3 S
TRACK BEAM
PLOT PHASE S

Ravs can also be plotted at the end of a TRACK by the PLOT PHASE S

command when they have terminated by passing a "STOP" flag set in the

boundary.
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FIELD-FREE DATA INPUT

All data input are read in field-free format. As each card is read
it is printed into the output stream. The field-free input may begin in
any column of the card. All entries after a § are ignored by the
program and may be used to place comments on the data cards. An
unlimited number of comment cards, beginning with a $ may be placed
anywhere in the data deck. Alpha-numerical blocks are separated by
blanks, equal signs, or commas. Numeric blocks consist of numbers or
group of numbers which constitute the data ;nput, These numbers may be
integers (which will be considered as having unspecified decimal pcints
and as such really be floating point numbers) floating point numbers, or
exponential numbers in any mixed order with provision for repetitior by
use of the repeat specification R. Individual elements of an array may
be entered by specifying the array element index preceded by an asterisk
and the element value. A second value will be considered to be the next
2lement of the array.

Blank cards 1n the data stream are ignored. Certain lists of data
will be read on as many cards as necessary to satisi{v the list or until
ar. "S" 1s encountered designating the end of the data list. Such data
l1s1s are explicitly shown in the detsiled description of each data type

by specification of the S 1n the data stream.
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Examples of legitimate numbers are:

INTEGERS - 1,2,25 (interpreted as l., 2., 25.)
FLOATING POINT - 3.1456-5.2 .667 -0.0234
EXPONENTIALS - 2.01E-6 1E8 2.3E+4

REPEATS - OR6, 6.75R3, 1.42E-3R4

ARRAY ELEMENTS - %7 3.14159 *72 1.0 2.0
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DATA INPUT

Data for the EBQ code congists of one or more data cases. Eacl
data case starts with a title cards and ends with an END card. A
repeated END card (really a title card for the next case) signals the
end of all data and terminates the execution of EBQ,

Between the title card and the END card any number of data entries
can be made. These entries begin with a mmemonic name (called the data
name or data type), followed by a parameter list, an ~» ray of vaiues, or
one or more gspecial cards peculiar to the type of da  being entered.

The data types are:

BOUNDARY IGNOR PUNCHB
BSCALE INITIALIZE RAYGEN
CALL LAPLACE RAYS
CHARGE LEDGE REWIND
COTLGEN MAP RKSTEP
CONST MESH SEGMENT
CURRENT MOMENT SKIP
DEFINE OUTPUT SLOPE
DENSITY PAGE STOP
DUMP PLOT TIMEE
END POISSON TITLE
ENDTRACK POLAR TRACK
EQUIP POT UNIT
FIELD PRINT WALL
IDRAY PUNCH XEQ

XYz

Before discussing the input parameter or arrays associated with each of
these data types in detail, I shoul: make a few general remarks on the

data input conventions that will b. used.



A)

B)

c)
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If a data type requires a parameter list, this list must appear on
the same card as the nmemonic name.
If a data type requires an array input, this array data can appear
on the pmemonic name card and/or any number of subsequent cards
until an S is euncountered in the data stream - e.g.,

CONST *10 1,25

*1  ,511E6 *35 11 §
or

CONST

*1  SL1E6 *10 1.25 #35 11

S
In the detailed discussions to follow on the individual data types,
the input of an array requiring a terminator S is written

CONST STUF( ) S

vhere the ( ) signifie. an array of name STJF and S is the explicit
terminator - e.g., CONST 1.1 3.7 3.0 67 S gives the array the

following values STJF(1;=1.1, STUF(2)=3.7, STUF{3)=3.0, and

STUF(4)=hT.
The i .pat of a parameter list is written ia this report explicitly
giving the list entries. Some data types do not require a para-

meter iist, or some lists are optional, These choices are indi=-
cated by repeated uata name entries as headings in the text - e.g.,
TLAPLACE
LAPLACE SWITCH

LAPLACE SWITCH INITIALTZE
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For the most part, the data inpat is order independent. There are
some obvious exceptions which will be listed below. The general rule is
input data types before they are to be used in execution called by some
subsequent data entry. The recommended order is

TITLE
BOUNDARY
CONST
RAVS
TRACK
END
Obviousiv, 1f one were to solve Laplace's equation and print a potential
nan, he should first input his boundary and potentials
TITLE
BOUNDARY
POT
i
{
iLAPLACE

AP 2
<D
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COMPUTER FIELD ARRAY LIMITS

Several types of limits are imposed on the size of problems
capable of simulation, size of array storage of rays and boundary
jmpose the most severe limits. Additionally, the bit masking procedure
used with the MESH array rastricts the size of the potential array to
7778 (511 decimal) and the size of the coefficient boundary array to

77778 (4095 decimal).

QUANTITY ARRAY SIZE COMMON BLOCK
MESH, U, RH 6000 BLANK COMMON
COEF 6000 BLANK COMMON
POT 300 BLANK COMMON
BOUNDARY POINTS 1000 LARGE CORE

XOR3,YORB, ZORB
PXORB,PYORB, PZORB, 100 RAYS
ZORB, TORB, CINSIDE

ZPHASE 20 TRAJCC
EQUIPLOT
ZDENPLT
PUNCH
PUNCHB
B ZONES 10 FGRIDCM
MAGNFT . COTLS IN

. GENERATION 500 JUNK
APHI €000 BAMAPX
RTRAJ 350 RAYPLTC
ZTRAJ 350
FQUIP 100

QLIMIT 100 QLTMIT
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EBQ DATA INPUT
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BOUNDARY

A boundary is made up of one or more segments defining a closed
region inside of which Poisson's equation shall be solved. EBQ auto-
matically generates a Neumann boundary around the outer edge of the
problem. Neumann segments (if explicitly specified by the user) should
be given first, followed by any Dirichlet segments. A boundary segment
is a sequence of points ended by a "'S". A point is specified by three
numbers, (IPOT, R,Z) giving the potential index for the point and its
R,Z coordinate in cm. If IPOT=0 the point is a Neumann point - e.g.,

IPOT R Z-——=—==—- -—=-IPOT R Z §

These points will be connected by straight line segments. IPOT can take

several special values:

IPOT=0 mmmmmeeeemmee— Neumann point.

IPOT>0  semmmmeeeemeee Dirichlet point - POT index.

IPOT=FIT = = = —==——————————m Following two points will be fit
by cubic.

IPOT=0UTSIDE = -—----—m—mmmm R, Z point at an exterlor point.

1POT=INCREMENT  —-~—---—-——-——~ IPOTMIN-IPOTMAX, any subsequent

IPOT" [ will be incremented.

IPOT=1 e bt Use incremental IPOT.
IPOT=S ~ —emmemeo—ooees End of line segment.
IPOT=STOP = ——rmmm———————ee Followed by normal boundary data

IPOT,R,Z...Defines a surface upon
which rays will terminate.

IPOT=REMOVE = —===-—r-———me- Followed by normal boundary
data-replaces a boundary oy
internal points.
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If a single point is defined, then a test is made for
'drf < 1075 — x— —

otherwise

— e

End of all boundary input is specified by an "3."

IPOT R Z ~——~-———mmm e S
IPOT R Z ===~—mmmmm—m e s
S

The potential array, 4u( ), is initialized to the value of CONST(30),
normally zero. IPOT specifies the index of the POT array in which the
potential of the boundary is given. The IPOT index is given for the
line segment beginning with the specified point--i.e., consider a

conpected segment specified as:

30 0 0 10 0 5 10 20 S8

Fotential 3 1is associated with the line (0,0) + (10,0) Neumann ooundary
fiom (10,0) » (10,20) and potential 5 on the last noint (10,20).

If a graded Dirichlet boundary is desired, this can be conveniently
implemented by the INCREMENT procedure. Say the points along some line
are to be associated with the sequence of potentials 15, 16 -=---———— 30
defining a fringing field at the end of some problem. The data could be

given as:
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INCREMENT 15 30

100 30 15. 0 8

The IPOT=1 will cause IPOT=15 and be incremented by one up to the value
of 30 for each subsequent point generated on the line segment.
Currently there is a limit of 6000 points in a problem an! 000
Boundary Points (6000/6). The maximum number of potentials 1s ,00.
The Boundary data consists of at least four cards - "he BOUiDARY
card, the mesh size card, the line segment card, and ending S card.

There can be an unlimited number of line segment cards.

BOUNDARY
NR NZ RMIN RMAX ZMIN ZMAX UNIT

!

t Line segment cards, each segment ending with an S

S
RMIN 1s the minimum radius and must be 0 (zero). RMAX is the -waximum
radius in cm of the boundary. Z2ZMIN and ZMAX are the longitudinal extent
of the problem in cm. A mesh will be generated with NR X NZ points.

The mesh size 1s:
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RMAX
R T
dz ZHAX—EMIN

The boundary points are processed in the order they are en. untered 1n
the data stream. A point will be redefined by a subsequent 1nt [

with a line segment. Fur this reason 1t is necessary that o

boundaries be processed first, followed by Dirichlet =oe s e
segments can be defined in any direction, any order, a i do .t

be continuous or sequentia’ Electrodes can be ceds Roweve
continuous outer Neumann houndary will automaticall ren

processing the user specified boundarv segments.
If a seventh parameter is includes « Lhe secs
boundary data, it will multiply all distances durin- put Lo+ nve:
from the data units to the EBQ distance unit :f —~ent: -0 s,
BOUNDARY X NONIT

When the BOUNDARY data card has a inhird paramet.r = iaL

charge and potential arrays U( ) and RH( ) wi:. not b

Only the MESH( ) array will be generated by the bounda: p: 5. "
1s useful when the charge and potential arrays are . .ose to a s o
lefv by some previous case, but several mesh modifications a:

made.


http://Di.richl.st
http://modifir.it
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R POT (1) POT (2)
f
10.0 g e e e ——
Neumann I—_———L_y_—J—
Boundary ! [——J POT (3)
\“‘~sl
L o e e e e e 7
0,0 100
BOUNDARY

11 101 0 10. 0. 100 § ICMX ICM grid

1 RZ 1 R Z-——--—- S § Electrode, POT(1)

2 RZ 2 R Z-===—m—- S § Electrode, POT{2)

3 0 100. 3 10. 100. S $ Electrode, POT{3)

5§ END =all Boundary data

Note that in this example, the Neumano houndary is a rectangle
around the pr “ler Jefined by the code before processing the specified
Dirichlet (electrode) points on the outer periphery.

When IPOT 1 the likeral FIT, three points will be takn to find
the radius and center of 3 circle. The section of *th. Circle coanecting
the points will be used to generate the boundary.

BOUNDARY
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The points 1, 2, and 3 will be fitted. EBQ will print the radius
and center of the circle it used, R, 1y, 2z,

BOUNDARY

%]

oz FIT i2 Iy 2z, 13 Ty z4

Here, FIT appears inside the boundary card, not tne first entry, but

will still fit points 1, 2 and 3 where point 1 is the point preceeding

the FIT. 3

(r ~2.)

If one 1s inputting a circle, use diametrically opposite points, with

the first and last point the same.

For example, --- 558 FIT 5 98 5 58 --- would produce the result
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Alternatively, the fitting can be done by specification of the
center and radius of the circle to be used. This is done by use of the

FIT CURVE data.

-—— iy r; z FITCURVE I R Z A PHI; PHI, —--
b 2
R
A
i
PHT,
PHIl/ (R 20
7
OUTSIDE RC ZC I, Ry 2y -——= Iy Ry Zy S

OUTSIDE data defines a simply connected closed Dirichlet region, inside
of which all MESH( ) types are zero. The effect is to prevent solution
of Porsson's equakion and ray lracing In these areas. RC, ZC defines a
point inside the closed region used for determining which side of the
boundary 15 outside. This test can be ambiguous if the region is too
complicated. For each line segment making up the region, one of the
following two tests are performed depending on if the line segment is
being followed by incrementing R or Z (more vertical or more

horizontal).
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HORIZONTAL:

N+1 ©N

e () e

"“outside" is above line segment if R < RC

VERTICAL:

2. .-z
z = 7y + [mt) (R - Ry)

Rye1 Ry

"outside" is to right of line segment if Z < ZC.

Consider the slit shown below, designated electrode 3, which is Lo

rest=ict beam {low from the cathode - extractur electrodes 1 and Z.
R RMAX (3,4.6) (3.,5.9) (R.,7.)=(2.6,5.4)
/

ZMIN ZMAX
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The data specification for this case would be:

BOUNDARY
NR NZ O RMAX ZMIN ZMAX
S $ CATHODE
S $ EXTRACTOR
3 3.0 46 3 2.5 5.1 3 1.8 5.1
3 2.4 6,0 3 3.0 55 3 3.0 4,6 5

The potential of the region outside the problem boundary can be
optionally specified by giving either the potential value or the
potential index from which the potential will be taken. Tn this case,
the data following the "OUTSIDE" is either "I'" or "U'" and the value,

followed by the value of R,Z pointing outside.

OUTSIDE R 2 $ NOT SETTING POTENTIAL AT R,Z
OUTSIDE T IPOT R Z 5 U(QUTSIDE) = POT(IPOT)
OUTSIDE U POT R 2 $ U(OUTSIDE) = POT

See example 4.

STOP I} Ry Z] ——=—m=—m==—-m- Iy Ry Zy S
A boundary segment starting with STOP defines a segment which will stop
individual rays, whereas the same segment data not preceded by STOP is
transparent to the rays. When I} 15 non-zero, an internal Dirichlet
boundary will be defined in the usual way with bit 30 on. 1Tt is the
unit value of bit 30 which the tracking routine tests to determine the
transparency of the mesh. Tf I; is zero, the bounaary segment will be
followed turning bit 30 on without defining an actual boundary - i.e.,

leaving the Poisson coefficients set as interior poiats.
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A STOP bound.ry will not be normally plotted. 1f it is desired for the
boundary t be plotted along with the other normal boundaries, STOP must

be followed by PLOT, i.e.,

STOP PLOT I} Ry Z] =-===-- s

REMOVE I R Z) ——m=mmmmmmmmmoo Iy Ry ZN S

A Houndary segment can be removed by preceding the identical data which
'efined it in the first place by REMOVE. This procedure restores these

boundary points to interior points.
REMOVE STOP I) Ry 7,1 ————————— IN Ry Zy S

Preceding a boundary segment data string by REMOVE STCP® Llows the
segmenl turning off bit 30 to restore transparency to t : mesh for this

segment .
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BOUNDARY MODIFY

An existing problem boundary can be modified. This cption prevents
iaitializing the boundary and allows addition of electrodes or
definition of "OUTSIDE" regions. This is useful when desiring to stop
particles on an equipotential surface for phase plotting, when a
solution to the whole problem must be obtained so space charge
depression is properly evaluated. Then an "OUTSIDE" region tan be
inserted or a STOP segment defined to stop rays on the equipotential.
The boundary modify data consists only of the boundary segments which

constitute changes to be made -- e.g.,

BOUNDARY MODIFY
STOP O Rl 7‘1 0 RZ ZZ ——————————— Iy
QUTSIDE Ry Zx

Iy Ry 72 Iy Ry 2y —mmmmeooes S

BOUNDARY MODIUY ALL

Thie option requires the input of the full boundary data set just
45 Uf 4 new prot em was being defined, however, 1t doesn't initialize
or redefiae anything but the boundary data. This is useful when

studying small perturbations 1in electrode structure,.
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BSCALE GCALE

Multiples ve ror potential array used for generation of external
magnetic 7ields by Scale -- i.e., if IRBFLED *IZBFLDI=N and NCOILS#0,
then

A(1) = tp (1) * SCALE
for I =1 t2 N,

The Scale value is referenced to the original value of A4 whia
generated. If a run is made at .9 of the original value, then a
subsequent run at 0.8 of the original value would use BSCALE ).8.

The actual scaling is done by a call to FLDINIT generated by a TRACK,
MAF, or XEQ card. B, and B, are calculated by differentiation ot
the vector potential.
Thelr values can be printed by

PRINT FILELNS
ar

MAP 13, 14

RI R2 HR 71 2 DZ

A profrie can be glven to the veccor potent:al hy providing input

a7 the [ora of a power series expansion for the scale factor.

BSCALE A B C D E

where the scale factor nse by EBG 1s calculated as
. a2 - 3 - 4
coaLE () = a e pl? ZhIN) . c(z ZAIN) RN L LA ¢ ZMIN)
(. L T/ L

7 1% the longitudinal position and L=ZMAX- ZMIN.
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CALL NAME

See Define.
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CHARGE TYPE MAXRQ SCALE ADD DZSTEP ZQl ZQ2

RH( ) 8

CHARGE LIMIT LQSKIP QSCALE

QLIMIT( ) §

The charge array RH( ) is initiated to zero, at the ‘ng of
processing Boundary data. RH can be set initially by a rea’ from a
Tape 8 Dump or by the CHARGE data entry.

TYPE = 1 Input d.rectly RH( ) ascending R, then 2, maximum of

3000 points.

RMAX

TYPE = 2 Input RH ( ) ascending Z, then R, maximum 3000 points

R cut off is MAXRQ rows

R
RMAX == — — — — o — —— — —
MAXRD [T =
~ ~
0 T~ > Sm
0 ZMAX > 2z

where RMAX, 7MAX are the values defined by the boundary grid mesh data.
The potential produced by this charge array may be found by executing
the POLSSON data card. The RH ( ) array .s literally the right hand
side of Poisson's equation and has units of volts/cmZ. This is

related to the charge density in Coulombs/cm3 by:
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where €, = 8.854 x 10712 farads/m.
The longitudinal (Z) extent for the charge input is ZMIN - ZMAX.
If the seventh and eighth parameters, ZQl and ZQ2, are given, then the

lontitudinal extent of the charge input is over the restricted range ZQl

The values of the input array are multiplied by scale. If the
fifth parameter is the Literal "ADD," then the charge is added to the
charge array without initialization to zero.

TYPE = 3 Input 1nitial charge density ioad based on uniform

curvent densitv, beam profile and longitadinal beam

energy

CHARGE 3 J SCALE ADD DZSTEP ZQl ZQ2
RC ) S $§ radius 1n cm
E( ) S § energy 1in ev
This 1nput is used to start problems in the extreme space charge
limit where the self-magnetic and el ctric fields cannot be neglected on
tne first cvele or fudged by the CONST(3), CONRT(4) scale Ffactors.
CHARGE 3 input will deposit charge according to 4 specified uniform

current density J and a heam envelope radial profile R( } for a beam

wh:se ene-gy E( ) varies along Lhe Z direction. J is in amperes/cmZ,

R( ) in c¢m, and E( ) in electron volts. The right hand side of

Poisson's equation :s then i1mitialized as:
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J R E + E

[+]
EC
e R2/E2+2EOE

vhere ¢ is the velocity of light, £, = 8.845x107 14 £/cm; R, the

beam radius, E

the beam particle rest mass and RH( ) the charge

density in volts/ca?. Charge load assumes the beam energy has only a

longitudinal variation, neglecting the space charge depression, but dnec

take inta account the charge density variation produced by a radial

modulation of tue beam profile.

If the DZSTEP is zero, then the initial charge array is specified

on an irregular Z interval and a third array list must be included.

CHARGE 3 J Scale ADD O

RC D
EC )
2{0)

S

S

S

$ radius in cm
$ energy in ev

$ longitudinal position in cam

1f SCALE 1is non-zero for CHARGE 3 data, it will multiply the energy

array making the units arbitrary; e.g., if the beam energy is in MeV,

then SCALE =

1.0E6 and the E array is the en rgy in MeV,

CHARGE INITIALIZE

This data command causes the initializa' ion of the charge array

RH( ) setting it to zero over the enktire pro! lem size.
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CHARGE LIMIT LQSKIP QSCALE

QLIMIT( ' S

This data inputs an array QLIMIT( ) specifying the maximum charge
density that will be allowed in the RH( ) array. The values of QLIMIT
give the maximum charge density allowable along the z axis in
volts/cm?. The input can be scaled by the value of QSCALE if non-
zero, Before solving Poisson equa“ion each radial pnsition of the
RH(R,Z) array will be checked agairst the value of GLIMIT(Z) and any
value of the RH array exceeding this limiting value will be constrained.
The charge density at this point will be set to half the the limit value
and half the excess charge density will be spread uniformly between the
axis and this location, the other half of the excess charge density will
be uniformly deposited on the next N = CONST(77) radial mesh points. If
the radius corresponds to a radial mesh picint less than M = CONST (78},
then the excess charge density will only be deposited outward from the
axis on the next N mesh points.

LQSKIP is normally 1 so there is a one to one correspondence
between the longitudinal axis z and tne values in the Q. IMIT array.
Tf LQSKIP has the value 2, then each QLIMIT point will be used for two z
points in the RH array, and if LQSKIP has the value 3, then the points
in the QLIMIT array will be used for three RH array points, etc. A

maximum of 100 points can be specified in the QLIMIT array.
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This procedure is turned on by setting CONST(77) = N, the number of
radial positivns over which the charge should be outwardly spread, and
turned off by setting CONST(77) = 0, or by the data:

CHARGE LIMIT 0 0
with no input of the QLIMIT( ) array. If no charge limit data has been
included in the data deck, but CONST(77) is greater than zero, then this
value will te used everywhere as the limiting charge density in volts/
em?, Any excess charge will simply be ignored, i ~., will be

discarded.
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COILGEN TYPE BLEFT BRIGHT RBMAX NZONES RREPEAT UNIT BZCUTOFF

The magnetic field from external coils can be given by directly
reading a map of the A¢ component. of the vector potential in guass-cm
or by reading the positions and currents of ideal, centered circular
loops from which the vector potential will be calculated. During ray
tracking, the vector potential is differentiated to obtain the values of

B, and B,. A maximum of 6000 mesh points may be used in the vector

T
potential array which can cover a region of space different from that
covered by the electrostatic boundary region. The value of A¢(R,Z) is
initialized to zero before processing the COILGEN data if the value of
CONST(75) is zero. The elements of the CONST array which affect the
COILGEN data are elementa 28, 43, 70 and 75.

The COILGEN data parameters are interpreted as follows:

TYPE -1 Turns magnetic field back on after it has been disabled
by TYPE 0.

0 Turns off external magnetic field.

1 input individual coils specifying z, v, I per card for
each coil

2 Coil generator, cpecify grid of R,Z values for
conductors at points of grid R!, R2, DR  Z., Z2, DZ.
Maximum of 500 coils per CMTLGEN data set.

3 input Z array values, R array values and current array
values for the coils.

Constant BZ -values of BLEFT, BRIGHT with B.=0.

=~

5 Read directly the A¢ array. This input must be
terminated by an "S".



BLEFT

BRIGHT

RBMAX

NZONES

NREPEAT

UNIT

BZCUTOFF
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6 Calls the coil generator for conducting loops with
excitation in ampere-turns and data input of arravs of
RMINS( ), RMAXS( ), 2zS( ), NRS( ), and NZS( ).

9 Read directly the A, array from tape 9 in ficld trec
formated form., This data must be terminated by an "S§".

B, value for Z < ZBMIN, B, taken as zero.
B, value for Z > ZBMAX, B, taken as zero.

maximum radius of calculation of the external magnetic
fields. If not specified, RMAX from the boundary is used.

number of field zones.
number of repeats of field zones.

If non-zero, multiplies the distances of the COILGEN data
input to convert them to cm.

Calculation of A {R,Z) will be terminated for a coil loop
for which B, at R=0 is less than this cutoff vslue 1n
Gauss.
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MAGNETIC FIELD ZONES

~he magnetic field map must be divided into several zones if strong
field changes occur. Consider a long solenoid lens whose B, field

along R=0 is as shown:

Zs@

™~

1
I
7@:
{

A zone of finer mesh should be used in the fringing field regions

between Z2 and Z3, and between Z4 and Z5. This is accomplished by a
division of Lhe map into five zones as shown. The field grid card is
now expanded to give an array of Z values, an array of DR values, and an
array of DZ values.

COILGEN TYPE Bl B2 RBMAX 5 0
zl Z2 23 zZ4 715 76

DRy DR2 DRS
DZy DZ2 - DZ5
Scales §

{coil data

ZBMIN is taken as 721 and ZBMAX is taken as Z6. The 2, DR, and DZ values
may appear on one or as many cards as desired. The total number of mesh

points generaled is:
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NZONES

7, . - 2.
. el T 24 RBMAX
N J.Zl azy " 3] wy t?

CARDS FOLLOWING COILGEN CARD:
When 3 > TYPE > 1 several cards follow the COILGEN card. These
specify the magnetic field grid and scale factors, followed by the coil

or vector potential data. Consider the simple coil data with NZONES=0.

COILGEN TYPE Bl B2 RBMAX 0 O
ZBMIN ZBMAX DR DZ
SCALES S

Coil Data

A vector potential map will be generated by the coil dalta extending from
ZBMIN-dZ < Z < ZBMAX+dZ and 0 <R < RBMAX+dr. The cell size of this map
is specified by DR, DZ in ecm. A fictitious boundary is taken around the
map —- i.e., the vector potential 1s calculated and stored for one dz
mesh line to the left and right of ZBMIN, ZBMAX and one dR mesh line
above RBMAX. Magnetic field values ar.: only calculated, however, within

the real specified map values (0,RBMAX) (ZBMIN--ZBMAX)
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| /

RBMAX + DR,

ZBMAX + DZ
,,,,,,,, e e ]
1

__———(RBMAX, ZBMAX)
1

Lt

A/E/Z

RBMAX
RZMIN

(0,ZBMIN)

(0, ZBMAX)

outside this map, the field values are taken as B =0, and B,=Bl,

Z<ZBMIN or B,=B2, Z>ZBMAX.


file:///zbmax
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REPETITION OF ZONES

Magnetic field zones can be considered to slide along the Z axis in
the sense that when Z is larger than ZBMAX, the zones are moved such
that ZBMIN is now at the previous ZBMAX value. Consider three identical

short solenoids as shown:

COILGEN TYPF Bl B2 RBMAX 3 3
Z1 22 Z3 24 dRy drp dR3 dZ) dZ; d73
SCALES S

coll data

-

o
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COIL DATA

When coils are specified, their R, Z values are in cm and their

current is in amperes.

¥

MM A\
AU

The number of COILS 1s given by the number of scale values read for

Z

——

type 1 and 3 1input, and the number of COIL GROUPS 1s given by the number
of scale values read for type 2 input with the number of coils in each
group determined by the coil generator.

Consider 3 c<oils of 100, 250 and 100 amps then the scale and coil

cards for tvpe 1 data would be:

100. 250. 100, S
A Rl 1.
72 R2 1.
73 R3 I.
ar alternativelv
1k3 S
Z1 R1 100.
72 R2 257
75 R <0,
Note, the cur - rt 15 the product of the scale value for each coir. and

the coil current
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TYPE=2 coil date geaerates a loop for each point of the given

grid. The scale values are really the coil currents given for the grad:

CURRENTS ——-—=~—n=m s
RMIN RMAX dR ZMIN ZMAX 42
L]
L]
S
[ ]
[ ]

TYPE=3 coil data specifies the Z, R, and 1 arrays and is useful when all
coils have, say, the same R, and I values~-e.g., consider seven 10 cm

radius, 563.2 amp coils at Zl---27. Input

10R7
563.2R7

TYPE=4 input specifies only a constant BZ value with BR=0 everywhere.
Onlv three entries are required and nc other cards of the COILGEN set
rcan be used,

COILGEN & BZ O O O O
TYPE=5 input specifies input of the vector potential directly at mesh
points compatible w'th the specificaticns on the COILGEN and subsequent
data cards, The input would be:

COILGEN 5 BLEFT BRIGHT RBMAX

ZBMIR ZBMAX DR DZ

Scale S

A8( )

S
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Note, the A#{ ) array data must be terminated by an "S" and specifies
the vector potential component in ascending R, then ascending 7.
This array of numbers extend from ZBMIN-DZ to ZBMAX+DZ in the radial
range from 0 to RBMAX+DR to cover the phantom edge shown in the field
map, page 100. The scale data is also terminated by an "S'" and consists
of a single number, which will multiply the A¢( ) data when non-zero or
non-unity.

COILGEN 9
Same as COILGEN 5 except data is read from tape 9. The data consists of
the COILGEN 9 card, grid card, scale card, and then as many cards as
necessary to input the field.

Type 6 input specifies input for the coil gencrator in the format
shown below. This data generates COILGEN 2 data which i:s used to
calculate the vector potential magnetic field array.

COILGEN 6

ZMIN ZMAX DR DZ
AMPTURNS( ) S
RMINS( }

RMAXS( )

$ N ENTRIES, MAX OF 100

S

S
zs( ) $

$

S

N ENTRIES
NRS{ *
NZS( )

N
N
N
2
N
N
The f:rst data array gives the ampere-turns of the coil set and must end
with the "S" terminator. The next three arrays give the coil ccoss-
section dimensions in cm. The ZS( ) array give the longitudinal posi-
tion of the start and end of each coil cross section in turn. The

NRS( ) and NZS( ) arrays specify the number of R and Z layers into which

each coil will be divided. Consider the diagram below, the data might

be:
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COILGEN

'y
8 +oeme- ———
COILGEN 6 0 0 7 s.s.L____D-_D
0 150 1 2.5 1
1000 1500 4250 S IIII]
6.5R2 5 5 —
8R2 6.0 ! I
30 40 44 60 70 120 — 5 : b Z
2 31
3 4 5 30 40 44 60 70 120
A
8 -- e
o froen
! loses
woe! ¥ .
The ¢oil cross sections 6.5 + hod [
are replaced by circu.ar 6 T SRkt Bl
Isssas |
loops as shown in the 5 L |
second part of the diagram. I S : } > Z
0 30 40 44 60 70 120

In cartesion geometry, only a constant B,

COILGEN 4

y

field can be used
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CONST LiST ( )_ S

An array of parameters whose elements have the meaning shown in the
table can be set via the CONST data entry. The input is field-free and
only those elements whose value are to be altered from the default value

need be given. To change the 18th and 19th value:

CONST *1&8 20 25 5§

or

CONST *18 20 25

The current values of the CONST ( ) array are printed to the output

file on execution of a TRACK or PRINT CONST data entry.
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Summary table of EBQ CONST( ) array with default values.

CINST( 1)=REST MASS IN ELECTRON VOLTS 0.511€6
CONST{ 2}=CHARGE -1.0
CINST( 3)=GAUSS LAW SPACE CHARGE FACTOR, 1S7 CYCLE 1.
CANST{ 4)=SELF BPHI FIELD FACTOR 1-5T CYCLE ONLY 1.
CINSTY 5)=C  VELOCITY OF LIGHT IN CM/SEC 2.998E10
CIONST( 6)=EQMB ~296.7921
_CONST( T)=EQMEE -  ~l.
CONST( B)=1/EPSITLON =1/8.854E-12 FARADS/METER 1.1294E:l
CINST{ 9)=0 RAY INPUT 1S Z WITH S=0,O0THERWISE 5 WITH 7=CONST(9])
CINST(10J=RUNGA KUTTA INTEGRAT ION STEP CM DIMESH
CONST(11)=RAD .0174529 . uT4529
"CINSTU(12)1=P1 *’ 3.14159
_CONST{131=DATA ANGLE INPUT RAD(1) .01745{DEG} 1.
CINST(141=BEAM LINE GRAPH INTERVAL IZSKIP (0 NO GRAPH) 1
CONST{15)=0MEGA POISSON CVER-RELACATIGN FACTOR 1.8
CINST(16)=EPS MAXIMUM POISSON CHANGE IN VJLIS — 1E- 51 PMAX=-RIN)
CONST{17)=MAXIMUM NUMBER DF POISSOIN ITERATIONS 200
CANST(18)=POISSON PRINT INTERVAL 10 T
CINST(19)=DRBIT OUTPUT STEP CM IMAX
CONST(20)=FI€LD DUTPUT ON TRAJ 1+ NO OUTPUT IF 0 0
CINST(21)=MAX NUMRER OF RAY TRACE CYCLES 1
CINST(221=RAY TRACE CONVERGENCE FACTOR .01
CONST(23)=RAY Z ORIGIN SHIFT IN CM 0
CONSY{24}=R,2 RAY INPUT FACTOR YO CONVERT T0 Cm 1.
CINST{(25)=Z(CM) RAY CONVERGENZE MOMENT CALL _ IMAX
CINST(26)=MAXTIMUM TRAJ LENGTH ZMAX ORRITS ~ '1.0E100
CONST{27)=DIAGNOSTIC ORBIT DUTPUT RAY NUMBER 0
FANST(2B)=COILGEN OUTPUT 0
CINST(29)=NUMBER DF QDEP INTERVALES BETWEEN RAY TRAJ P_OT PONINTS
CIINST{30)=POTENTIAL INITAL WAP VALUE o ) -

fe ey
MAA

SOMSTIAL}=MAX RADIUC OF C2RT! INTICRATION
CUNSTL32¥=DUMP NUMBER, TAPES FOR MESH{),U(Y,RH() ETC

CINST(34)=TRAJ CALCOMP (1Cysy PRINT(O1)s BOTH (11)
CINST(35:=CALCOMP R AXIS LENGTH, INCHES .0
CONSTi361= CALCDMP 7 AXIS TENGTHy, INCHES —~ 7777 10.0
JINST(37)= PHASE PLOT CALCOMP (10)y PRINT(OL}., BOTH(11) O1

R
1
CINST{33)=0UMP TAPES RAYS Q
1
6

CINST(381= CALCOMP DR/DZ AXIS LENGTH, TNCEHS 5.0
(INST(39)= CALCOMP R AXIS LENGTHy INCHES 5.0
CINSTI401= CHARGE AVERAGING WEIGHT 0.
CINST(4l)= NUMBER OF CYCLES FOR CHARGE AVERAGING 0
CINST(42Y= D7 FOR CTALLS TO MOMENT (CM) 0

CINST(43)= PLOT BZ ON FRAME 1, DO NOT PLAT 0 1
CINST(44)="DENSTITY CALCOMP (107 PRINT (01) BATH( 11} 0 -
CINST(45)= DZ FOR PLOT OF DENSITY PROFILE (CM) 0
CONST(46)=N CALC CURRENT ENCLIJSE EVERY N RK STEPS [s}
CINST(47)=NUMBER OF EQUIPOTENT [AL LINES ON CALCQP 0
CINST(481=DS EQUIPOTS T JSEDRMESH T
CINST(49)=EQUIP RyZ,U PRINT FLAG, PRINT IF 1 -1
CINST(50)=SELF B FIELD FACTOR FROM ER FIELD I B -
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Summary Table of EBQ CONST( ) Array with Default Values (Continuad)

CONST(S511=EQUIPOTENTIAL ERRNR 1.0E~4
CONST(52) =MAX NUMBER O FIRD EQ

CINST(53)}=NRSKIP U() PUNCH TAPE 4 WITH RAYS PUNCH Z S 1
CINST(54)=1 STOP ON RE TROGRADE MOTTON (0.DONT STGPY =~ "0
CINST{55)=SELF B FIELD RADLAL CUTDFF L .01

"EINST(561=250. USE CONST(50) FOR Z.GT.ZS0
CINST(S57)=PHASE PLOT TYPE LOO{X,XP) 1G(Y,YP} L(R4RP)

C3INST(59)=1, OUTPUT FORCE TERMS WITH FIELD TRACKING
CONSTIHD)=2(CM) TH THE LEFT SEGMENT RAY TRANSFER PNT,
CONST(61)=1, NUTPUT PREVIOUS ENVELOPED ON PLOTS DASHED 1

[v]
]
CONST(58)=N, PRINT EVERY N~TH RAY TRACKING OUTPUT 1
[¢]
0

CINSTU62)=S; SCALE RH{) ARRAY FOH I.GT.ZRETRN .5
CINSTU63)=1 CALC., EMETTANCE WITH MDMENT CALLS 1
CINST{64)=MINTMUM ENERGY (EV) FOR ORAITS 0
CINST(65)=MAXIMUM ENERGY (EV) KIMETICL FOR ORBITS 1£100
CONST(66!= PLOY ALL RAY GROUPS TOGETHER, OTHERWISE SzPARATLY 1
CINSTL(6Ti= S ) )

CINST{68)=Z SEGMENT BOUNDARY ADVANCE PER ITERATION 0
CINST{T0)=PLOY COTLGEN COILS ON CALCOMP FRAME ]
CONST(TLI=PLOT RAY ENVELOP DN CALCOMP FRAME 1
CANST(721=00TPUT CHILOS LAW SURFATE =1

CINST(73)=1 DUTPUT Z RELATIVE TO ZMIN, =0 REL ZSTART i
COINSTUT74)=CHIL'DS LAW POTENTIAL UNDER-RELAXATIAN FACTOR 0.5
CONST(T53=0 INITLZ APHI=0,y =1 APHI IS TOBE ACCUMULAYED O
CONST(T6)=REQJIIPs R DF LINE SEARCHED FOR EQUIPCTENTIALS O
CINST(771=MAX RH LIMIT V/CM**2 OR CHARGE L IMIT N

[¢]
CINSTU78)=CHARGE LIMIT MINIMUM RADTAL MESH 4
CINST(79)=CHILOS LAW RELAXATION ERROR LIMIT 0

CONSTI{80)= IXSWL , POISSON I TERATION DMEGA=CONST(82) 40
CINSTt31)= IXSW2 o POISSON ITERATION OMEGA=CONST(83} 100
CONST(821= OMEGA FOR POISSON TTER=IXSWL 1.800

CONSTUA3)= OMEGA FOR POISSON ITER=1XSW2 1.900
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Rest mass of beam particles in electron volts. The rest
mass is related to the mass of the particle by E0=MC2/a
where M is the mass in grams, C the velocity of light in
cm/sec and a is the number of ergs per electron volt

21,6 x 107'2, Default value is the rest mass of the
electron, 0.511 x 108 ev.

Charge of the particle in units of an electrical engineer,
the charge of a standard electron. The default value is
for electrons, -1.

On the first cycle of a problem, the current enclosed by a
ray is used to find a radial electric field by Gauss's
Law. This field is scaled by CONST(3) and added to the
radial clectric field found from the gradient of the
electric potential found from a solution c¢f Laplace's
equation.

On the first cycle of a problem, the current enclosed by a
ray is used to find the self-magnetic field by applications
of Ampere's Law. This field is scaled by CONST(4).

The velocity of light in cm/sec, 2.998 x 1010,

The magnetic field force is multiplied by CONST(6) before
contribution to the equations of motion,

The electric field force is multiplied by CONST(7) before

contribution to the equations of motion.
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The reciprocal of the pervitivity cf free space.

1/E. = 361 x 10% meters/farad.

Ray input from cards or dump files is Z with the path
length S zero if CONST(9)=0. Otherwise, ray input is path
length S with Z=CONST(9). RAYS 8 data always inputs the
ratnlength from the dump file with Z taken as the Z value
from the dump plus the value of CONST(23). The path length
for the RAYS 8 data can be get to zero by setting
CONST(9)=0.

The Runga-Kutta integration step in cm. This step must be
equal to or smaller than the longitudinal (2) mesh size.
Radians per aegree, 0.0174529.

Pi = 3.14159

Ray angle input conversion factor. This constant multi-
plies the ¢, a, and RAYGEN angles to convert them to
radians.

A beam line paper plot is generated after each TRACK
command showing the racdial extent of the beam for every
CONST(14) longitudinal mesh intervals, producing a plot of
LMAX/CONST(14) lines in length. If CONST(14)=0, no paper
plot will be generated.

Poisson equation over-relaxation factor. Must be between
1.0 and 2.0 with 1.8 a good value for most problems.
Poisson's equation will be relaxed until the maximum number

of iterations (CONST(i7)) has occurred ¢ until the largest
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change in potential mesh U( )} is smiller than CONST(16).
The default value is 1077 times the maximum potential

minus the minimum potential in the potential array POT( ).
Maximum number of iterations in relaxing Poisson's
equations per cycle, Default value is 200.

A line of output is generated every CONST(18) Poisson
iterations giving the iteration number, the sum of
residuals, and the location and value of the largest change
made in the scalar potential array U( ).

An orbit output table is generated every CONST(19) cm along
the beam path. The output gives the energy E, cartesian
position X, Y, path length S, momentum components Py,

Py, Pz, flight time t, radiue R, and polar azimuth ¢

for each ray tracked.

An output table of field values encountered by each ray is
printed after the table generated by CONST(19) if
CONST(20)=1, no field table is printed if CONST(20)=0.

The values printed give the electric and magnetic field at
the current position of each ray,

Number of Faisson equation - ray trace cycles to be
processed.

Poisson equation - ray trace cycles are processed until the
maximum number, CONST(21) has occurred or until either the

fractional change of the RMS radius of the beam at
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Z=CONST(25) is smaller than CONST(22), or, if using Child's
Law Start, the fractional change of the total beam current
is smaller than CONST(22).

The longitudinal origin of each ray is shifted by CONST{(23)
cm such that Z=Z(input)*CONST(24) + CONST(23).

The ray input position R,Z is multiplied by CONST(24) to
convert R,Z to centimeters.

Longitudinal location at which RMS beam radius is to be
calculated to determine convergence of the Poisson-ray
trace cycles. Default value is ZMAX.

Maximum length of beam tracking. Default is ZMAX.
Diagnostic ray number

Output of external magnetic fields and vector potential
during processing of COILGEN data if CONST(28)=1. No
output if CONST(28)=0.

A maximum of 2500 points is available for ray plot

storage. CONST(29) specifies the interval in mesh units at
which rays are stored for plotting. CONST(29)=1 stores ray
radii at every Z mesh crossing, while CONST(29)=2 stores
the ray radii every other 7 mesh crossing, etc.

The potential array U is initialized to CONST(30) before
solving Poisson's equation if CONST(30) is non-zero.
Otherwise, the array is initialized to 1/2(MAX POT-MIN
POT),

Ray tracking for an individual ray stops when the radius

exceeds CONST(31).
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Dump number identifying a TAPE8 binary problem dump used in
restarting the problem. CONST(J2) can have any integer
value greater than 0.

Dump number identifying a TAPE8 binary ray dump used 1in
continuing a bean.

Specifies desired combination of ray plot cutput (R,2)
and/or CalComp plot for the rays designated on the PLOT
TRAJ data cards. A CalComp plot is generated tf the tens
position is unity and print output is generated 1f the
units position is unity. The allowed values are 0, I, 10,
and 11, Default = (0.

CalComp R axis (transverse dimension) length in tnches.
Maximum value is 10.5 inches. If CONST(35) is negative,
then it gives the R axis length in centimeters. Default
6.0 inches.

CalComp Z axis (longitudinal dimension) length in 1inches.
1% CONST(36) is negative, then it gives the Z axis length
in centimeters. Default 10.0 inches.

Specifies Cesired combination of phase space plots on paper
and/or CalComp. A (alComp plot is generated if thce tens
position is unity and a printer plot is generated if the
units position is unity. The allowed valies sre 0, 1, 10,
and 11. Default = 0l.

CalComp DR/DZ axis length for phase p'ots in inches maximum

value is 10.5 inches. Default value s 5.0 inches.
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CalComp R axis length for phase plots in inches. Default
value is 5.0 inches.

Charge averaging weight factor - W. The ray crarge density
deposition array RH( ) 1s multaiplied by W before ray
tracing and divided by (W+1) after ray tracing to conserve
charge. The effect 13 to reduce large fluctuations in the
beam atr the beginning of a problem. Defauit 1s 0.

Number of Poisson-ray trace cycles over which charge
averaging shall be done. Default is 0.

Longitudinal interval 1n centimeters for which the ray
moments shall be calcntated. Default 1s 0,

Plot of the axtal external magnetic field will be
superimposed on the rav CalComp plots if CONST(43)=1.
Speci1fies desired combination of charge density p-per and
CalComp plots. These plots are generated for the Z values
specified on the PLOT DENSITY data card or on the
longitudinal intervals given bv CONST(45). A CaiComp nlot
is generated 1f the tems position i1s unitv and a priater
plot 1s generated 1f the units position 15 unityv. The
allowed combinations are O, t, 10, and 11. Default s €.
Longitaudina! 1nterval tn centimeters for which 1 charge
densitv prof.le shull be plotted. DNefault value of 0 s

Interpr e o mean no plo’ s are gener:: 1o a thie data.
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46 - A calculation of the current enclosed by each ray 1s
normally done oun crossing a ‘ongitudinal mesh line.
CONST(46) different from 0 specifics calculation ot the
enclosed current every CONST(46) Runga-Kutta integration
steps.

47 ~ Specifies the number of equipotential lines Lo be plagted
along with the beam Lrace CalComp plots. Befault s i

48 - Equioctentia! line differential i1ncrement step in
centimeters Default vaiue 1s half the radial mesh size.

49 - A print of the cquipotential line, R,Z,I",E, ard F,
found every Nth step is made 1f CONST(49) * |, wnere
N=CONST(49). Default 1s 0. CONST(46)=0 produces a summary
list of the equipotenrial lines plotted. CONST/L9)=-]
turns off the sumary list.

50 Self magnetic field radial correction factor. Defaunlt s

N. See self fields theory section {or detailes discuassion.

S1 - Allowed errvor 1n finding equipstentia: line. Default as
1074,
52 - Maximum number of 1terative corrections allowed Lo find

equipotential line. D:fault s 3.

53 - When the potentials from U( ) array are to be puached at
some Z loca.ion every Nt" radial mesh poirnt, N=CONST(S3).
The puaching 1s inttiated by PUNCH PGT and PUNCH Z( } S

data.
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Tre default vaiue 0 specifies that ray track.ng 1s not to
be terminated when retrograde motion 15 derected. The
retrograde ray is tgn-red. When CCNsT(L4)=} ra - tracking
s terminat.d on retrograde motion.
The self magnetic ficid 18 1nversely propoert.onal to the
rav radius. CONST(55) 1< the small radius field cut off
such that Ré=]l/(R+CONST(55)).
The self{ magnetic “1eld radial corcection factor CONST(S5)
wil! only be used For 2Z°CONST(56). Default :lue 1s 0.
Three tvpes f phase rlots are~ available according to the
value i CONST(37),
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SEGMENT transfer back space in cm. During segmentation of
a problem, ray transfer and left edge Loundary conuoitions
will be selL CONST(60)} cm to the left the terminating right
boundary of the preceding segment.

The beam envelope of the preceding cycle 1s made on the rav
trace CalComp plot as a dashed curve 1f CONST(61)=1.

Charge scale factor applied to the charge array, RH{ ) for
longitudinal positions Z greater than the longitudinal
retrograde location beyond which rays are not tracked. Its
effect is to prevent inhibition of ray tracking past a
point of a high charge density such as a virtual cathnde.
Typically, CONST(62) = 0.9.

Output of the beam emittance E in cm-mrad for the x->p and
y-yp planes along with the normalized emittance ERY 1is
generated for any location where the beam moments are
calculated. These locaticns are epecified by the MOMENT
and/or CONST(42) data. The normalized beam ellipse talt,
ryp 1s also printed.

Minimum bean cnergy EMIN, norma.lv N. Any ray with kinetic
energy itn eV less than EMIN will bte stopped. (VELD( )=-3)

0100. Any rav with

Maximum beam energy ~“AX, pormal:y 1
kinetic energy in eV greater than EMAX will be stopped
(VELI( )=-3).

0, plot all ray groups together. Otherwise, penerate

separate phase plots for each ray species type.
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SEGMENT expansion per major cycle. The longitudinal z( )
values of the SEGMENT data will be incremented by
DZ=CONST(68) cm per major 1teration of the problem.

If equal to 1, will cause a plot of the coil cross sections
used in findiag the magnetic field map during COILGEN 1nput
to appear vwn CalComp beam plots.

If equal to 1, will cause CalComp plot of the beam envelope
on the beam plots.

Turn on Child Law output.
-1 default, no output, only current generated

0 find Run Table at ZMAX on eacn 1teration

1 starting surtace printed for each 1teraticn.

0 output generated by CONST(19), (42}, (45} relative to
ZSTART rav orig.n.

1 nutput generated hy CONST(19), [42), (45) relative to
ZMIN. Default 1s |, The origin relation holds for calls

and densitv.

“yer-retivatan parameter {or Childs Law generation.
Normallv 0.3,
Normailv . If 1, specifies Lthat the vector potential

APHI( )} from which the external magnetic {1elds are
calculated 1s Lo be accululated as the sum of all COILGEN
data sets wncountered, 10 CONST(75)=0, t(hen A’HI( ) 18
inttialized Lo zero before each COILGEN data setl s

processed.,
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Normally 0. Specifies radius at which equipotentials will
be found for CalComp plotting if CONST(48)>0. Gives Z
value at which equipotentials will be found if CONST(48)<0.
Normally 0. If nonzero, then a check of the charge array
RH( ) for charge exceeding the maximum allowed before
solving Poisson's equation will be performed. If a point
has too much charge, it will be frozen at the value
specified by the value of CONST(77). 1If CHARGE LIMIT data
has been used, then CONST(77) is the number of radial mesh
points over which excess charge will be deposited.
Normally 4. Minimum radial mesh number for which excess
charge will be inwardly deposited, see CHARGE LIMIT data.
CONST(80), (81), (82) and (83) are used in solving
Poisson's equation and determining the optimal value of its
over-relaxation factor. The initial over-relaxation
factor, w, CONST(15) as set by the data deck is used for
the first CONST(80) cycles, after which the optimal as
determined by EBQ will be used. The last known value of
this optimal factor is stored by EBQ as CONST(83) and
CONST(80) set to zero at the conclusion of a Poigson
equation solution, so any subsequent pass will start with
this valvz of w.

Calculation of the optimal over-relaxation factor will be

made every CONST(81) cycles. The default value is 10.
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Maximum value wy, of the optimal  allowed. This is

really determined as an offset w, as

w = 2.0-w
o] m

Last optimal Poisson over-relaxation factor w is stored as
CONST(83) {or passage to tape dumps and subsequent

problems.

Constants 84 and 85 are used during Childs Law starting and
have the default values of 0.5 and 2.0. During Childs law
starting the current actually run 1s under-relaxed by
CONST(74). The ratio of this under-relaxed current I, to
its value on the previous 1iteration 1s forced to lie within
the range specified by CONST(84) and (85).

IrN

CONST(B4) < =——=---~ > CONST(85)

A quantity called FACTOR is printed as output. Fac.or is

the ratio of I, Lo the Childs Law current.



-243-

type code is also negative. Each of these RAYGEN data cards is
preceeding by a CONST *1 MASS CHARGE S data card specifying the species
rest mass and charge.

The data is shown in Figure 4.1, The plots are shown in Figure
4.2. The plot of the 1¢, 20, and 30th ray includes the beam envelope
identified by the tri. gular symbol. Figure 4.2A, was generated by data
line 32, The plot of ail rays, Figure 4.2B was generated by data line

31 or 33.



DEFINE NAME
STOP
CALL NAME

DEFINE

Data input to EBQ can be saved in a special array (max. 100

numbers) under a NAME which can be used

names). The general structure would be

EBQ data input

DEFINE NAMEI

STOP

CALL NAMEIL

CALL NAME]

END

to refer to this data (max. 10

The data bracketed between the DEFINE and STOP entries is not processed,

but merely read and stored.

The two commands CALL NAME | 1in the above

example actually cause execution of the data known as 'NAMEL."
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DENSITY ON
DENSITY OFF
DENSITY TYPE SJ SR

CURDEN( ) S
RODENJ( ) s

DENSITY UNIFORM J

Density input of initial current distribution and radius for each
ray at origin--i.e., cathode. This data input selects the Neil
procedure of charge deposition. §J is a current scaling factor which
multiplies each CURDEN value. SR is a radial scalipg factor multiplying
each RODENJ value. Type selects the input format for the CURDEN and
RODENJ arries.

TYPE = ON Turns on Neil-charge deposition i1f previously turned

off.

TYPE = OFF Turns off Neil~charge deposition, except with Childs
law start.

TYPE = -1 Turns off Neil-charge deposition in problem using
Childs law start.

TYPE = 1 The DENSITY card is followed by a list of CURDEN
values 1in amperes/cm2 terminated by an ''S". There
should be 1 value for each ray to be run in the
problem. This list is then followed by a list of the
radial vaiues (in cm's) for each ray.

DENSITY 1
CURDEN ——===-- S

RODEN  ===-—-- 5



TYPE = 2

TYPE = 0
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Specifies input of CURDEN-RODENJ pairs of numbers,
1 pair for each ray to be run. The pair input is
terminated by an “S".

DENSITY 2

J,R,~——-J,R,—===—mmm J,R,S
Turns off the Neil-charge procedure. Charge is then
deposited according to a linear deposition based on

individual ray distance of approach to mesh lines.

Consider a beam of six rays originating from a cathode with

approximately uniform current density as shown in the sketch below.

240 + .

120 e —— ———— 7

R(cm) 10

The data input would be:

DENSITY 1 1[120.

I, 1. 1.05 1.3¢ 2,10 S
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EBQ can generate Neil-charge density data based on a uniform

current density J(amp/cmz) by entering the single card:

DENSITY UNIFORM J
The Neil~charge array CURDEN( ) is set to J and the array RODENJ( ) is
set to the radius of the rays in storage at this moment. The current
carried by each ray is then set, based on the inter-ray separations for
this uniform current density.

DENSITY UNIFORM

the value of J will be calculated from the total current for all rays.
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DUMP IN
DUMP OUT

A problem may be continued for several reasons. One may wish to
iterate the orbit -- Poisson equation additional cycles to improve the
solution; or one may wish tc propagate the trajectories further down the
beam line. Whatever the reason for continuing, it may be facilitated by
two types of dumps discussed in the data sections DUMP, RAYS 8, PUNCHUB,
and CONST (32 and 33). When DUMP OUT is encountered in the data stream,
a binary file is written on tape 8.

The information dumped is 1l records in 1 file preserving the
following data:

NDUMP ,NAME , NX

TITLE (8+3)

SIZE common block,NRAYS,LCOEF,CONST( )

MESH (NTOT)

I (NTOT)

RH (NTOT)

COEF( ICOEF)

POT(MAXPOT)

NCOILS ,MAG( ),A( ),BOUNDARY( )

XORRB,YORB, ZORB,PXORB,PYORB, CURNT, TORB,SORB(100)

SPEGTAL THINGS( )
EOF

Whe o NDUMP 1s the value of CONST(32), NTOT is the number of points in
the boundarv mesh, and ICOEF is the number of coupling ccefficients
pen-rated. This information can be read from tape 8 to re-inttialize a
problem for continuation. The data would be, for example:

TITLE

CONST *32 1 §

DUMP [N

TRACK
END
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Tape 8 is searched for a dump number CONST(32) written as NDUMP in the
first rezord. The orbit arrays XORB( }, YORB( ) etc. transfer the
initial conditions of the ravs. If it 1s desired to continue the
problem from some intermediate por.tion, Z, the rays can be dumped to
tap> 8 by the PUNCHB Z data ar. read by the RAYS 8 data. See example ut

end of this report.

DUMP CHARGE IN
DUMP CHARGE OUT

These two data cards define a read or write of binary disc file 8
transferring the potential and charge arrays, U( ), RH( ) as two
records. Tnese records are identical with records 5 and 6 of the normal

DUMP IN or DUMP QUT format.
puMP ¢ 'ARGE IN SK1IP

Causes Lhe reading of a standard tape 8 file, skipping the firs% four
records. transferring records 5 and 6 to the U( ) and RH( ) arrays and

then skipping pass the file mark on that dump.
DUMP IN X

This data, where X 1s the letteral X, will cause tape file 8 to be
rewound and the first file dumped in regardless of the dump number found

on that file.
DUMP [N FILE N

This causes tape 8 to be rewound and files skipped t ae NED file,

which will be read as the current problem.
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ENDTRACK

When ray cycle convergence has been achieved a flag is ser which
prevents further cycles on tracking. All further data in this deck is
skipped until an ENDTRACK card is encountered, when normal processing of
the data resumes. If no ENDTRACK card 1s found, the data is skipped to
the END card for this case, at which point the next case is read. Ray
convergence is defined as achieved when the rms (root mean sjuare) value
of the radii at some specified Z value changes by less than a
pre-assigned value on an iteration. The . value is given by CONST(25)
and has the default value of ZMAX, while the =pecified Lhange is given

hy CONST(22) and has the default value of 0.0l.

TRACK RAY: EVALUATE RMS RADIUs AT
7Z=CONST(25) CM

T LAST cver r:>—> RETURN
ves

no

" _RRUS-RRMS A
RIMS 4
CCONST(22) no

yes

SKT FLAG FOR OUTPUT ON THIS
LAST CYCLF, SET . 'CLE COUNTER
ON MAX YALUE

\

RRMS $=RRMS < -

. }
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EQUIP V() S

EQUIP defines a list of up to 100 equipotentials values to be
plotted and/or printed according to the value of CONST(47) and
CONST(49). These equipoter-ials are plottsd in addition to any
speciiied by the CONST(4/, value. Le- there bde N values in the V{ )
list. Let M=CONST(47), and let P,y and Pyn be the maximum and
minimum potentials in the POT{ ) array. The total number of
equipotentials is MM with the values given by V( } and Pyy*dP,
Pyppn+2dP. . .Pyax where dP=(PMAX-PMIN) ~. Ouly those values and the
Zz-axis {R=0) will be followel and plotted. The other values will be

ignored. Some other line, R=CC..3T(76), can be searched for

equipotentials 1if desired.
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FIELD Z( ) S

This card specifies field output for each ray at the Z array values
during orbit tracking. A maximum of 20 such values may be given,
although the actual limit of 20 refers to the sum of all orbit output Z

values.
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IDRAY §
IDRAY 1 S
IDRAY ID{ ) 8§

When rays are generated by RAYGEN or read by RAYS data, an ID
nunber will be generated for each ray. This number is the ray number,
ID=1,2,3,...... MAXRAY. Optionally, a user may assign a four digit ray
number to the -ays of EBQ for identification purposes. These ID numbers
can be in the range of -999 < ID < 9999. This data is input via the
IDRAY 1D( ) S data and should preceed the RAYGEN or RAYS data.

Two special exceptions exist with the RAYS 5 and RAYS 6 input.
RAYS 5 inpst will have an additional input list {f preceeded by an IDRAY
1 8§ data line, 2.g.,

IDRAY 1 S

RAYS 5

x( ) s

A

Y( )

EC

DX/DZ( )

DY/DZ{ )

AMPS( )

IDRAY( )

PAYS H input will assign the index N to IDRAY, i.e.,

LAYS b
N X Z E DX/DZ 1 DY/DZ Y

will aessign IDRAY(K) = N, where K = 1,2,....MAXRAY. When IDRAY S data
is read, with no parameter list, it turns ofr any special IDRAY options,
such as the read of an eighth array list during RAYS 5 input,

Currently, this ontion is only available on the cartesion version

of ERQ.
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IGNOR ON
IGNOR OFF
IGNOR K( ) §

IGNOR S

Tgnovs rays K in calculation of moments and emittance (area).
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INITIALIZE
INITIALIZE

This initializes certain constants.

independent data cases.

MAG=0
MAXTRAJ=0 TRAJ OFF
MEQUPLT=0 PLOT EQUIP OFF
MPHZPLT=0 PLOT PHASE OFF
MRAYPLT=0 PLOT RAY OFF
NZSTOP=0 Turn

stop at Z values,

INITIALIZE

Mainly used when running many

Turning off external magnetic fields

off by reinitializing orbit irtegration
Specified on FIELD, PUNCH,

OUTPUT and PLOT-PHASE cards.

CONST( )=CONST( )

Initial default values

NSCALEP=0 Cancel phase-plot scales
NSCALEE=0 Cancel ray-plot scales
NPOSOUT=0

MAPON=1 Standard MAP OUTPUT TURNED ON
SCLMAPS( )=1 Sets plot scales to unity
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LAPLACE

LAFLACE SWITCH INITIALIZE

Causes solution of the electrostatic problem by solving Laplace's
equation and printing a map of the potentials so obtained.

If the second parameter is SWITCH, then a call to subroutine LEDGE
is made to switch potentials before solving Laplace's equation. The
charge array (RH( }) is initialized to zero. 1If the third parameter 1is
INITIALIZE, the potential array is set to CONST(30); otherwise it is
continued from whatever values exist. The 'Boundary" input initially
sets RH( ) = 0 and U( ) = CONST(30). After LAPLACE, a map of the U({ )

array is normally printed.

POISSON

POISSON SWITCH INITIALIZE LIMIT

Same as Laplace, except is solves POISSON'S equation by not
inttializing the charge array te zero. If the fourLh parameter is the
literal "LIMIT", the procedure described under CHARGE LIMIT will be
aoplied before solving Poisson's equation. After POISSON, a map of the

U( ) and RH( ) array is normally printed.
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LEDGE N1 N2 NRSKIP ZLOC SWITCH IPl IP2

The LEDGE control card allows certain specified potentials to be
switched after the first cycle. Ite use is necessary when strongly
space charge depressed beams are considered. On the first cycle the
vacuum fields would be used; on subsequent cycles, the vacuum fields
plus space charge field are used, requiring modifications of

non-conductive boundary conditions.
LEDGE NI N2 O 0 SWITCH IPPI IP2

will case the potential array, POT( ) defined on data input to be

mcdified after the first RAY-POISSON cycle such that

POT( 1) = POT(H)

I=1?r1, 1P2, N = N1,N2

If NRSKIP or ZLOC are non-zero, then the potentials stored in POT(N),
W=NI,N2 wil! be taken from the potential array U( ) as calculated in the
previous ca: : or cycle. ZLOC is the Z index, ZLOC=(Z-ZMIN)/DZMESH,
while eves; NRSKIP peints will be skipped--e.g., consider skipping every

other value of potential at Z=ZLOC*DZMESH+ZMIN, then

R
_PoT (N1+2)
—— _PoT (N1+1)
POT NI1)
ZLOC z

LEDGE N1 N2 2 ZLOC SWITCH IP1 1P2
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If NP2 - NP1 + 1 = IP2 - IP2 + 1, then the potentials are swapped within

the POT( ) array. If NP2 - NPl # IP2 - IP2, then

POT(1) = POT(N), I = 1Ipl, IP2

and the values stored originally in POT(I) are lost.
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MAP TYPE

MAP SCALE TYPE SCL

MAP SECTION LSTART LEND LSKIP

MAP MESH LMAPl LMAP2

There are several arrays which can be mapped onto the output file.

These arrays are:

TYPE ARRAY UNITS
MESH 1 MESH( ) Low order 30 bits
POTENTIAL 2 u ) Volts
CHARGE 3 RH( ) Volts/cm2
COEF 4 COEF( )
BMESH 5 MESH( ) High order 30 bits
BR,B2Z 11 —_— gauss
BX,BY 12 ———— gauss
VECPOT 13 AVEC( ) gauss—cm
ER,EZ 14 —— Volts/cm
POTENTIAL 15 G ) Volts
[ OFF Suppresses automatically generated maps.

In order to generate a MAP of the mesh and potentials of the
problem
MAP 1 2
In order to see the boundary deviations from the meeh intersections
(high order 30 bits of the MESH array) normalized to unity.
MAP 5
To see the charge array used in solving Poisson's equation
MAP 3
or to see this array multiplied by 106,

MAP SCALE 3 1.0E6



-138~

The magnetic external fields are calculated from the vector potential
A$(R,Z). A map of the B, B, or Ay value can be produced on a
grid which must be given following the map specification. Consider a
map of Ay extending from Rl to R2 in steps of DR, and from Zl to Z2 in
steps of DZ, the data would be

MAP 13

Rl R2 dR Z1 Z2 dZ

Simitarly, a map of the electric fields Ep, E; or potential U can be
produced on a grid which must be given following the map specification.

MAP 14 15

Rl R2 dR ZI1 72 dZ

Produces a map of Ep, Ez (type 14) and a map of U (type 15).

MAP OFF
Will suppress the automatic MESH map after processing, the potential U
after calculations and the p, U after ray tracking.

MAP ON
turns back on the usual map options.

MAP SECTION LSTART LEND LSKIP
A maximum of five such entries can be made which cause all maps produced
by the MAP entries to be sectioned from LSTART to LEND in steps of
I.SKIP--e¢.g., gay a map is desired from L of 25 to 75 in steps 5 and 150
to 18N in steps of two. The data would be:

MAP SECTION 25 75 5

MAP SECTION 150 180 2

L is the Longitudinal Index, L=1+(Z-Zmin)/DZMESH.
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A MAP SECTION data entry with no parameters restores the full map from 1
to LMAXI.
The extent of the boundary mesh map and electrode displacement
(beta) map can be specified by the
MAP MESH LMAP1 LMAP2
data. The boundary mesh map would then extend radially from KMIN-KMAX
(RMIN-RMAX) for the longitudinal range of LMAP1-LMAP2. The default

values are LMAPl=1, LMAP2=LMAXl.
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MESH IR IZ IB IP IC BETA Cl C2 C3 C4 C5 Cé

The mesh coupling coefficients for solving Poisson's equation and
the various flags can be user specified to create a special point in the
problem or fix up an error if one exists. The mesh point is gefined by

IR IZ as
I = (IZ-1)KMAX1+IR

where KMAX] is the number of columns in the mesh. IB is the boundary
type and TP the potential index. 1IC is the coefficient index and is
normally printed by map in octal. BETA is the unit normalized mesh
displacement, and Cl-C6 are the star coefficients.
MESH(I) = BETA.AND.77777777770000000000B.0R.
LEFT(IB,21).0R.LEFT(IP,12).0R.IC

[B, IP, and IC can optionally be read as octal integers by
following them with a B, such as 23B, etc. 1If only seven entries are
used, then the coupling coefficients are not generated, only the MESH( )
type being re-defined. This situation occurs when the coupling
coaefficients have been calculated but the mesh type is to be changed.
should one desire to have the coupling coefficients calculated from the
first seven entries, this can be accomplished by entering « as Cl and

the Hollerith literal CALCULATE as C2.

MESH IR I7Z B [P IC R a CALCULATE
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Representation of the boundary intersection by 30 bits yields
results accurate to five significant figures, as shown in Table 1,
page 26. Columns 2 and 3 show the bit value in base 1C and octal, while
columns 4 and 5 show the effects of truncation of the word to the high

order 30 bits.
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MOMENT Z ) S

Ca

ulation of the moments of the ray distribution can be specified
at sever:l Z values given by the parameter list 2( ). Z is 1n
centimet-rs. A maximum of 20 such locations car be specified and count
along w o the Z value specified by FIELD Z( ), OUTPUT z({ ), PUNCH z( ),
and DENS TY 2( ) value.

Mo nts can also be specified on a regular interval given by CONST
(42), su h that this calculation is performed every £Z=CONST(42) cm
along L beam path, Tf CONST(25) is not the default ZMAX value, then
the mom+ ts are additionally calculated at this location, also.

Th. mnoment calculation generates one line of output giving the
iterati. number, the average radlius, the rms radius 1n cm, the average

P, and t .e rms P value in eV/c.
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OUTPUT 2{ ) §

OUTPUT POLAR Z( ) S

Specifies a list of Z values for which the orbiL output will he
printed. A maximum of 20 such locations can be specified, including the
locations given on FIELD, MOMENT, PUNCH and DENSITY cards. To turn off

all special output, use the following
OUTPUT Ci™r

This will turn off phuie plots, trajectory plots etc. and all output
generated by OUTPUT, FIELD, MOMENT, PUNCH Jata.

If the second entry on (. output card :is the Hollerith iiteral
"POLSSON", then the other entries specify & mesh integer pairs for which
the porential will be printed every CONST(18) Poisson cvcles. The mesh

coo-dinates are letcrinined fr~m the R,Z valwe as

12 = {2 = ZMIN)/dzZ + 1
IR = R/DR + 1

BUTRIT POTSSON TRy, I1Z), TR, 12, IRy 1l IR, 12,

AT POLAR Z( 0 S

Generates a polar ray output table at each 24 va.ue given in the
20 ) lwst rlowg with the stand-rd cazitesiap rav output table. The

printed values arc:

N8 By B, P Ty Promap o ¥

See the NAYS section of this report for a definiticn of the coordinate

sysctem.
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PAGE

Causes ejection of a page.
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PLOT JDENSITY 2( ) S

PLOT TRAJ N( 2 s
PLOT PHASE AR
PLOT BOUNDARY 5
PLOT ERERGY 3
PLOT AMPS S
PLOT PSI S
PLOT EQUIP v( ) s

PLOT SCALES TYPE

PLOT DENSITY Z{ ) S

PLOT TRAJ N( ) §

PLOT TRAJ S

EBQ can produce several types of paper and/or CalComp plots. PLOT
TRAJ specifies a print of the R and Z values for rays i1f CONST(34) has a
unit value and produces a CalComp plot of those rays if CONST(34) has a
decade value. If CONST(34) has both a unit and a decade value,

(CONS  34)=11), then both options are selected. If CONST(34) is zero,
then o ther option 1s produced. The rays which are selecied are given
bv the N{ ) array list. 1If ray 1, 2, 10, and 27 have been spec:ified by
tne PLOT RAJ card, then these rays will be plotted. A PLOT TRAJ S with
no parameier list will produce a plot for the last defined ray number

bist.
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Trajectory plots are produced at the end of a beam tracling when
CONST(24)=10 or 11 and a PLOT TRAJ data entry preceded the TRACK
command, Three different trajectory plot formats are nossible. One
plot will be made for each format used.

PLOT TRAJ S will produce a plot of all rays. PLOT TRAJZ 1 2 10
S will produce a plot ot the designated rays, and PLOT TRAJ I1-12
13~14...S e.g., PLOT TRAJ 10-15 37-48 91-97 S will produce a plot of the
sequential ray groups specified--rays Il through 1?., 13 through I4,
etc. When using more than one of these formits, they should occur in

Lthe data stream in the following order:

PLOT TRAJ §

PLOT TRAJ Il 12 ... S

PLOT TRAJ I1-I2 I3-I14 ... §
TRACK

PLOT PHASE z( ) S

PLOT PHASE §

Phase plots are available at any z value specified by the Z( )
array list of the PLOT PHASE card. A maximum of 20 locations can be
specifivd. Paper and/or CalComp plots are rendered according to the
boolian true or false value of the units or decade position of
CONST(37). The physical size of the CalComp plot is set by the FRAME
values specified by CONST(3B) and CONST(39) giving the CalComp plot
dr/47 and R axis length i1n inches. The special PLOT PHASE S with no
7( 3} array paramcters nroduces a phase plot at the end ol a run for the
values of the rayvs regardless of where their integration terminated.
This 1s useful in making phase plots at constanl energy.

Phase plots can be made in x-x', y-y', and or r-r' coordinate

according to the value of CONST(S57).
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PLOT BOUNDARY
A PLOT BOUNDARY data card causes the boundary to be plotted showing
the electrodes and coils used in generating an COILGEN field. The plot

of the axial magnetic field is controlled by CONST(43) in the usual way.
PLOT ENERGY §

A plot of the beam energy versus R is produced by this entry

calculated from the ray information at the end of the preceding TRACK

command.

PLOT AMPS &
A plot of the beam current versus R is produced by this entry.
PLOT PSI S

A plot of the rotational beam angle ¢ is generated by this entry

calculated from the ray information at the end of the preceding TRACK
cuaminand.

P cos¢—szin¢

¥ = ASIN T, 75
<P +P 4P >
X y z

3
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PLOT EQUIP V( ) S
A plot of up to 20 equipotential lines can be specified by the V( )
array list of the PLOT EQUIP data card. These equipotentials are drawn
on the CalComp plot along with the electrode boundary, magnetic field
BZ(R=0) and other equipotential lines specified by the value of
EQUIP V( ) and CONST(47). The physical size of the CalComp plot is set
by the frame values specified by CONST(35) and CONST(36) giving the

CalComp plot R and Z axis length in inches.

PLOT SCALES
The scales of any of the above described plots can be ser by the
PLOT SCALES data entries. The third parameter of such a card has one of
eight values: 1) ' ' i.e., Blank, 2) TRAJ, 3) PHASE, 4) EQUIP, 5) AMPS,
6) PSI, 7) ENERGY, and 8) BFIELD. The blank entry zeros out (cancels)

all previous scales specifications.

PLOYT SCALES TRAZ § MAX ]
PLOT SU'ALES PHASE Rl R2 PRL PRZ Z S MAX 10
FL0T SCALES PHASE Rl R2 $ SET JUST R SCALE
PLOT SCALES EQULP 5 MAX 1

PLOT SCALES AMPS RI R2 Il 12
PLOT SCALES PSI Rl R2 ¥1 ¥2
PLOT SCALES ENERCY RI R2 El E2
PLOT SCALES BFIELD BZMIN BZMAX

PLOT SCALES JDENSITY R' R2 Jl J2
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The PLOT SCALES PHASE data sets the scales for the phase plots at
the given Z value. If no Z entry is made, the plot scale data is used

as the default scale for all Z values not explicitly specified.

PLOT JDENSITY Z{ ) S

A plot of the local current density is R is made at the Z values

specified in the Z{ )} list. This current density J, is calculated for

each ray, k as

The scales of this plot can be set with the PLCT SC*LES JDENSITY data.

PLOT DENSITY 2( ) S

A plot of charge density versus radius can be specified at any 2
location by the PLOT DENSITY Z( ) S data. The plots are produced on
paper and/or CalComp according to the value of CON3T(44). Additiomally,
density plots can be produced on a regular interval specified by

CONST(45),
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POLAR
Polar coordinates is the default geometry of EBQ. In order (o

re-establish a polar geometry after the introduction of cartesian

geometry, by an XYZ data card, the POLAR data card must be used. This

data is to preceed the boundary data:

TITLE

POLAR

BOUNDARY

ETC.
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POT V() S POT NULL
POT FIT POT INITIALIZE Z R) R2 Zl Z2 A B C SCALE
POT SWLITCH FPOT INITIALIZE R Rl R2 Zl Z2 A B C SCALE
POT STORE POT MAX N

Input of the potentials for the variours clectrodes definiag the
boundary of the problem is accomplished via the POT data. The
potentials are in volts. Electrode 1 has POT(l), electrad 2 has

POT(2), etc. The data might be:

POT 1.24ES 0 O 200 .0345 S

Q

r
POT
1.24ES 0 0 200 .0345

S

If we want to change a potential from some previocus value, then
input just the array index preceeded by an * and the value of the

potential.

POT *4 205. S

This would change the fourth potential value to 205 volts.

POT SWITCH causes a switch of the potenLials defined by a previous
LEDGE 1nput such that the potentials of index IPl - IP2 are switched
with the potentials of indexes Nl - N2, see the LEDGE data section for a

description of this data.
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Sometimes it is necessary to enter a graded Dirichlet boundary.
This can be greatly aided by fitting the potentials of these boundary
points to a few potentials given as data input.

POT FIT 2 1} 12 Vi VvV2 .. ... ... ....5
POT FIT 3 I1 I2 V1 V2 Vv3 , . . ... ... .S§

FIT as second entry on the pot specifies that potentials wilt b«
entered into the POT( ) array by a polynomial fit. The degree is
specified by the third eantry as either 2 for & linear interpolation or 3
for a quadratic interpolation, followed by a number of groups conststing
of four numbers for linear fits and five numbers for quadratic fits.

The first two members of each group specifies the POT( } array
indices into which the fitted values will be stored, while the last two
or three members of each group give the specified potentials to which
the fit will be made. The end of input must be indicated by entrv of S,

POT STORE R I1 I2 ZL Rl K2 DR
POT STORE Z 11 1I2 RL Z1 22 DnZ

The POT STORE data card causz2s storage of the potential "R 7} into
the POT( ) array, elements Il-12. The potentral values I'"R,Z) are
selected either on a radial line at a comstant z value or a longitudinal
tine at a constant radius according to the third parameter of the Jata
~ard being R or Z. The positional values of the line being piven hv the

next four parameters
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R1,R2 are the minimum and maximum values of the radius and dR the

step, while Z1,22 are the minimum and maximum values of Z and dZ the
step. Note, that

JERS SES e or Lt
If I, is zero, then three special storage procedures will be used

according to the value of Ij:

I, = 0 i.e., POT STORE g 0 0

The values to be stored will be added to the end of the POT( )

array.

I. = 1 i.e., POT STORE 9 0 ..

N

The values to be stored will begin at the I-th location, in this

example, I = 9.

I, = LAST i.e., POT STORE g LAST 0

The values to be stored will start at the last value, note that

this will replace the current last entry in the POT( ) array.
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POT INITIALIZE R Rl R2 71 22 A B C D SCALE

POT INITIALIZE 2 Rl R2 ZI 22 A B C D SCALE

This data will cause initialization of a part of the scalar potential
array U( ) by a power series expansion. The U( ) array may thus be so
initalized after its limits have been set by the BOUNDARY data and
before attempting a solution of either Laplace's or Poisson's equation.
The subregion Z1-22, R1-R2 will be set to U(R,Z) according to a
polynomial for the R,Z valuves lying on the mesh points within this
domain. The 1nitialization region may extend out to the limits of the
U( ) array. The POT INITIALIZE Z data sets radial equipotential lines

a.ong the longitudinal direction as

\ 2 3
. L a fz-21 z-21 z~71
UR,2) = {A t <'z'ﬁ]‘) ve (ﬂ?ﬂ) +D (n*z*r) ;SCALE

where R,7Z are on the mesh points of the U( ) array within the bounds

Tk, POT INITIALIZE R data sets longitudinal equipotential lines along

the radial direction as

2 \3
_ R-R1 WRI) R-R1 .
uR,z) = {A v B (ﬁf?ﬁT> ve (R2—R!, * o (R2—R!> } SCALE
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POT NULL

The POT NULL data card sets the number of potentials the pot
arrav to 1. This is useful when transferrring cases from tape dumps in

one run, where the number of potentials has become large.

POT MAX N

This data card sets MAXPOT=N where MAXPOT is the number of entries
in the POT{ ) array. This is useful when establishing boundary values
from several different problems. Consider input of ra,s at some Z vzilue
from some ; evious problem. The data might be

READ RAYS AND STORE POTENTIALS
DUMP 1IN FILE 3

PCT STORE R <7 83 3 0 15 .5 5 SET POT{51-%3)
PUNCHB 3 § $
TRACK BEAM $ STORE RAYS AT Z=3 CM
POT MAX 50 $ LIMIT PGY INPUT TO 50 ENTRIES
DUMP IN FILE 2 § POT(1-50), DOESN'T OVERWRITE
POT(51-83)

BOUNDARY MODTFY

INCREMENT 51 81

103811538 $ SET GRADED DIRICHLET BQUNDARY

AT Z2=3

RAYS §
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PRINT POT PRINT R FIELDS ZL Rl R2 DR

PRINT FIELDS R ZMIN ZMAX DZ PRINT Z FIELDS RL Zl1 22 DZ

PRINT RAYS PRINT BOUNDARY
PRINT CONST
PRINT DENSITY

The PRINT data entry causes the type of output specified by the
second parameter to be generated., The PRINT POT card prints a list of
the POT array. This is useful when some of the array has been generated
by the code or when the LEDGE data is acted upon by the TRACK option.

PRINT FIELDS generates a table of field values by calling the FIELD
routine at R, with ZMIN < Z < ZMAX in steps of dZ. Output consists of
Br, Bz, AVEC, Er, Ez and U.

PRINT Z FIELDS produces the same effect of PRINT FIELDS while PRINT
R FIELDS generates a table of field values at Z=ZL with Rl < R < R2 in
steps of DR.

PRINT RAYS generates a table of the initial ray coordinates x, v,
2, Py, Py, Py, AMPS, R, K, o and 4.

RINT CONST output the values of the parameters stor-~d in the
CONST( ) array.

PRINT DENSITY outputs the radius and current density arrays used in

the Neil charge depos.tion procedure,
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PUNCH z( ) S MAX 20

Punch the ray values at the specified Z locations onto output file
4 in standard format--i.e., for each ray, write

X Y Z PX PY PZ CURRENRT

in Format (7E11.4). The units are cm, eV/c and amperes. The potentials
along the R axis are punched to tape 4 along with the rays at the 2
values specifiel by the PUNCH z( ) S data, taking every CONST(53) value.
The forwmat is (5EL5.7). If the Heil charge deposition was being used,
then the initializing current density and radial profile is also

punched.

PUNCiB 2( ) S

Binary dump of ray output on tape 9 for restart. This dump 1is
read by "RAYS 8 NDUM" input. The dump number is set by CONST(33) and is
incremented by 1 before the writing of each dump. ‘ihis writes thiee
reco.ds in one file. Records 1 and 2 are for ID and record 3 1s the

binary orbit data.

PUNCH END S or PUNCHB END S

Writes either the tape 4 or tape 9 dump with the rays data for the
ending point of the trajectory calculations., This option should be used
1f the rays have stopped at different Z values, as on a curved STOP

bo' adary.
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PUNCH POT

PUNCH POT NRSKIP ZLOC

Writes to tape 4 the POT{ ) array. I: WNRSKIP and ZLOC are
provided, then the potentials written to ta,e 4 are taken from the U( )

array along the Z=ZLOC line taking every NRSI IP point.
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RAYGEN TYPE N IB IA E EM RB Z F RP ¢ ¥ TRANDM 3

RAYGEN data specifies generation of N rays in a random, two dimen-

sional phase space with space charge depression of the beam energy. The

beam emittance EM is tilted by R® specifying either the slope of the

envelope of the rj; beam eilipse matrix correlation, The parameters

are:

1 RP = 139

-1, or -2

*11 ox *12

beam ellipse matrix correlation

Slope of the beam envelope, see below.
The units are normally radians, but can
be scaled by CONST([3).

Same as above, except rays generated
are added to the rays already existing.
Child's Law start with equal dR spacing
Child's Law svart with rays of constant
current

Brillon flow generation beam current
and ¢ will be proportional to R,

Calls for generation of a Kapchinsky-
Vladimirsky (K-V) distribution on a
four dimensional shell, while type = #1
or 2 calls for a generation in a four

dimensional volume,



I

IB

IA

EM

RB

RP

TANDM
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Number of rays to be generated

Total

space

Total

Total

beam current, Amperes, if zero, these rays will not be
charge depressed.
current carried by the ray generated by this RAYGEN

beam energy, kinetic energy electron volts

Beam emittance, cm-radians in units of CONST(13)

Beam radius, cm

Initial longitudinal coordinate, cm

Focal

tilt produced by preceding focusing elements. Units

of CONST(12), normally radians

Transverse beam, see below

Roi ational angle of beam, polar angle in units of CONST(13),

normally radians

Transverse angle ATAN (Rd¢/dz) in units of CONST(13),

normally radians

Use next random number generator seed

Yse previously stored random number generator seed
Read 1n random number generztor seed. The seed 1s
read as a separate data card or cards following the
"S$" of the RAYGEN card. The 'seeds' are five 16 digit

integers and the random nurber generator number,

followed by an "S" -- e.g.,
RAYGEN .... 2 S
1048015011 2236846573 4216793093
77921069067 9630191977

1S


http://nur.be
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Ray generation is on a regular grid (not random) of M r'
values for each of J=N/M radial sections as shown in the

case of N=24 and M=6.
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The beam phase can be tilted Erom two distinct sources: &) angular
spread in the beam, and b) focusing action of preceding elements.
Consider a beam of some angular divergence, Xy, passing through a

drift distance S from a waist as shown below:

X .
N x' (Xm rlZ‘Xm)
- ———n ————— - — ,
' 2 (Xm’xmrlZ)
Xm 1—r12
— X
7
[ 0
< s
1
|
WAl \‘F-‘/ X = RB
X
(, L o
> Z
. - —
< = 7
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The angular divergence cof the beam envelope is Rp. The value of
R after the drift has increased from the angular divergence of the beam
X, = X;. If the beam has no initial angular divergence, so EM=0,

but has passed through a focusing region, the phase space will be tilted

as shown below:

X
1
X A
i "
5.._-...._._.I ~ -
X 7 X > X
0
i
1 |
]
A
R /I\
xm = RB
x |
§ N
7
¥l L'
n ; )

Focusing Region
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Consider generating a random phase space for a distribution tilted

as shown. We know Ry, Rp, Ry’

from a graph of the data. The emittance can be found by considering a
drift backwards to where the ellipse is upright as shown. Then the

input data values for ry,, E, are found for type 1 data as

E = R'R
m m 1

<R1>2 h
R = r = 1 - —
D 12 RB

where the beam emittance area is mEp.
f and W give the transverse beam rotations out of the plane, such

that ¢ 1s an additional transverse angle, added to Y' as

P, = P sin (p+ ¥")
P, = P cos Cy + Y'Y sin (x")
P, = P cos (y+ Y') cos (x"}
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and ¢ specifies a rotation in the x-y plane so

P = choa¢—Py51n¢

-]
"

Px s1n¢+Pycoa¢

The energy of the rays generated by RAYGEN wiil be spaced charge
depresged if the total beam current IB is non-zero. The current run by
these rays is specified separatels as IA. The magnitude of this energy

depression 1§

is
where Doy 1

Doy = 25 IB/(EO-n v)

R, V the ray radius and velocity in cm and cm/sec. When generating a
beam close to some electrode, auch as a grid, the space charge

depression of the beam energy should be turned off.
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CHILD'S LAW

RAYGEN TYPE NRAYS KATHODE ZSTART VSTART MASK JLIM SMAX

The ray generator may be used to start electrons by application of
Ch:ild's Law. The parameter list has a different interpretation than the

other types of RAYGEN data.

TYPE = 3 Rays generated with equal AR spacing
= 4 Rays generated with AR spacing yielding approximately equal

current for all rays.

NRAYS Number of rays to be generated. Must be greater than four
and < 100.
KATHODE Index pointer for potential of electrode from which emtsstion

will be allowed.

ZSTART Starting conditions are determined from a surface starting
at (R,Z) = (0,ZSTART)

VSTART Potential V used in Child's Law on first iteration, :f
known. If VSTART is negative, it speficies the totza' beam
current to be used on the first Child's law iteration,

MASK Index pointer for potential of electrode allowed to mask
electron emission.

JLIM Maximum current density allowed, amps/cmz. If Child's Law
exceeds the value, JLIM will be used. This simulates a

temperature limited cathode.
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SMAX Mayimum lengtih of starting surface cm. useful in problems
involving & sharp correr at the end of the emission
surface., If zero, SMAX is not used. If SMAX > 0 stop if
surface length is >SMAX. If SMAX < 0 stop if cathode length

> SMAX

The Child's Law start finds the current density J (amperes/cmz)
for electron emission ‘rom the cathode electrode from the potential and
distance between the starting surface end cathode.

T
9€Vm 7

s

3/2

The value of the dielectric constant £, charge e, aud mass are
specified in the EBQ array CONST as the 8, 2 and | elements in unitsz of
Farads/meter, relative charge and electror volts. 6, is the potential
of the cathode, 6 the potential of the starting surface, and s the
distance between the starting surface and the cathode. The emitting
surface is given by specifying its potential index, KATHODE.

The current carried by an electron is found from
I = 2nrdrJ

where r is the radius of the electron and dr is the radial extension of
this ray. That is, half the difference of the radii of the rays on

either side. The starting energy of the electron is found as
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E = e (60—6)

and the associated total momentum P is

P is resolved into three Cartesian components from the angles of radial
and azimuthal slope, a and ¥.

The radial slope is determined from the assumption that the
electrons are emitted normal to the starting surface. This surface is
found by starting on the axis (R=0} at the given z value ZSTART and
following the equipotential until:

1) Normal projection from this equipotentiai hits an electrode of

potential index other than KATHODE or MASK,
or,

2) Leaves the boundary of the problem

3) Requires more than 250 points.
1f the surface is found, then from its known shape, the normal
slope ~an be determined as

n = -ATAN(dZ/dR)
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The azimuthal slope of the trajectory is caused by a magnetic field
threading the cathode surface. The magnitude of rotation imparted to
the beam can be found from the conservation of angular momentum (Busch's

theorem)

8 = 2 [r ACr) - ra(r)]
mer

where r., A(rc) are the radius and vector potential of th ray at
the cathode, and r,A(r) are the radius and vector poten- :l of this ray

at the starting surface.

y = ASIN (PB/P)

The three components of :he momentum can now be fou

P, = P (cosysingcosf-sinysing)
P, = P (cosysinasin@+sinycoss)
P_. = P cosycosa
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The computational procedure is to

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

Follow the equipotential line originating at r,z=0,ZSTART.

This line defines the starting surface.

Calrulate the radii of all the rays, rp.

For each ray, interpolate from the starting surface aad the ray
radius, the values for the longitudinal distance, Zj, cathode
ray distance Sy, ind ray slope tangy.

Find the loial current density for each ray

Find the current carried by each ray
i, = Zﬂerrka
Find the beam rotation induced by any magnetic field threading

the cathode

]
it

g = — (rAlr) - ralr)
cr

= ASId Pore)

Deposit charge on the mesh between the starting surface and the
cathode.

Find the momentum components oi the ray, Py, Py, Py from

the angles and total momentum, a,¥,0 and P.

Integrate each ray to the same mesh line.

Turn on the Neil charge deposition procedure.
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RAYGEN 3 ON

RAYGEN 3 OFF

These options can be used with either the TYPE 3 or 4 Childs Law

start to tern on or off CHILDS law calculation of the beam.
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RAYS TYPE NSTART UNIFORM TOTALI

RAYS TYPE REPLACE K{( ) S

RAYS REMOVE K( } §

RAYS TYPE NSTART

Several different formats can be selected for specification of rays
to be tracked by EBQ. The code converts each format into its standard
form which is TYPE 1 consisting of specifying the three positional and
three momentum components in Cartesian coordinates and the current.

The units are cm, ev/c and amperes.

TYPE | XY 7Py Py Pyl
TYPE 2 XYZE a v I
TYPE 3 RZé&E a ¢ I
TYPE & RZ ¢ PP, P¢ 1
TYPE 5 R(C ) s
7))
& )
FC )
al )
)
I
YRR 6 NRZE a I ¢ ¢
TYVE 7 Calls subroutine SPECIAL which must be user supplied.

TYPE 8 Reads Tape 9 Binary DUMP for ray coordinates.
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The ray path length S is taken as zero if CONST(9)=0. If CONST(9)
is non-zero, its value is used as Z for each ray and the Z value
specified in the above data is taken as the path length §.

The inpul unit for angles 8, ¢, and a is determined !y the value of
CONST(13). 1If this value is 1 the angles are in radians, if its value
is .01745 the inp: is in degrees, if its value is .00l the input 1s in
milliradians, etc. That is, the valu. of CONST(13) multiplies the
angles to convert to the standard radian value.

The interpretation and definition of the ray input parameters are:

X, ¥, 2 ~———emmmmmm Cartesian locatinn in cm

R, ¢, Z ——=—=——m——— Polar location in c¢m, radian, cm

Pr, P¢, Pz ——-——=~ Polar momenta in ev/c

Px, Py, Pz —---~--— Cartesian momenta in ev/c

E mem—m—mm oo Kinetic energy in ev

Q mmmmmm e oo Radial angle ATAN(dR/dZ) 1in radians

Y ommeme s e m e Transverse angle ATAN(Rd¢/dZ) ia radirans
D e mininteinint Current 1n amperes

YA
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The total momentum P of a ray is determined from its energy. The
required transformations between the various projections of momentum

are:

Pz = P cos Yy cos a

i}

Pr P cos ¥ sin a

1

Pé¢ P sin ¢
Px = Pr cos¢ - P¢ sing

Py = Pr sin¢ + P¢ cosd

Following the "RAYS TYPE" card, up to 100 cards are read giving the
coordinates of the rays. This data is read until either a blank card is
encountered or a card saying END except for TYPE 5 and 8 which are

somewhat special, for example:

RAYS 1

XY ZFXPYPZI

FND RAYS INPUT
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TYPE 5 input consists of giving the like values of the coordinates
for all rays together--i.e., all the R values un.tl an S: is encountered.
The number N of R values read determines the number of rays to be
inputted; then N Z values will be read, followed by N ¢ values, etc.
After the N I currents are read, an END cards should be used.

TYPE B input will cause a search of Tape 9 for a specified binary
dump file which has previously been written. This Jump file has the
format structure described under the section '"DUMP."

RAYS B NDUMP
Where NDUMP is the desired DUMP designation, some integer between 1 and
®,

This data causes tape 9 to be rewound and searched for the
degignated dump number,

RAYS 8 X
This data, where X is the literal X, will cause tape 9 to be rewound and
the first file read regardless of the dump number read on rhe file.

When a rectangular problem has been initiated by the inclusion of

XYZ data, the RAYS 5 data will ha . the following interpretation

POLAR VALUE XYZ VALUE
R(C ) —_—— X( )
7z( ) z( )
pC ) —e Y( )
EC ) E( )

DR/DZ( ) ———— DX/DZ( )
RAG/DZ( ) ———meer DY/DZ( )

AMPS( ) AMPS( )
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More than one species of particles can be defined. This is useful
in finding the space charge effects of multiple ion species in accelera-
ting columns and heavy ior sources. The procedure for laputting more
than one species is to read or generate each species aft-r setting its
mass and charge via the CONST(1) and CONST(2) input. These species will
be tabulated separately in that each will have its own phase space plots,
beam moments and emittance areas calculated. The species can be treated
(printed and plotted) together if the value of CONST(66) is set to zero.

Example, consider input of protons, deuterons and charge five

uraniums. The data would be

CONST *] 938E6 1 S $ Protons mass and charge
RAYS 2 O $ INPUT, SAY 7 P+

XY ZEat]
ENP PROTONS INPUT

CONST *] 1876FE6 1 S $ Deulerons mass and charge

<

RAYS 2 7 INPUT, SAY 8 D+
jx Y 2K a1
END D+
CANET *1 0 2. 232K 5 5 $ Wrarium lon mass and charge

RAYS 2 15

AV 72 Eadl
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UNIFORM CURRENT DENSITY RAY INPUT

EBQ can calculate the current for rays from the inter-ray radial
geparation based on the assumption of a uniform current :ensity vy
specifying the fourth parameter of the ray card as "UNLFOk. '~ and z1v)

the total beam current as the fifth parameter. Any of the ray . -

types can be used with this procedure except type 8. .is pr vl
calculate the current for the rayer so they do not have ‘o be spe e
and load the Neil charge depositi~n arrays. Standard » deposition
will be used, however, unluss the Neil procedure 1s tur b i

ON. Consider the input of six type 3 rays comprising a .. Coan

uniform current density. The data would ..

RAYS 3 0 UNIFORM 12350
1 0 0 2,56 0 0 0 $ R Z PHI E ALPHA PSI |

5 $ VALUES NOT GTVEN wIi
10 $ TAKEN FROM T i PRECE
11 $ DATA CARD.

12

12.7

END RAYS INPUT

If the Neil charge distribution is to be used during rav . icking,

data must be focllowed by DENSLITY ON.

ADDING RAYS TO THOSE ALREADY SPECIFIED

Additional rays can 2lways be added tr ‘hose Ir. . 10 ¢ sl e by
ziving a non-zero valuc to NSTART on the ray car N A Sy 1] T

index value after which the niw rays wil! be s o0 0.
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Consider running 10 rays and then adding 7 additional rays to these

10 and running again with the 17 rays.

RAYS 3 0
DATA FOR 10 RAYS
END INPUT OF RAYS
TRACK
RAYS 3 10

g DATA FOR APDITIONAL 7 RAYS

END
TRACK $ 17 RAYS
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RAYS REMOVE K( ) §

Rays which have been previously defined or read, such as from a tape
8 dump or from the ray generator, can be removed by giving their number
in the list K. To remove the second, third, and 19th rays, RAYS REMOVE 2

3 19 8.

RAYS NTYPE REPLACE K( ) S

Rays can be replaced by the values following the RAYS NTYPE REPLACE
card. The rays to be replaced are specified by their rays number in the
list K. If there are N entries in this list, then N ray cards must

folicw in the format specified by NTYPE.

RAYS 1 PEPLACE 2 3 19 S

XZ YZ ZQ PX2 PY2 PZ2 12
X3 Y3 23 PX3 PY3 PZ3 13
X9 Y13 19 PXja PYj9  PZj9 Ty

The RAYS data does not require an END terminator when usinug f.e

REMOVE or REPLACE optious.
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REWIND KTAPE NSKIP

Entire EBQ problems are dumped to tape B by DUMP QUT data and rays
are dumped to tape 9 by PUNCHB data. The dumps are sequentially numbered
from the values specified by CONST(32) are CONST(33) for tape 8 and 9
respectively, The files are not rewound. These files can be rewound by

input of the REWIND data as

REWIND 8
or

REWIND 9

Reading the tapes by input of DUMP IN or RAYS 8 will automatically
rewind the file and search it for the specified dump number, input this
dump and leave the file at this position. Input of DUMP OUT or PUNCHB
will then commence writing of the file from this position.

Entry of a third parameter will cause that number of files 'o bhe
skipped after the rewind of the file. Consider positioning the ray dump

tape, tape 9 past the fourth file mark. The input would be

REWIND 9 4
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RKSTEP DZ Z ..... S

The Runga-Kutta integration step is normally set in the tenth
position of the CONST( ) array and has a default value of DZMESH.
For some problems it may be desirable to have a finer integration step
to properly pass through, say, a sharp magnetic fringe field. Up to 20
integration steps can be defined by the RKSTEP data. Pairs of DZ, Z
entries give the step and ending Z value of this step in cm. The default
CONST(10) step size is used for Z values greater than the largest Z given

in a RKSTEP list. Consider the following scheme:

pzl |DZ2 l pz3 J

ZMIN zZ1 22 Z3 ZMAX

RKSTEP DZ1 Z1 DZ2 z2 DZ3 Z3 S

For Z > 23, the step is the value given by CONST(10). The entry

of RKSTE™ or RKSTEP S cancels the variable step, forcing use of the

CONST(10) value everywhere.
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SFGMENT MINOR SEGERR 2( )} S

SEGMENT MINOR SEGERR S

SEGMENT S

Problems envolving long transport distances might have a tendency to
self collapse with subsequent beam blow off when theve is a large degree
of cancellation between the beams self magretic field and the beams own
space charge forces. To allow solution for such problems, EBQ can
segment the problem either at longitudinal locations specified by the
user, or upon detection of charge density larger than some specified
value. The ray orbits will be calculated only a partial (segmented)
distance, with a number of minor Poisson-ray trace cycles, N, performed
unt1l either N exceeds MINOR or until the relative RMS beam radius at the

segment transfer position i1s constant to within SEGERR.

Ryew ~ R

R

\
OLD) < SEGERR
NEW

The beam 1s then continued from this Lransfer polnt into the next
segment .  The segment transfer point 1s set by CONST(60) which specifies
the distance (1n em) to the left of any segment boundary at which point
the rayvs for the next 1nterval will bte initialized. This process of
sepmentation 1s continued unti1l the end of the problem 1s reached, at
which time we have completed one whole (major) Poisson-ray Lrace
1teration.

The longitudinal locations al which Lhe proalem will be broken arce

ziven by the longitudinal z values in the data list 2( ).
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This list is terminated by a mandatory S and may have a maximum of
ten entries. Ti.e first Z value defines the starting longitudinal
position for segmentation. The rays will be tracked to this location
and segmentacion initiated from there. A fictitiocus Neumann boundary
will be geaerated at segment ends and Poisson's equation solved only
over thi veatricted range. The longitudinal boundary segment ends,

Z( ) w.il be increased at the end of each major iteration by the vaiue

of CONST(68). Consider the problem below:

200 300 400 500

This segment data would be given as
SEGMENT 5 0.1 300 350 50G s

Forcing each major Poisson-ray race cycle to be calculated as

- TRACK TO 300 CM

max of 5 cycles between
B } ' 300 and 350 cm
200 200 400 500
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—_——
max of 5 cycles between

F:::::::::::: 320 ecm back spaced

4 point and 500 cm end.
200 300 400 500

With each minor segment iterated a maximum of 5 times (MINOR 5) or until

the relative change in the beams RMS radius is less than 10%.

SEGMENT -MINOR .....

The amount of output generated by SEGMENT can be reduced by using a
negative MINOR as flag for suppression of all output during the minor
cycles. The only output will be the final output and plots nrior to the
continuation to the next major cycle. This output will be the same as
that generated by a TRACK BEAM at the end of each major cynle.

Segmentatiun can be turued off by input of either SEFGMENT or
SEGMENT S with no parar .ter list.

It may be desirable to allow EBQ to decide on the locations to be
used for segmentation upon derection of the beam self collapse. This is
done by specifying the number of segment minor cyvcles and reiacive RMS
radial error with no longitudinal 1ist, and specifying a non-zero
maximum charge density, COWST(77) in volts per cm? any 7 location

where the charge deposiled exceeds this value will be treated as a

segment end. The inpul would be:
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CONST *77 75E3 S $CHARGE DENSITY LIMIT

SEGMENT 5 .1 § $ SET MINOR CYCLE AND ERROR LIMIT

TRACK

If the beam radius changes significantly along the problem, it may
be necessary to specify the limiting charge density as a function of the
longitudinal position via the CHARGE LIMIT ... input procedure. The
value of CONST(77) must be non-zero, but the value is not used by the
segmentation procedure. The limiting charge density being taken from

the QLIMIT( ) list of the CHARGE LIM.. data. The data would be:

CONST *77-1 S $NON ZERO VALUE

CHARGE LIMIT 1 1 $INPUT CHARGE LIMIT DENSITY
QUIMIT ( ) 8 $A3 FUNCTION OF Z LOCATION

SEGMENT 5 .1 § SSET CYCLE AND ERROR LIMITS

TRACK STRACK BEAM

Any Z location where the average charge deposited exceeds the limiting
value given by the QLIMIT( ) list will be treated as a segment end.

If the value of CONST(77) is negative, then the charge limils given
by this constant or the CHARGE LIMIT data input will apply onlv tu this
segmentation procedure and will not invoke the search and subsequent
lmiting of the charge array before solution of Poisson's equation.

I'f minor = 0, then the segment data will set the limits of the
'~ son equation solver so that the poteat:al portion of the problem is
run otly over this limited range, z(1) + 2 < Z(27. The rays can be
timited by the value of CONST(Z63}. luput of

SEGMENT 0 O 7‘1 ‘[42 5
wilt vause Poissoa’s equation to be solved onl, over this 4 1uterval
Ly 2% < Zy with no fictitious Newsan boundaries. The orbits will

be tracked out to the value specifie’ by CONST(26).
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SKIP
SKIP N

SKIP N MAX
SKIP causes skipping of data cases. This is useful when we have
several data cases in deck which are not all necessary to be run

SKIP 2
Case 1 title

END

Case 2 ritle
RAYS
END

END

Case 3 title

END
END

Only Case 3 will be run.

SKIP can be embedded in a data case, in this case, the data will be

skipped to the end of that case.
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If we name multiple cases, and wish oniy to run a maximum of MAX
case we use
SKIP N MAX
Say SKIP 5 2 will cause cases 1-5 to be skipped ana case: % and 7 to be

executed,
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SLOPE _6( ) 8

The slope of the beam envelope can be forced to be within a given
tolerance of the slope of the beam envelope of the preceding iteration
so as to prevent a catostrophic beam collapse. The tolerance to be used
on each iteration is specified by the slope data. The option of slope
checking is turned on or off by setting CONST(60) to non-zero or zero.

Individual rays within the beam envelope are checked with a slope
proportional to the ratio of their radius to the envelope radius.
Should a ray be outside the range, its self magnetic field scale factor
is adjusted so its slope is at the approximately positive or negatively
deviated limit.

A maximum of fifteen values of 6 can be specified for the first
fifteen iterations. The units of 6 is radians. The value of the self
magnetic field factor used its printed at the end of each iteration for

~ach ray at Z=ZMAX. Their normal value is 0.2.
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STOP NAME

See DEFINE.
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TIME
TIME OFF
TIME SWITCH §

TIME SWITCH CURNT( ) S

TIME A B C D E SCALE

TIME without any parameters r.quest a print of the CP time in
seconds from the last TIME data entry without any parameters. Whea TIME
has a parameter list, it refers to a time varying simulation. The time
of a ray car be given on input with the RAYS data in place of the
current position by preceeding the RAYS data with

TIME SWITCH S
e.g., for RAYS 2 input, the data would be ¥ Z Y E alpha, psi T, with T
in seconds. The current of the rays will be set to the value of 107186
amperes. If the current is to be given, then an array list should be
included with the TIME SWITCH data, terminated by then mandatory S.
When PUNCH Z( ) S data is executed, time will replace the current in the
punched output written to tape 4. The current position will remain as
rhe time until explicitly turned off by the

TIME OFF

data. TIME OFF also will set the flag to kill the time function scaling

of the electric potential and fields.
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In order to simulate a time varying problem, such as deflection of
a beam betweer two parallel plate electrodes, the local electric
potential and fields U.,, E,, and E, can be scaled by a power

series functiou of the ray time

4

U U(R,2) f(t)

TZ
E, = dU/dx £(t)
E, = du/dz £(t)
This function is
E(T) = a + bT + cTZ + gT3 + eT?

where the coefficients a, b, c, d, and e are given as

TIME A B C D E SCALE

a = A

b = B*SCALE
c = C*SCALE
d = D*SCALE
e = E%XSCALE

Only A must be given, the default values for B, C, D, and E are zero and
the default value for SCALE is l. In order to turn off the time
varitation once set, use

TIME OFF
Currently, this option is available only on the cartesian version of

EBQ.
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TITLE( )
Entry of one card, defining a title line for output with all

CalComp plots.
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TRACK
TRACK BEAM

TRACK CONTINUE ITERATION IQUTPUT

Causes tracking of rays. Output will be generated only on the last
cycle. If output is desired on the first and last cycle, use the
“continue" option where RH( ) charge array is not zeroed out -- i.e.,

TRACK X 1
TRACK CONTINUE 10

The calculation sequence is

ITMAX = CONST(21) = DIN(3)
EPS CONST(22)

CONTL1NUE NO

RH(C ) =0

CALL TRACK WITH OUTPUT
—= CALL MAPIT

CALL TRACK

}

CALL MOMENT

y
IT + 1
1 YES

IT> [TMAX RETURN

IT =
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I1f = "CONTINUE," do not initialize

CONTINUE
p array

ITERATION —=—=--=—mmmmmm oo (CONST(21)) if # 0, MAX number of
ray trace cycles

IOUTPUT -- [§] Qutput only last cycle
1 Output every cycle

Sometimes one wishes to track the beam without disturbing the
charge or potential arrays. This can be accomplished by the

TRACK BEAM

data entry. The rays are tracked without updating the RH( ) array for

one cycle.
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UNIT FACTOR SYMBOL

UNIT input changes the internal distance units of EBQ from CM to
some new unit, WACTOR is the numerical value needed to multiply the
new unit to convert it to cm. SYMBOL is a two character Hollorith name
used to identify the internal unit in alpha-numeric output. The FACTOR
values are not accumulative and are always relative to the original
default value so that sequential UNIT cards do not interfere with each
other. To change the internal uaits of EBQ to inches, the data input

would be:

UNIT 2.54 1IN

The unit conversion scales the constant array locations defining the

distance units, locations 5, 8, 97, and 98,

CONST(5) = CONST(5)/FACTOR = Velocity of light
CONST(8) = CONST(8)/FACTOR = Distance/farad
CONST(97) = FACTOR

CONST(98) = CONST(98)/FACTOR = Ampere's law constant

The units conversion effect the values of distance, current density,

velocity, magnetic vector potential and charge, as shown

DISTANCE cM UNIT
CURRENT DENSITY AMPS/GMZ  AMPS/UNITZ
VELOCITY CM/SEC UNIT/SEC
VECTOR POTENTIAL GAUSS-CM GAUSS-UNIT

CHARGE VOLTS/CM? VOLTS/UNIT?
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WALL R

WALL R Ry 2; 79

The WALL data entry instructs EBQ to include the self B, magnetic
field genecated by the beam in addition to the self magnetic fields
originating from the beams B¢ field component. This calculation
requires specification of the beam pipe radius as this forms a boundary
condition on the vector potential and return wall currents. Two models

are included, a constant radius beam pipe of radius R,
WALL R
and a tapered beam pipe
WALL R Ry 2| 2

where the wall radius r is R for z less than 2|, Ry for z greater

than 7,, and linearly interpolated for r in the range 2y <z < 2.

r = %+ (R,-R) | ==
2 2,77,
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This card causes a call to subroutine FLDINIL which scales any
magnetic fields, ray currents and other necessary bookkeeping. Such
calls are automatically produced by the appropriate data such as TRACK,
so the XEQ cards is only * =ded when special data sequences are Lo be
used, such as PUNCH rays after CURRENT change. The use of XEQ card

never hurts, so when in doubt, use it.

CURRENT .01
XEQ

PRINT RAYS
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XYZ

The XYZ data card request ELJQ to generate a rectangular coordinate

problem. This data must preceed the boundary data.

TITLE

XYZ

BOUNDARY
NX NZ XMIN XMAX ZMIN ZMAX
TXZ .. S

REST OF DATA ETC.

The polar R axis becomes the transverse cartesizn X axlis, the polar 9
rotation axis becomes the cartesian Y axis; in fact, everywhere the
polar EBQ uses an R or @, you may consider the XYZ coordinates to be
X,Y. The longitudinal position and independen. variable of the orbit
integration remains the Z coordinate, This restricts the application to

basically paraxial problems.
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TREATING RAYS WITH DIFFERENT Z STARTS

EBQ simultaneously tracks all rays together. Two exceptions are
allowed, appropriate to a convex and concave starting surface. A convex
starting surface will yield rays starting at different z values with the
inner ray farther down stream and the outer rays farther up stream. EBQ
will integrate the outer ray first, picking up the next ray in order,
until all rays are together. The concave starting surface will yield
rays starting at different Z values with the inner rays farther up
stream than the outer rays. EBQ will integrate the inner ray; first
picking up the next rays in order, until all rays are together.

Integration then proceeds in the usual way. When all rays are
together, the Neil charge deposition procedure can be used if the input
data requests this. Prior to all rays having reached the same z value,
only standard charge deposition can be used with a switch to the
Neil procedure when all rays have come to the same longitudinal

position.
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SELECTING MESH SIZES

There are three independent characteristic dimensions uced in the
simulation of a problem: 1) potential boundary mesh size, 2) external
magnetic field vector potential mesh size, and 3) Runga-Kutta integra-
tion step size. Some care should be exercised in selecting the values
of these dimensions.

The boundary mesh reflects the smallest resolution possible for the
external electrodes and determines the frequency of storage for
trajectory plotting and ordering the rays to find the enclosed current
Eor calculation of the self-magnetic field and Gauss's law electric
sel f-space charge field, if used, When rays frequently cross, a Z mesh
size smaller than the crossing distance should be used. The self Field
(current enclosed) calculational frequency can be forced to occur every
Nth Runga-Kutta integration step by making CONST(46)=N. Normally
CONST(46)=0 so the enclosed current is calculated whenever the rays
advance a longitudinal mesh spacing.

The vector potential mesh from which the external magnetic field
1s calculated should be chosen sn 1ts derivatives are sufficienlly
accurate (these derivatives are the magnetic field components). To
factlita'e this, the vector potential mesh can be sub-divided inLo ten
regions as described under COILGEN. For example, when long solencids
are used, the fringing field regions typically will require a finer mesh
than the far exterior or far interior regions in order to properly
calculace B, and B.. The accuracy of these calculations can be
readily verified by printing the fiels obtained from the data with the

PRINT FIELDS option.
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The Rurga-Kutta integrztion step should be chosen so the rays do
not make a large fraction of their wave length or experience a large
change in external fields in ore integration step. The user can check
his siep size by running at, say, half or twice his initial step to find
if any significant change occurs in his results. If so, a different

step should be ased.
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EBQ code works in a standard set of units as shown in the rable

helow. If the units are changed via the UNIT input, then the altered

units are also indicated.

QUANTITY STANDARD UNITS é}TERED UNITS
DISTANCE CM UNLIT
CURRENT AMPERES e-mme
ENERGY ev — m=mee
MOMENTUM ev/c ===
VELOCITY cm/sec UNIT/sec
TIME seconds 0 --—-—-
MAGNETIC FIELD Gauss ——==-
VECTOR POTENTIAL Gauss-cm Gauss-UNIT
SCALAR POTENTIAL Volts  ==o--
CHARGE Yolts/cmZ Volts/UNIT?
CURRENT DENSITY Amps/cm? Amps/UNITZ

The internal unit of length (centimeters) is defined by the value

of four constants:
CONST(5)
CONST(8)
CONST(67)

CONST(68)

Velocity of light
Meters/Farad
cm per unil length

Amperes law constant

3 x 1010 cm/sec
1.129 x 101! meters/Farad
1

0.2
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The internal units can be changed by making the appropriate change in
the value of these constants as is done by the UNIT FACTOR data input.
FACTOR is the number of centimeters in the new unit, i.e., the number by
which the new unit must be multiplied to yield its value in zm. The
UNIT input adjusts the values of the CONST array so the internal units
is the new unit.

The BOUNDARY input data is normally in ecm but can be in any units
desired with all R,Z values being multiplied by the seventh parameter of
the second boundary card to convert them into the internal units being
used. If the seventh parameter is missing, then no unit conversion is
done so that the data must be in whartever the interaal input unit is.
The default value ig cm.

The COILGEN input can be in any units desired with all R,Z waluec
being multiplied by the eighth parameter of the COILGEN card to convert
them into the standard internal units. If the eighth parameter is
missing, no unit conversion of the R.Z input values is Zone. The
default value is cm.

No provision is made to change the units of the output
spreilications or ray generator data, as only a few numbers are
anvolved., However, RAYS input can involve many cards, so that R,Z
values can be converted from whatever their punched values are to the
required internal units (default is cm) by the values of CONST(23) and

CONST(24). The transformation is

R R{input) CONST(24}

z Z(input) CONST(24) - C_ONST(23)
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The Neil density input is normally in em and amperes/cmz_ This
data can be scaled on input by the third and fourth parameters of the

DENSITY data card.

J = J(input) 8J

p = plinput) SR

If zhe value of SJ and or SR are missing, they are assumed Lo be unity.
All orbit (ray) input and output requests must be in the internal
units. The boundary and coilgen data must be in the internal units or
have been converted to the internal units by their individual unit scale
factors. Consider Lhe following three identical data cases, except for

units.

FXR BALL (ALL INPUT AND OUTPUT IN CM)

BOUNDARY

41 26 0 10 0 6.25

1 2,54 0 1 2.54 2.54 1 0.75 1.54

1 0.75 2.75 I 0 2.75 1 0 0 1 2.5 0 S

3 9 0 3 9 2.54 3 10 2.5 3 10 0 3 9 0 s
4 0 6.25 4 10 6.25 §

S

POT 0 O 900E3 170E3 0 S

COILGEN 2 0 0 10
0 6.25 0.1 0.1
100 100 S
20 20 1 8 12 0.5 $ slu
10 10 1 20 30 1§ BOY
RAYGEN 1 30 1.0E-6R2 100 . .s/5 0.75 2.90 OR4 =3 S
PLOT PHASE 6.25 S
OUTPUT 3 4 6.25 S
PLOT TRAJ $
TRACK X 1
END
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FXR BALL (UNITS INCHES, DATA IN CM)

UNIT 2.54 IN

BOUNDARY $§ INPUT CM, CONVERTED TO [NCHES BY 7-TH PARAMETER
41 26 0 10 0 6.25 0.3937
.54 0 1 2.54 2.54 1
75 2.75 102,75 1
0 39 2,54 310 2.5
6.26 4 10 6,25 S

0.75 2.54
00 12.54 05
4 3100 3908S

POT 0 0 900E3 1170E3 0 S
COILGEN 2 0 0 10 0 0 0.3937 $ CONVERTED IN BY 8-TH PARAM.

0 6.25 0.1 0.1

100 100 s
20 20 1 & 12 0.5 $ slo
1c 10 ! 20 30 1 $ BOY

RAYGEN 1 30 1.0E-6R2 100 .1476 .2953 1.142 OR4 -3 S
PLOT PHASE 2.4606 §

OUTPUT 1.1811 1.5748 2.4606 S

PLOT TRAJ S

TRACK X 1

END

FXR BALL (ALL INPUT IN INCHES)
UNIT 2.54 IN
BOUNDARY
41 26 0 3,937 0 2.4606
110 111 1.,29531
1 .2953 1.0827 10 1.0827 100110S
3 3.5433 0 3 3.5433 1. 33.937 1 3 3.937 0 3 3.5433 0 S
4 02,4606 4 3.937 2.4606 S
S
POT 0 0 900E3 1170E3 0 S
COILGEN 2 0 0 3.937
3 2.4606 ,03937 .03937
100 100 S
7.87 7.87 1 3.15 4.72 .1969
3.94 3.84 1 7.87 11.81 .3937
RAYGEN 1 30 1.0E-6R2 100 .1476 ,2953 [.142 OR4 -3 §
PLOT PHASE 2.4606 S
OUTPUT 1.1811 1.5748 2.4606 S
PLOT TRAJ §
TRACK X 1
END
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RUNNING EBQ AT LBL

The EBQ program is available at LBL from GSS tape 12940. The

control cards necessary to execute the program are:

JOBNAME,5,200,170000.ACT NUMBER, AND USER NAME
FETCHGS, LGO=EBQ/ V4, 12940,

RFL, ,140000.

LINK,X.

789 « END OF RECORD

USER DATA FOR EBQ PRGGRAM

END
END
6789 « END OF FILE

EBQ currently uses 170K of small core and 140K (octal) of large core.
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EXAMPLES OF THE USE OF THE EBQ CODE
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In the following section there are ten examples illustrating
Jifferent features of the EBQ code's input and output. The following
table lists some of che features of the examples.

1) Simple electrostatic problem showing the data input and

selected pages of the computer printout generated by EBQ.

2) Simple constant magnetic field problem with a matched orbit and

discussion of Lhe units of energy, momentum and field.

3) Design of an atomic beam spectrometer illustrating:

a) boundary input in inches

b) ray generation on a regular r-r' phase space grid

c¢) boundary modification to add an electrode

d) setting the Runga-Kutta integration step

e) modifying the potential of an electrode to fine tune the
device.

4) RTNS example iJlustrates the data for:

a) vunning multiple ion species
h) defining regions outside the boundary
¢) generating x-x' phase plols
50 Xe'! source problem showing:
a) ray orbil generaltion in a random phase space volume
b) tracking beams with different current

c¢) iterative solution Lo the space charge problem.



6)

7)

8)

9)

10}
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Continuation of problems

a)
b)
c)
d)
e)

starting from a previous dump

graded Dirichlet incremental boundary input
shifting the orvit origin

dumping and reading ray data from case to case

LEDGE data for setting the potential on problems left =dge.

High current, relativistic electron beam problem

a)
b)
c)
d)
Use
a)
b}
c)
Use
a)
b)
)

d)

Ctilds law start from cathode

STOP PLOT data input

stopping corbits at constant energy for phase plotting
forcing a given phase space plot scale.

of EBQ code in long transport problems illustrating:
Gauss's law approximation to the space charge
magnetic field zoning and repeated fields

RAYS 5 input with uniform current density generation.
of EBQ code in design of an X-ray tube illustratirng:
PLOT BOUNDARY data

Global problem with expanded regions

storing values from the potential map into the POT array

removal of ray transferred from a tape dump.

Childs law electron source generating hollow beams via cathode

masking.
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Example 1

As a first example of the use of the EBQ code, consider the
simulation of the motion of an electron initially at rsdius r, at zero
slope (dr/dz=0) in the electric field between two concentric infinitely

long cylinde.s of radius a and b. The equation of motion is

The potential V between the cylinders define a scaling constant Eg.

By Gauss's law, E_ = Eo/r so that

r
v = f Edc = E_ In(b/a)
r o

Eiiminating time as the independenL variable, d/dt = v d/dz

e E0
T
r = =
2 r
m v
tntegrating
dr /
_— Yla(r/c )
dz o
whose nlution can be written it ::rms of the imaginavrv error function
rfi“< {ere Jahnke, Emde, Losch, table of Higher Functions, 1960 page
) with -2 = In(r/re’
_——
m v -
e S
L




2 r_ erfi(X)
o

where X = Ln(b/ry)-
For example, a 5 keV elertron starting at ry, = 20 cw in a 100
volt potential between cylinders of 10 and 30 cm radius yieclds

E, = 100/1n(3) = 91.0239 and X = 0.63676 such rhat it hits the

wall at
2
z = l/—'"—"—— 2 r erfi(0.6376) = 217.74 cm
2 e Ec o

Figure 1.1 shows the problem geowetry and Figure 1.2 gives the EBQ input
data for this case.

The actual output from EBQ is shown for this example. Each data
car' read .3 immediately printed int the cutput stream. Each data type
entry is preceeded by 45 dashes, this is useful when some abortive error
is encountered before completion of the data input, in as much as the
type of input last recognized by the input routines was identified by
the dashes.

The btoundary input shown in Figure 1.2 (lines 4-7, is printed into
tne ontput stream, page 1, and is folloJed by output listing the mesh
size, number of boundary points, number of Foisson coefficients etc.
Next follows a map of the type array, output pages 2-5, of which only
page 2 is reproduced here. Note, the boundary mesh as describ 4
previously under BOUNDARY shows interior points as smail integers and
boundary points and electrodes as actual numbers concatenating the type-
potential and coupling coefficient indexes. These are laige Lten digit

octal numbers on the mesh map.
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The output on page 6 shows the next output generated by read of the
potentials, problem constants, and ray data input lines 8-17, The
particie input is followed by a table giving the values of the parlicles
cartesian pesition x, y, z {(cm), cartesian momentum components py»

Pys P, (eV’c), current {amperes), radius (ecm), enevgy (eV), radial
slope (:LYHA = dr/dz), and transverse slope {(PSI = r d@/dz). Next
follows a table of the average beam energy in eV, momentum in eV/c
current in amperes, R {(beta = v/c¢), y (gamma = 1//1—82), and magnetic
rigidity Bp in Gauss-cm

The actual calculations begin with the TRACK command, line 23,
Figure 1.2. The first output is a listing of the preseat values of the
problem constznts, the CONST( ! array. Poissons equation is then soived
with output every ten iterations showing the sum of the residuals,
maximum potential change of any mesh point, and the potantials of the
four potential points se'ected for display by the OUTPUT POLSSON data
line 70, Figure 1.1, This problem converged in 53 iterations where the
maxinum change of any mesh point was 81 milivolts, pagz 7 of the
ontrut . MNext follows output of the vibit ddta as requested by the data
o€ =y CONSI( ) arravy and special output data preceeding the TRACK
cammand.

Output page 3 shows the ray trajectory output gener-ted during
tracking. Tne normal output consists of a print of the initial rdy
coordinatss at the start of the problem, here uat z = 0, and the final
ray coordinates aL the end of the problem. Since all rays hit the outer

cylinder electrode in this case, the last position reached by the rays
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was 248 cm where the final conditions are printed. Output at three
special longitudinal z positions was generated by the data line 19,
Notice, that rays lost to the boundary are not printed after their
loss. The velocities printed at the end of the page for the rays are
zero as the rays hit an electrode.

Page 9 shows the beam trace paper plot of the format indicated

below:
r{cm) -
r index -
z(cm) xx
XX
xx
XX
XX
%X
XX
X

where the print of x simply occurs <t each mesh point where the value of
the char ;e array RH( ) mesh point 1s non-zero. 1If the beam current is
zero, then every RH( ) mesh point is zero and there would be no bean
trace plot, i.e., it would be blank; for this reason, [ suggest that the
user simulating a zero current beam uses actually a small infinitesimal
but finite beam current.

Since the value of CONST. :%) had been set tc have a unit value
compcnent, a table of the R,7 points used in plotting the rays is
generated after the beam trace plot, page 9 - 10 of the output. Next
follows a map of the electric botential (Volts) and th= charge RH( )
array (VOltS/CNZ), page 11 - 18 of which only pages 11 and 15 are

reproduced here., The data case ends with a summary table giving the
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number of calls and execution times of the main subroutines called in
EBQ, page 19.
The CALCOMP plot of the boundary electrodes and the three rays

traced in this problem is reproduced here in Figure I1.3.
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XBL 823-1941

Figure 1.1 Deflection of electron between two concentric cylinders.

" ELECTRIC FIZuD CEFLECTION BETWECH WO CINCEMTRIC CYLIMDERS 4
INITALIZE 2
BOUNDAR Y- - oo om s s e 3

31 31 0 30 0 300 4
110 4 1 1y 300 5 § ====- iNGER ELECTRIOZ 5
230 D 2 30 300 > § -=---- JUTER ELECTRIO: L
[ _ a
POT 0 100 5 8
CONST . SR » )
%36 11 $ =---~== PRINT AND FLOT RAYS 0
*63 4 § ~w---- NU EMLITTAACE CALCULATIONS "
*71 0 $ DUNT PLOT ENVELGP e
S 13
RAYS 3 § ===== R Z PHI E ALFHA PSI I Y
- 144814369 & 5+0E3 & 3 - 1eiE=6 —— T
19.21750 0 0 5.0E3 0 0 1.8E~€ "
2514358 0 6 SeGE3 O @ L.0E-€ ”
END RAYS {HPUT 1§
OUIPUT 1664281 2184250 236.809 S 19
GUTPUT PCISSON 20 1 20 11 20 21 20 31 § ===-=- IR IZ PAIRS
PLOT TRAY S-commmom i cm o e o e f e e -}
TRACK 23
END 24

Figure 1.2 EBQ code data input for two concentric cylinder example.
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CELL 1.Q000 X 10.0000

0.4

6000

R TIMES
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TITLE ®iUCI2

Z 11IRzs -0500 i0a

ELECTRIC FIELD DEFLECTIAN BETUEEN TWD CTONIENTRIC CYLINDERS

UTICVCE

Figure 1.3

24 DCT 78 ITER= 1 PLOT 1
XBL 823-1903

EBQ CALCOMP plot showing inner and outer electrode
cylinders and the three deflected electron trajectories.
The axial scale factor "z TIMES .05" and the radial scale
factor "R TIMES .5" are the exis multipliers. This plot is
half scale radially and 1/20 scale longitudinally.
These factors are determined by RMAX, ZMAX-ZMIN and
CONST(35) and CONST(34).
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CASE NUMBE® 1

UCIDX00 7 24 OCT 78 13.09.18 ASE NUMBER
s

ELECTRIC FIELO OEFLECTION BETWEEN TWO CONCENTRIC CYLINOERS

TITLE X1uclD

INTTALTZE

OQ1SSON DUTPUT INCICES ARE 218 435 652
ANNOARY MESH SIZE= 1, 000000 X 10s 000000

THE NUMBER DF MESH PJINT5 ISs 961
BOUNQARY POINTSs 180

COEFICENTS= 1080

BOUNDARY SEGMENTS= 3

BOUNDARY
31 31 0 30 0 300
11001 10 300 S § —~=== INNER ELECTRODE
2 30 0 2 30 300 S § -=~=- OUTER ELECTRODE
S

8469
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SLECTRIC FisLD TRC €
s 6 7 8 9 10
TI0Y 40a0022 53,0020 600000 T0. 0000 Q4 0000 90. 0000
be 15 136 217 4 279 310

31 30,0230 QCTC2313% 3310023134 (31, 729137 0216327140 0010020141 0010020142 0010020143 5010020144 0010020145 0010020146
33 29.G020 ©C29290227 12 32 in 30 e 30 10 E1
29 28,C000 02300222 29 29 29 29 29 29 29 29 29
28 27.2700 2R 29 28 28 28 28 28 28 28
27 2640702 27 27 27 27 27 27 27 27 27
25 25.200) 26 24 26 26 26 26 26 26 26
23 2440223 25 2¢ 25 25 25 25 25 25 F1]
26 23,2000 24 24 24 24 24 2& 24 24 24
RN F MR 23 23 23 23 23 23 23 23 23
2z 2la02C0 2z 22 22 22 22 22 22 22 22
21 230207 AR 21 21 21 21 21 21 21 21 21
20 19,0333 Ja2z3821s 2c 23 20 20 20 20 20 20 20
19 032)50321% 19 19 19 19 19 19 19 19 19
18 Qlzrend2z 18 18 13 18 18 18 18 18 18
17 ni22302212 17 17 17 17 17 17 17 17 17
15 0 i 16 14 1% 16 6 16 16 16 16
1S EN 15 15 15 15 15 15 15 15 15
14 2 1+ 14 16 14 14 14 14 14 14

H c 13 13 13 13 13 13 23 13 13
1z kS 5 12 12 12 12 12 12 12 12 12
1 2 0010010236 0C19210231 0010010232 0010010233 0010010234 0010010235 0010010236 0010010237 0010010240
13 E i3 10 10 1 1 1
9 o 9 9 9 9 9 9 s 9 3

3 9 8 8 8 ] 8 8 8 8 [

7 3 7 7 7 7 T 7 T ? 7
5 3 6 6 6 6 6 6 6 6 6

5 9 < 5 3 5 H 5 5 5 5
4 bl A 4 4 4 4 4 4 4 4
3 3 3 3 3 3 3 3 3 3
2 0023130i73 2 2 2 2
1 0120333347 0030000041 0030000042 0030000043 0030000044 0030000045 0030000046 0030000047 0030000050 00320C0051
g

=

—

"a

>

D

o

Z
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POT 0 109 5

CONST -
*34 11 8 = PRINY AND PLAOT RAYS

*3% -1S. =15

%63 0 § —--—== NO EMITTAMCE CALCULATIONS

*71 0 % OONT PLOT ENVELOP
S

RAYS 3 § ===== P 2 PHI E ALPHA PSI 1 . _ .
l4 81436 C O 540E3 0 O la0E-6
19291750 0 0 5.90%3 0 0 1,3F=6
25414850 0 0 5.053 0 0 l.0F-6
ENO ®AYS INPUT
N X Y 4 PX PY eL AMpPS R E ALPHA (3}
1 14.8163¢ €.00220 0.0000 0. [N T.16589F 404 1,00000F=06 14481436 5.00000%+403 0,000000 0.000000
2 19.91750 0.002300 0,0200 Os (28 To165895+04 1,000C0E-06 1991750 5,00000E+33 0.000000 0,000000
3 25014950 €2 33030 Qe 0300 Oo O 72165395404 1.0J000F~06 25414850 S5.000C0E+03 0.0CN000 04000000
RAY GOUP 1 RAYS 1 THROUGH 3 - 5.110000Z+05 EV CHLRGF -1 - ~~ ITCRATION O
AVE BEAY ENERGY * 5,0300005+03 AYE GAMHMA *=  1l,009785£+00
TCTAL AEAW CUSRENT=  3,000300%-06 AVE BETA = 1.3887396-01
AY3I 3TaM MOMENTUM =  7,159B97E+34 BRHO{GAUSS-CMI= 2,39028TE+«02
OUTPUT 1&6a281 2184250 238.809 S
- QUTPUT POISSON 20 1 20 11 20 21 23 31 % —-—= IR Il PAIRS
PATSSC MUTPUT INCICES AFE 20 33C 40 950
—————————————————— -—— PLOT TRAJ S
TeACK
CONSTC 1) 511000.2C00 CONST( 25) '.00000000C0+100 CONST! 51) 1.0C00000000E-04% CONSTL 76) 0.
CANSTE 21 =1.002020000 CONST( 27) O CONST( 52! 3,000000000 CONSTL 77) 0O
CONSTL 2} 1,00230C000 FINST{ 28) Oa CANST{ 53) 14000000000 CONST( 78) Oa
CPYNSTE 41 1.022002C2C coMsT( 29) 1,000000000 CONST( 54} Oa CONST( 79) Of
st £} 2 9977£05335%+10 FONST( 301 Oe CONST( 55) 1.00002000Q0E~-02 CONST{ B80) 40.00000000
CAUSTL  6) -299.,7921099 CTNST( 31Y 0. CONSTU 56) 0. CONST! B11 10040700000
COmeET 7Y -l.2C2CC0000 CONST( 324 1,0300000C0C CONSTL 5T 14000000003 CINSTL 82) 14803000000
COUSTE 9% 14129%720000%+1) CONST( 33) Oa CONST{ 58) 1,.,000030003 CONST( 83) 1.90000C000
CONSTL 91 Q. CONSTE 3411 11.00009000 CONST( 591 0. CANSTL 84} Q.
CANSTE 101 12,923330C00 CrusTL 2531 -15.000000C0 CONSTHL 603 0. COMST{ 85) O
CONST({ 11} 1,745329252CF-02 FOMST( 36) -1%5.000C2000 CONST( £1)  1,002000000 CONST{ 8¢&) 0.
CANSTL 120 3,1¢189265¢4 COMSTE 373 1.00C0C2C00 CANSTE 620 ,5000CC0000 CONST( 87} Qs
CoMsT( 131 1,323C33¢CC CONST( 38)  £40300020060 CONSTI 63) 0. CONST( 88} 0.
CONSTH 14)  1,020002C000 CCHST( 33)  5.02G7C0000 CONST( 64) O, CONST{ 89) Os
COMSTL 15} 1. 8C0002CC0 COMSTL &2) Do CANSTL 551 1,0003000000¢100 rANsSTi <0) 305.0000000
CONSTE 16 21032323000 CONGTL 41) Ca CONST( &6} 1.000000002 91) 2.6112107000E+11
TAMSTC LTE 222,0926C22 FONSTL 42) C, COANSTE 67 Q. 92) 2,0CC00C00
CANSTE 13) 1G.00023C30 COMSTL 63)  1.C00023300 COMNST{ 6B} 0. 93} 2.000020000
COuST¢ 19)  222.0070920C CNST( 44} O, CONST( 69) 0. 94 )-1,12940J0000E+13
CONSTL 29) O, CANST( 45} QO COWST( 70} 1,000000000 951 -1 T9749592T3E+12
CONSTL 211 14020002080 CONST( 461 Oa CONSTL T1Y O 961 1.T9T4959273E+12
COMSTE 221 1.99C3C000C00E-02 CONST( 47} Oa CONSTL 72} —1.000000000 97) 1.000000000
CONST( 23) Oa CrXMSTL 48} « 5000000000 COMST L 73} 1.020200CQ0 981 .2060000600
LrMST( 241 1,00C0000C0 CINST( 49} -1,0000200C0 CONST({ T4) ,5200G2C000 991} O.
CONST{ 25)  390,2C0002C CANST{ sC) Co CONSTI( 75) 0. CONSTL100} 0.
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1 trceayrny

CYLLE  Syw 025TDUALS  Max PESIDUA
CYER-RILAXATION FACTNA ALTLAEO
Q 5e22025402 1eAUIQ4D2
13 1.3213%+0% TasZBb2E*CL
23 6e4534E+03 5.7€¢83E+01
32 Be7533F 402 646657320
OVER-RELAXKATINY FACTIR ALTI?TD
<9 1.43317+02 1434A2F 430
52 149635+ 01 1a5684F-01

33

{ 39Vd 10ddno

Q19265400

8. 1105F-02

LS

o

40

1

e

LEW SR G

1.803C+00
533

920
g1l
911
1582005400
9il
11
91l

TN EQUATION CYCLE TABLF

23 332

o) (19, 10)

0.C200 0. 0000

0.0000 0. 0000
6145260 52e6249
58. 5291 57,2571
584 4360 58.2038
58,4253 58.3969
58. 4133 58.4305

(

64
19,

[¢]
20)

0.0000

0s 0GO0O
5226249
57.2571

5842038
58, 3969
58,4305

950
{19+ 30}

0,0000

0. 0000
5804339
5Te74l2

5842958
590 4066
SB.b247

ITERATION

1

-022-



o o
W
=

WA
~

RAY
1
2

3
VELNCITY OF PAYS

8 39v¥d lLndino

STANDARD OEPCSTION

E
5. 00C00E+03
50 020037403
SeJJ2QC7 401

E
52 03&615E+03
5432265€+03
5.01573E+03

5.05463E+03
5.C35B3E+03

E
5.06182€+03

F
54 06240F¢C
54 03627E+03
5.01602E4C3

CH/SEC

0. Q.

x
14.81436
19, 91750
?5.14852

X
22026061
25.4328°%
29.74425

X
2726656
29.62405

x
29,50811

X
29469528
29476611
29.83¢60

Y
0.0003¢
0,00022
0.00Cc00

Y
Ca CO0CO
0a 30000
C.ocane

Y
0433300
Q. 00200

14
¢.00000

Y
0, 00200
0. 0900
0.00C00

CURRENT=

= 0. 00000
5 23
0.00CQ0 Q.
0.30020 0.
0.0C000 Q.

i= 166028123
S px

166, 50356 4,18547F+03

166441357 4.8/367E+03

16£.36723 3,97054E+33

= 218425000
S PX

21Ra 7139C 74571447453

21853625 6.10774F+23

1= 238. 80900
s
239,39478 8.04584E+03

= 248483900
S X
241,07192 8,08383E+03
2204 20896 €,14457C+¢03
168.0364S 4,00TiI9E+03

3.C0000E-06

Oe

[«

0a
Cs
0.

Qe
[

Je
0.
0.

Py

Py

PY

P
Te 16589E404
T2 15585E+404
7.16589E+04

Pz
Te 16522E404
To14656EE+D4
Ta 165225404

L23
To 16523E404
Tel6566E404

\21
Te 16523E+04

[£4
Te 16523E+404
Te16566E+04
7. 16622E+04

STANDARD DEPOSTION

T
Qo
0.
[N
T

30 99461€-08
3499434E-08
3.99402€-08

T
50 24316E-08
5424277E-08

T
Se 73T108~08

T
5e 77714E-08
5.28281E=-08
42 C3406E-08

R
14, 81436
19.91750
2%5.14850

R
22026061
25.63285
29.T4425

R
27426656
29462405

R
29450811

R
304 GJO0O
30.00000
30, 00000

PHI

0. 00000
0400000
0.00000

PHI

000000
000000
0. 00000

PHT
0.00000
0000020

PHL
0.00000

(10 4

0.00000
0.00000
0,00000
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6 d9vd 1Ndino

Ta3700 FEE - * e 2200 5040700 6C. 0000 70,0000 8040000 90.0000 10040000
< & < A 7 8 9 10
1 J.0wdde 1 . . X !
2 16,8090 v N “ .
3 20e2™222 1 Ty [ ar
4 i 3. at Y !
5 : 5 ] ‘e '
- M Ay o AR} v
7 { ¥ 3 e !
3 T X ovx o
9 v I3 xx ot
1) M Y XX x¢ 1
11 1 XX x1 X% o1
12 1 (33 e 1
1 1 xx Xy I
1% H xXx oxTx oxx [
15 1 AR KR Ax?
e ! xx k¥ xxl
17 1 o AL
13 1 xx ozt 1
19 1 rXoxx 1
2 T xx<x 1
21 1 L3R 321
22 1 xxx1
23 H xx'
24 1 X1
2= 1 T
24 M I
ras 1 1
24 1 !
29 1 1
a2 1 t
3103200303 1 1
PLIT
SLIT RAY “UMBZIQ 1
l4aclss 14081564 14e8144 14, 2861 15,0092 15.1933 1546378 15,7409 1641024 16,5207
léa9qut 1745224 1241023 18,7328 19.4122 20.1387 20.5108 21le 7266 23, 1442 24,0673
25.022% 2%e C282 27, 3561 234 3298 29444650
PLIT RAY NUMEFD 2
19,9177 19, 917% 139175 19,9710 20e0¢ T 2042000 2003826 2046103 20.8824 2la1984
2125575 Zla9589 2244021 2244962 23,4132 23,9733 24.5746 2542132 2643300 27.0619
27,3278 2846262 2944543 i%.0000 30.0020
PLOT Ray NUMSER 3
25,1485 2541485 £.1605% 2541910 252638 2%.3727 25451177 25.6984% 2549.47 2561663
24,4529 6. 7741 2721295 27. 5186 277429 28.396C 28,8833 2944023 30,0000 30,0000
329223 30420200 3C.027 10, 0200 30.0000
Z-AXISICHM)
242322 G.0C20 Jo 007 <Ce 020 30.0000 42,0000 50.0000 &£0.0000 70.0000 80.0000
9C.C223  122,2000 1lC.CCTa 120,00230 130.0000 14C.0000 15040020 160.0000 1T&,2610 186.2810
1962 2818 2060810 21t 2R1) 228,250 233.252C
ENVELNDE AND Z-AxISU ¥)
2% 1498 250 1485 2% 1910 22 2638 2303727 25,5177 25,6984 259147 2541653 2644529
2. T 741 27,1295 27.514d% 21,9409 2423940 2948433 29,4023 26.3300 27.0619 27.8276
284 K262 2964569 28433494 23,4456
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01 39vd rIndlno

CeQ0CY
1132: 9320
210.0000

13.0000
110, 0030
219.G5000

<Cs 0000
120aCCCQ
22040002

30, 2000
130, 0000
230.0000

40,0000
14040000

50.C000
150.0000

600000
160.0000

70,0000
1709030

80,0000
180.0000

90,0000
190.0000
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*IVNTE

SLETATRIC FIUAN DEFLENTIAN ALTWREIN TW3 CINIENTEIC LYLIN.S2S ult SCALE= 1.00000E+00
. B & H 5 T L] 9 10
§.3023C 1G.0300¢ 20,0700 32,00307 42,CCCCY £%,00000 60.00000 70.,00000 A0,00000 90.00000

21 332.0B22D 12C. 00 12C.00 10C. 02 100,020 100,02 100400 100.00
30 230l Fba 2 26,92 Fbe s 2 Q6. 92 9&e 92 95492 98,92
29 29,0202 Q3. 72 93472 3,72 93.72 93.72 93,72 93,72
23 27.2222 W41 CubL 9 .41 90s41 0.4l 9Ca4l 904 41
27 J3 85,97 36,97 Bta97 B6.07 85,97 8697 86,97
AES oo 83,41 d3aal Bia.tl Ala6l Bl.4l 83,41 83,41
os Ko T9 64 T9:.63 T4yt 4 79, 68 19, ¢8 79. 48 79.68
24 2 T .02 75282 732 75232 75482 15.82 7%.82
21 ? Tl.7¢ Tl.7¢ Tia7h TlaT¢ Tl.78 Tla76 Tl.75
22 <2 7,54 57,54 LT 6% 675 h6 AT 54 67,54 67454
21 2 02.27 b3.09 53004 £3.09 ¢3.09 63,09 63,09
20 22 59.4% Ldebs SHetl SHe b3 58543 58443 5Be43
12 A 5349 T 3a49 T.e69 53,49 £3.49 53.49 53.49
i G2 43. 31 48a 31 LRI 48e 31 48,11 48,31 48,31
T J 7 L. 17 b2 Tl 62077 L4i, 7T L2, 17 42a7T 42477
15 2 Se 92 35.80 34,02 36492 35.92 3t.92 36.92
e 2 3262 352 3Ceb62 1J).62 310.62 20.52 30,42
s 2 27599 27.92 21,92 23,40 22,92 234,9C 23.90
HES L 1te5y teasn 16.59 16,59 16459 16.59
12 2 Ba 70 be 72 Be 70 8y 70 8570 8470
P 13 .00 0.C0 J. 70 0.00 0.C2 0.00
O o2 Qa2 N0 [PAD) Q.07 0.00 0.00
L 2 J.00 Je 70 0. L0 Qe GO 0.00 0.C0O
k] na 0.20 e D 3.00 .60 0.C0 0.00
4 2 ‘e l3 W C 0.00 0.C0 0.00 0.00
« "2 < 3 0.20 0.00 0.CO 0.00
= 2 (o) "L 02 [Pl Ca 2 0.20 0,00
4 22 [ D) 0o Cu : CeCC DalC 0.20
2 .0 Cel C.CO 0.00C 00O e.co 0.00
< (e 0.9 c.0n C.00 .60 0.00 0.00
20 0.02 JeJl Qe 00 . CO 0420 0.00
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[ AV )

ELECTRIC 'SL™

3C.00C2
292 332C
2843000
27,2 0
26,0000

0.020137

-2 .58)E-C¢
~le®£2E-05

198905
—1lc 788F- 26

-2.,373E~-05
-5.411E-C6

DEFLECTIC BETWIEN ™-1
\ 2

10,2220

-245507~C6
—1a&625~05

~1.98,5-0%
-1, T8BE-~J6

~2.313E-0%
-5, 411%-06

CONCERTRIC CY' "NOCT 5
3 &

2000020

=3, 274E-06
-1433¢CE-0OS

-2.099%-0¢
=50 212F-C7
Je

3J.02000

Oe

O

Go
—4.50BE-06
= 14258E-05

—1s 349E5~06
-2.017E-75

Oa
-2, 645E-07
. ?51E-05

5 [
4C, J0000 50.00000

0a -2
0a 0.
Qa Q.
Oa 0.

-6434-E-06 ~-8.759E-06
~1.3¢7E-05 —Ba(81E-0"

Qe Ce
Ce Qa
Cs Qe

—0e2777 <06 ~84106L-36

-1a71,E-05 -14502E-0%
Js Co
0. C.

e
-54493E-06 ~1.224E-05

-2.293E-05 ~1.573E-195
Je Js
Je Gu
Je Ce
Ow Co
T Q.
Qe Co
Oa Ca
Ce Qe
Do Co
[N 0.
Q. Qe
Q. Ca
O Q.
Qs Ceo
1Y Oa

RH{Y

60.00000

O

0.

Qe

[N
~1,1735--05
-5.36TE~06

~2,033E-05
-7.107C-06
Qo

SCALE= 1,00000E+00
] S 1¢
T0.00000 80.00000 90, 00000
Ca [} Ou
Qe 0. 28
[« “ Ow
[ —2a T43E-06 =7.3 :'E-08
~14S264E~05 ~1.376E-05 ~8.9.0€~06
—1e421E-086 Os 0.
Oa Qs [«
L Da Ca
<] ~4¢ "A0E-06 -14117E-0%
~12824F-05 —1.c33E~05 ~B.B864E-06
~24.432E-0b6 O, O
[N [ Qu
Qa <% [«
-2 7455-06 -l4 o E-05 -2.527E-0%
~2+407E-05 -14?53E-05 ~1,3738-27
Q. Na Ca
0c e [«28
Ce Ce .
Ca . Je
Qe Qs [«X
<% 0, 0.
0. [+ Ca
Ce Qe Ce
0., Co Ce
O [«28 [+
<28 [+2Y Co
Ue Ne Na
Te Qs B
0. Q. 0.
Qu [\1 Ca
[« 0. Q.
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EXAMPLE 2

As a second, simple example of the use of the EBQ code for a
problem for which an analytic solution exist, consider the motion of a
2.5 MeV electron traveling down a pipe in the presence of a constant
1000 gauss magnetic field., Two trajectories will be calculated, a
helical one guch thet the particle will move at constant radius, and the
other will be mis-m:tched so it widely oscillates in radius. The

momentum of the rays are given as:
p = Vel - EZ = Y25+ s102 - 5112 x 10

P = 2.967 x lO6 eV/c
The magnetic rigidity is B(guass) p(em) = P(ergs)/e(esu)
B p (g-cm) = 3335.7 P (MeV/c)

The cyclotron radius is the transverse radius in this B field of 1000

gauss. If we start the electron with P, = P,, then:
p,= P = P/VZ = 2.0982 MeV/c

Bp = 6.99896 x 103 g—cm

R = 6.998 cn

The wave length of a single oscillation is given by

.2
X = X _ sin 2
<] A
oo Tk oawo o
az Pz IS o ¢ X

so that X = 21 X, = 43.944 cm.
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The physical system is shown in Figure 2.1. The EBQ ‘ode data
input for this case is shown in Figure 2.2,

The data input defines a 41 x 26 mesh extending to 20 cwm. radius,
and longitudinally from O to 100 cm, line 4. The boundary generator
initializes a Neuman boundary on the left, right and r=0 axis. A
conductive cylinder is used as the outer boundary, defined bty line 5.
The potential is set to zero, line 8. Lines 10-13 set the problem
constants which are to differ from the default values. The high pitch
of the orbit requires a Rungga kutta integration step smaller than the
default value of the longitudinal mesh size. Lines 12-13 turn off the
calculation of phase space area and beam envelop, as these make no sense
for this example.

The ray data is given by lines 15-18. The input type 1 specifies
input of X, Y, Z, PX, PY, PZ, and current. The input is terminated by
the END card, line 18. A constant B, field is defined by the COILGEN
data, line 19, A CALCOMP beam trace plot is requeated, linz 20 with the
defaull value of CONST(34)=10, shown in Figure 2.3

The particle started at R = ° 994 cm with P, = PZ = 2.0982 x 106 oy/c

moves at constant radius while the ray started with R = 0, P, = P =

2.0982 x 108 ev/c oscillates with 0 > R 2 13,998 cm.
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solenoid magnetic
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orbit projected
onto the r-z
plane.

XBL 823-1942

Figure 2.1 Constant B, field, matched electron motion, showing three
dimensional orbit and its projection onto a plane.

. oS _MEV_ELECTRCONS IN 1.080 KG FIELD 4!
INITALIZE z
_BOUNDARY o = N o 3,
41 26 C 20 0 10D : R 4.
C- 12010002060 . - 5
s ¢l
S e e
PCT O S 4
CLNST 9
#10 o(5 0
%35 -13 -10 & --~-- CALLGMP PLOT SIZE 1OX10 M
*¥63 C § ---=-- NO EMITTANCE CALCULATICNS 1
. %71 0 5 CCNT FLOT EMVELGPE 1
S Y
RAYS 1 ‘5
{ 6.5535¢ 0 2,C962CE6 O 2.09620E6 1.0E-10 I
0 0 0 2.C682CE6 0 2,3682UE6 1,0E-10 T3
END RAYS INPUT 18
COILGEN 4_1,0E3 19
PLCT TRAJ S 15,
TRACK ) 24
END 22

Figﬂre 2.2 EBQ data input for the constant B, matched motion
problem.
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EXAMPLE 3

This example demonstrates the use of EBQ in the design of an atomic
beam spectrometer, originally performed with the EGUN program, UCID-
3860, (1974). The particular features of the EBQ code data input
exemplified in this example is the use of the BOUNDARY MODIFY to add an
electrode to an existing problem, the use of the RAYGEN input to
generate a particle distribution on a regular r-r' phase space grid, and
the input of boundary data in inches.

The physical problem considered is a ¥ beam produced by colli-
sion of an incident H® beam on the source electrode § at an energy of
about 1/4 eV by a charge exchange reaction. The space charge of the
H beam can be neglected, The simulations where performed for a two
($ and Q), three (S, Fl and Q), and four (S, Fl, F2, and Q) electrode
structur: ghown in Figure 3.1. Figure 3.2 shows the EBQ data for the
two and three electrode case. The focusing provided by the 3-rd elec-
trode F s evident from the trajectory plots, Figures 3.3 and 3.4 and
yields considerably higher acceptance to the mass-spectrometer quadru-
pole Q than the two electrode case.

The first data case has only two electrodes, the source and the
quadrupole acting as an accelerating anode in this problem., The source
is given as potential index ! and the quadrupole given as potential
index 3. The rays are generated by the RAYGEN data on a regular grid in
the r-r' phase space with 7 values of r' and 8 = 56/7 values of r. The
beam current is set to the infinitesimal value of 10_g amperes. The

RAYGEN data, line 19, has the following meaning:
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RAYGEN

1 Type 1 data

56 _ Total of 56 rays to be .enerated
10_3 Beam current for this generation
10 Beam current in the total beam
0.25 Initial energy of the ions in eV
0.24 Phase space emittance, cm-rad.
0.6 Maximum beam radius, cm

3.81 Starting z location in cm

OR4 Four zeros for F, R', @, and ¢
-7 Minus specifies regular grid of 7r' values
S Terminates ray data input

A phase plot is requested at Z = 11.42 cm, line 20, and a CALCOMP
plot of all trajectories is specified by the PLOT TRAJ S data, line 21.
The actual calculations are performed on execution of the TRACK command,
line 22.

The three electrode spectrometer is run using the same data defined
by the two electrode case preceding, but adding the forus electrode
(potential index 2) by the BOUNDARY MODIFY data, line 25~27. The TRACK
command, line 28, executes the same rays as where generated by the
RAYGEN dzta of the two electrode case.

The four electrode data is shown in Figure 3.5. The object of this
example is to show the data to obtain the tuning characteristics o. the
focus electrode, Fl. The problem is defined as in the two and three
electrode case by the BOUNDARY, INST, RAYGEN data. The MAP SECTION,
Line 28 specifies that only every tenth longitudinal position will be
used in generating the potential and charge array maps so as to reduce
the volume of printed output. The EQUIP data, lines 22~25, specifies

the equipotentials to be plotted so as to better show the curvature of
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the field lines near the source which provides the focusing of the
device. The equipotential lines calculated from the minimm - maximum
potentials have beer suppressed by setting CONST(47) = 0, line 18. The
case is executed by the TRACK data, line 31. The focus electrode is at
~300 volts and the beam plot generated by this run is shown on the
bottom of Figure 3.6.

The next group of data cards, lines 33~44 reduce the potential of
the focus electrode, potential index 2, set a new title to identify the
focus potential on the plot, and execute the data. The plots generated
at focus potentials of -295, -290, and -285 volts are shown in Figure
3.6.

The RAYGEN data has generated 30 rays on regular grid, Figure 3.7,
with each value of radius given five rays of different initial slope.
These rays have been phase plotted on the r-r' phase plane at 12.7 and
27.0 cm. VFigure 3.8 shows the r-r' phase plot at 27 cm for the case of
the focus =2lectrode at -295 volts. Rays C, H, N, S, Y, and ) were
emitted from the source initially at zero slope and have been connected
in the figure as shown. The other rays of the same initial starting
radius, but different initial slope, have been connected to the central
ray so as to demonstrate the non-linearity of the forces typical of such

problems.
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Figure 3.1 Atomic beam spectrometer. Source electrode on which charge

exchange occurs is indicated as §, F] and F, are the

two focus electrodes introduced in the three and four
electrode cases. Q is an electro-static quadrupole mass-
spectrometer considered as cylindrically symmetric in this
simulation.
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3 02 %95 3 02 £o 3 09 B 3 05 895 3 o2 645 < %
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*1& 0al $ POTSSON ERROR o1 VOLTS
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_END
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BOUNDARY MODTFY $ —~==—= ADD FOCUS ELECTROOE

2 20 2025 2 1 2425 2 1 205 2 2 245 2 2 2,25 S $ FNACUS ELECTPONE
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£MD
END

Figure 3,2 EBQ data for the two and three electrode cases of
example 3.
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Two electrode device showing ion trajectories and
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the three electrode device shown in Figure 3.4.
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EXAMPLE 4

This example shows the use of EBQ in running multiple ion species
together in one problem. The phase space plots, beam moments and
emittance can be individually calculated for each speclies present or
calculated for the beam as a whole, depending on the value of
CONST(66). In the following example, a beam of protons (H+),
deuterons (D) and singly charged molecular deuterium ions (02")
were simultaneously tracked with space charge included for all species.
The trajectories can be plotted in any desired combination as specified

by the PLOT TRAJ cards.

PLOT TRAJ 10 20 30 S

request a plot of rays 10, 20, and 30, while

PLOT TRAJ 1-10, 11-20, 21-30 S

request a plot of the rays 1 through 10, 1l through 20, and 21 through
30 on a single CALCOMP plot.

T o multiple species were generated by the RAYGEN data preceded by
CONST data sp.cifying the ions rest mass and charge. In Figure 4.1, the
first RAYGEN data, lines 25-26, genarates 10 deuterons, The second
RAYGEN data, lines 27-28, adds 10 m»lecular deuterium ions teo the
ficst 10 rayrs since the type is negative, and the third RAYGEN data

lines 29~30, adds 10 protons to the existing deuteron ions since the


http://ns.il
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type code is also negative. Each of these RAYGEN data cards is
preceeding by a CONST *1 MASS CHARGE S data card specifying the species
rest mass and charge.

The data is shown in Figure 4.1, The plots are shown in Figure
4.2. The plot of the 1¢, 20, and 30th ray includes the beam envelope
identified by the tri. gular symbol. Figure 4.2A, was generated by data
line 32, The plot of ail rays, Figure 4.2B was generated by data line

31 or 33.
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Figure 4.1 EBQ data for the multiple specics RTINS run.
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the EQUIP data shown in figure 4.1.
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EXAMPLE 5

This example demonstrates the use of EBQ to simulate a 750 kV
accelerating electrostatic focusing column following a 30 ma 20 keV
Xe' ion source. This column is part of the injector for the 50 MeV
proton linac at LBL. An iterative solution Lo the space charge problem
was found and compared to the first cycle based on the use of Gauss's
law. The effect of space charge is then demonstrated by setting the
beam current to zero and running one additional cycle with only single
particle motion in the external fields. The Xe source and quadrupole
focusing system are up stream from the column, the ions are charge
neutralized by the electrons generated by their propagation through Lhe
residual gas to the left of the boundary, with the Xe ions pulled from a
pseudo plasma boundary waist at z = | cm. The typical emiltance of such
a heavy ion source is 70 7 cm-mr, Figure 5.1. The rave are generated in
an upright phase ellipse randomly populaiaed in a four dimensional volume
by the RAYGEN data card, line 32, Figure 5.2.

The volume of output is reduced by taking every fiftLh point of the
potential and charge deposition maps as specified by the MAP SECTION
1 131 5 data card, line 33. Phase space plots in Lhe X-X', Y-Y', and
R-R’' planes are to be generated at Z = 1 and 25 cm, lines 24 and 34.

The first cycle of the calculalion is based on a space charge
evaluation from Gauss's law and should be very close to an iterative
solution found from successive cycles of solving Poissons equalion and
ray tracking. To verify this supposition, a trajectorvy and phase plot
is requested for the first cycle by lines »>4-35. The iterative solution

3

is initiated from the first cycle by a continuation for a maximum of 5
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additional cycles, line 37, TRACK CONTINUE 5. Note the similarity in
the Gauss's law and iterative solutions, Figure 5.3 and 5.4, The
importance of space charge can be readily demonstrated by reducing the
beam current to essentially zero and re-running, lines 40-42. The ray
trace plot is shown in Figure 5.5 for the zero current case.

Unless specifically inhibited by CONST(61) = 0, EBQ will draw a
dashed line marking the beam envelope projection of the previous cycle.
This makes comparison of .ue 30 ma and 0 current beam profile easy,

Figure 5.5

Ar’
---T70 mMr
l
== "
\ 0 0
cm

XBL 823-1944

Figure 5.1 Initial beam phase as given on the RAYGEN data card. The
emittance of .070 cm-rad requires a 70 mr initial
divergence for the 1 cm beam radius. The rays are randomly
populated inside this area.
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Figure 5.2 EBQ data for the )(e"‘l source problem.
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space charge was calculated from Gauss's Law,
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Figure 5.4 Final iterative solution of ion trajectories after six
cycles. The space charge 1s now calculated from the
solution of Poisson's equation.
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EXAMPLE 6

This example considers the continuation of problems from one case
to another. Problems can be continued for a varietv of reasons which
fall into two broad classes, those in a single run, and those of a
subsequent run. This continuation example consists of three cases:

A) A long transport system demonstrating the continuation of a
problem inside a single data case.

B) Continuation of a problem in separate runs where the entire
problem is dumped to tape (or disk) and re-read.

C) Continuing a problem (within one run or oiherwise) where the
rays are dumped after anm iterative soluti-n is found which
modifies the Laplace solution to the n»otential prob’em.

The rays must then be started from au interior puint of the

problem to avoid the fictitious Neumarn boundary of the

prot ms right edge.
A) The first example of a continuation protiem considers the transport
of a 11.1 ampere beam of U258, 50 meters i1n a constant solenoid field.
The tramsverse beam size is initiallv 10 cm and the beam is confined to
a vacuum pipe of 15 c¢m radius. 7Tne emittance of this beam is 1.94
cm-rad with about 49 kV of space charge depression. Aa urrealistically
high value of the longitudinal solenoid magnetic field was chogen to
reduce the ion wave length so many oscillations could be observed in the
modiest 50 meters of beam transport length.

The large beam emittance means that the rays freq ently cross so

application of Gauss's law to find the space charge electric radial

field based on the enclosed current requires that the current inside
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each ray be frequently calculated. In this run CONST(46) was set to
unity so the enclosed current was found every Runga-Kutta integration
step. A plot of the RMS beam radius was desired, so the moments of

the beam distributions was calculated every 50 cm as requested by
CONST(42) = 50. The 50 meter flight path was divided into five sections

of 1000 cm each, Figure 6.1.

r(cm)

q ; i ] !

i 1 ) } )

SECTION ! SECTION | SECTION : SECTION » SECTION

1o 2 03 | 4 5

' ' ' !

] . } ' !

, J | | } {
Q 1000 2000 3000 4000 5000 z(cm)
Figure 6.1 XBL 823-1945

The data is shown in Figure 6.2. The CONST *23 and the PUNCHB 1000
S data is global and crosses the problem boundary, producing a tape 9
ray dump at the end of each section of the problem. These dumps are
aut ‘matically wvequenced, as dumps 1, 2, 3, 4, and 5. These dumps are
then read by the following section by RAYS 8 NDUMP, where NDUMP is the
dump number appropriate to the start of that section. All other data
being the same as in the first section, only the ray distribution
changing.

Figure 6.3 shows the ray trace for the five sections into which

this problem ha2s been divided.
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B) Next, consider the continuatioa of a previous run, say continuing
the problem to improve the solution convergence from a p.evious run
dumped to tape 8. The left column of the control cards and data in
Figure 6.4 show the data generating the tape 8 dump after four
ray-Poisson cycles, the right column shows the data which reads this
tape and runs an additional two ray-Poisson cycles.

In this example, one file was written to tape 8 with a dump number
1 specified by the value of CONST(32). line l4. When the problem was to
be continued, the value of CONST(32) had to be set to this desired value
before DUMP IN. At this point, all necessary arrays have ueen read, and
tracking can be initiated. The TRACK card must specify continue to
prevent zeroing of the charge array, since the values of the potential
array and the cherge array are related by the soluiion of Poisson's
equation,
c) Next, consider the continuation of a beam trom some intermediate z
position past the end of the initial problem after an iterative solution
of the ray-Poisson equation has been obtained.

The Poisson ray trace cycles have altered the boundary potential
values from the Laplace solution by the beam space charge depression.
It therefore becomes necessary to set the potential on the left side of
the continuation boundary as a graded Dirichlet boundary. This example
might be essentially the same as A), the U238 beam transport example,
except that the longitudinal transfer point is interior to the problem
at, say, 8 meters rather than the boundary end cof 10 meters, Figures 6.5

and 6.6,
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When the transfer takes place, tt= potentials at 8 meters become
the left edge of the continuation prob 'm, as shown by Lhe use of the
increment option in the boundary data. T[he points in the POT( ) array
are stored from the scalar potential arrzv U( ) in the previous problem,
shown on the lefr. The continuation is shown on the right of the
control card ard data below. The left column is the conceptual data for
initializing the problem and propagating the rays, say to 10 meters.

The right column shows a following run which takes the rays from a 8
meter dump and runs them an additional ten meters to 18 meters, Figure
6.5.

Consider the data on the left, Figure 6.5. Lire 9. specifics Lhe
boundary mesh interval size as 0.5 cm radial x 20.0 c¢m longitudinally.
The boundary might have been that shown in Figure 6.6. The lellL edge
will be used as a starting edge of the continuation problem and should
have a potential cssociated with each radial intervai so that it appears
as a graded Neumann boundary supporting the space charge depressicn of
the beam. Say we assign potentials 4-24 to this edpe by

BOUNDARY
21 51 ¢ 10 0 1000

INCREMENT &4 24
I 0 0 24 10. 0 S

The initial potential array {(line LlIL) reserves space for these 21
values and 21 values to be stored from the potential U map at 8 melers.
These values will then be switched in the subsequent run, tine 15R, l6R

right (R).
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The dump numbers written to Tape 8 are specified on linec 13L and
14L. Line 16L sets a pointer so that the ray values are dumped to Tape
9 on the final iteration at 800 cm. Line 20 L stores the potential at
800 cm (ZLOC = 40) in the pot{ ) array positions 25-45. Line 21L dumps
out all the pertinent arrays defining th problew.

The continuation rua represented b~ the data on the right
(lines - R) set the dump numbers to be read on Tape 8 and 9, lines 9R,
102. The DUMP IR data initialize the arrays at the values written at
the end of the previous problem including the particle load at 10
meters. The particle load is redefined from the rays dumped at 8 meters
by line 14R., The z value >f the rays is 800 + CONST(23) = 0 initiali-
zing this load to the left hand boundary, a graded Dirichlet set by the
switch options, lines 15R and 16R. These rays are then tracked an addi-

tional 10 meters.
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Figure 6.2 U238 data for EBQ.
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————————— CONTIMNYIE 10-20 METERS
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Figure 6.2 (continued)
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Figure 6.3E Long transport of U238 ion beam in a constant solenoidal
magnetic field. The space charge is calculated frow
application of Gauss's Law. Each section of the
calculation shows the ion motion over a 1000 cm flight
path. The ending ray distribucion of a preceeding section
is the iniLial starting distribution for the next section.
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EOR
EXAMPLE OF CYCLE CONTINUATION
BOUNDARY

CONST
*21 4 § N CYCLES
*32 1 § DUMP NUMBER
RAYS 1

END RAYS INPUT
TRACK

DUMP OUT

END

END
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Figure 6.4
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OO E WRN

JOB...iuuen..
FETCHGS , LGO=EBQ/V3,12940.
FETCHMT, TAPES, 12345 INPUT DUMP
RFL, , 70000.

LINK,X.

EOR

CONTINUE PREVIOUS RUN Z CYCLES
CONST *32 1 S $DUMP NUMBER 1
DUMP IN

TRACK CONTINUE 2

END

END

EOF

Schematic EBQ data showing transfer of whole problem to

intermediate disk or tape file for restart at a later time
via the DUMP OUT and DUMP IN data.
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<
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TRACK X 5
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DUMP OUT
END
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RPN

JOB..........

FETCHGS ,LGO=EBQ/V3,12940.

FETCHMT,TAPE8, 12345 INPUT DUMP

RFL,,70000.

LINK,X.

EOR

BEAM TRANSPORT, 8-18 METERS

CONST
*32 11 $ BOUNDARY DUMP 11,DUMPI
*33 2§ B8 METER RAY DUMP,DUMP2
*23 -800 $ SHIFT RAYS 8 METERS

S

DUMP i

RAYS 8 2 § READ 8 METER RAY DUMP

LEDGE 25 45 0 O SWITCH & 24

POT SWITCH

TRACK X S5

END

END

EOF

Schematic EBQ data showing continuation of a problem with

orbit transfer at intermediate position via PUNCHB and

RAYS 8.

The boundary layer is shown in Figure 6.6.
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Figure 6.6 Boundary layout showing orbit transfer and LEDGE cut for
continuation data of Figure 6.5.
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EXAMPLE 7

This example shows the data to study a space charge limited plane
parallel diode. The initial conditiouns for (he electrons emitted from
the cathode is determined by application of Child's law. The boundary
data sets up a cathode with an emission surface specified by potential
index 1, line 6 and line 40, Figure 7.1, terminated by potential index 5
associated with the continuation of the cathode electrode. The grid is
a finite set of concentric wire rings, lines 7-20. The expanded rc ‘on
around the wire grid requires a reasonably fine mesh precluding running
the problem up to the actual anode, so the Lerminzling potential is a
curved surface following the space charge depressed surface of a 250 kV
equipot=nt ial line determined in a previous run extending from the
caihode out to the actual anode, lines 21-26. These points on the
250 kV equipotential line were found after solution of Poisson's
equation in a previous problem by setting CONST(49) = 1, CONST(47) = 0,
EQUIP 250E3 S, which causes a printing of a table of R,7 value along the
specified oo ipotential lines in this region, a list of po entials to be
plotted close to the grid potential is specified via the ECUIP data,
Line

The electrons are generated by Lhe RAYGEN 3 data, line 0, calling
for 100 equispaced rays emanating from a equipotential surface crossing
the 2 axls at z = 0.6 ¢m, The initial potential to be used in applica-
Lion of Child's law 1s given 25000 Volts. An iterative solution is
sought until the change in the total beam current is less than 0.01%

(1 amp in 10,000), line 32, or until 10 iterations have been completed,

line 47.
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Figure 7.2 shows the trajectories of these 100 electrons emanating
from the equipotential lines at 0.6 cm, passing through a continuous
plane grid at 1.5 cm and terminating on the 250 kV equipotential line.
The phase space area occupied by the beam extracted from this diode is
determined by the effect of the beam charge interior to its ,urface,
radially defocusing the ions on this surface, Figure 7.3. Additionally,
the construction of such a device with a mesh grid req ! « for
transparency and reduction of grid power dissipation prc ices a local
radial focusing of the beam, filamenting the phase spa as shown in
Figures 7.4-7.7. The grid would actually be construc' d of a wire mesh
which in the limit of a two dimensional axial simula .on is modeled as
concentric wire rings.

The orbits are terminated at an energy of 25° <eV, CONST(65), along
the curved equipotential line, data lines 37. ~ phase plot, Figure
7.7 at this energy is produced by the PLOT PHASK S, line 49 after the
TRACK data, line 47. This figure shows the phase space approximately on
the 250 kV equipotential surface where all r- s have the same energy.

The data required to modify the wire r 1g grid of Figures 7.4-7.7
into a continuous grid of Figures 7.2-7.3 s shown as case two of Lhis
example, lines 51-61. The boundary modi’ data does not initialize the
problem, only alterations to the precer ing cases are included, as
shown.

NoLe that the phase plot scales »f Figures 7.3 and 7.5 are not the
same. It the user desires the wirr nesh and continuous grid runs to
have the same phase space plot scs.es, he must set them explicitl,. The

data lines shown as 42~44 should set the phase plot scales at the


http://scf.es
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longitudinal pasitions z = 0.75, 1.5 and 6.25 cm to the values shown,

forcing these identical scales for the two cases.
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Figure 7.1

EBQ data for high curcent grid wire analysis example,
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R-Z plane showing equipotential lines and electron

trajectories for a continuous grid e-tracting from a
cathode emission surface extending to 12.7 em radius.

The electrons pass through a grid and terminate on a 250

keV equipotential line.
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Phase space produced half way between cathode and
continuous grid. Note the dominant effect is the space

Figure 7.3
charge defocusing of the outer edge of this non-Pierce

corrected structure.
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R-7Z plane showing equipotential lines and electron
trajectories for the same geometry of Figure 7.2 whera the
continuous grid has been replaced by a set of concentric
rings as shown. Note the local einzel lens focusing of the
electron beam after passage through the grid electrode.
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XBL 823-1923

Phase space produced half way between cathode and grid by
local effect of finite grid wires prior to beam passing
through the grid. Note the dominant effect is the space
charge defocusing of the outer edge of this non-Pierce
corrected structure,
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Phase space a' Lhe grid. The maximum beam energy is 85 keV
as that 1s the potential set by the grid wires every cm in
radius. The beam is fi] mented by the focusing of the | c¢m
grid wires on approach to the grid plane. This einzel lens
effect is comparable to the non-Pierce corrected space
charge defocusing of the outer edge of the beawm.
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EXAMPLE 8

Th'< example demonstrates a long trausport system for a cesium ion
beam (100 meters) in a computationally economical way. Space charge
will be calculated from application of Gauss's law, the self magnetic
field is unimportant for these low energy ions.

The problem 1s three distinct characteristic dimensions,

1) Roundaryv wmesh used only for plotting, i.e., iwns traijectaries are
stored al each :ZMESH interval for plotting. This mesh will not be used
to solve Poisson's equation, as the space change will be found from
Gauss's laws.

2} Magnetic field arrav - the vector potential array is differentiated
Lo ' ind the components of the oxternal magneti. field B and Ry

This arrav mus e ane enough to allow accurate eva nation of these
fields in the sharp fringing field region of the short field lenses.

3) Rinea-Kutta integration step - this step must be smalle: than
distances over which el changes are appreciable or t(uys cross, since
vav 1 ssings effect the enclosed current used to find Lhe space charge
f1 .

The magnet ic field cell (0-300 cm) must be present over the entire
Len »f the pronlem since the solenoids provide Lhe restoring farce
awainst beam expansion from the beam emittance and space charge
diverpence.  The shortness of the field lenses requirce a relatively Ffine
mes' ft therefore becomes necessary Lo nse the region--repeat
param ters of the COTLUEN data to - lide the 3 woter map  tic field cell

aiong the mesh thee beam propagate ».
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The data defiaiag the basic problem is shown in Figure 8.1. MA
OFF, Line &4 suppresses the boundary mesh map, (its quite long ard
uninteresting), the potential, and the charge maps normally generated
after execution of TRACK. The various problem constants are defined by
lines 10-19, with the meanings given as comments following the $ on the
data cards. The magnetic field is generated from Lhe data lines 20-27.
The field is rapidly varying in the coil region, an exjanded grid is
used in the longitudinal location of each coil requiring the 0-300 cm
coil section to be divided into five regions. The positions, and grid
mesh size dr,dz of each region are defined by the data liaes 22-24,

This entire 300 cm section is subjected to the 6000 point mesh
restriction of the APHI array. As the orbit calculation proceeds, the
field will be found by a z origin shift from this basic field sect ion as
specified by REPEATS = 100, line 20.

The rays to be rum are specified, lines 29-37. The current data
line is not used as the RAYS card, line 29 specified a total current of
0.25 amperes to be distributed amongst the rays according tn Lheir
radial positions, line 30, so as to yield a starting beam of uniform
current densily.

This data is executed, line 39 producing the plot shown in Jigure
8.2, The ten rays propagate from left to right, with Lhe magnetic field
shown «s the wildly oscillating curve. The scale of the magnetic field
is printed on the plot, BMIN, BMAX = -31801, 31801 Gauss. The zero line
for the field plot is marked by the shorL ticks on the left and right of

Lhe plot, in this example, nall way up as Lhe field is symmelLric. the
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run is now repeated at essentially zero current, data lines 40-42, to
demonstrate the importance of space charge for this beam, Figure 8.3,
The dashed line of this figure is the space charged beam envelope of the
preceding TRACK.

This first part of the data set used a mesh cell of 1.0 x 100 cm
and a Runga-Kutta integration step of 2 cm., To better illustrate Lhe
magnetic field shape and orbit motion, an expanded region is now run.
The accuracy of the calculations are not improved, as Lhe mesh size in
this example is unimportant, since Gauss's law is being used to evaluate
the space charge forces and there are no external electric fields.

The calculation of the current enclesed by the rays is performed each
mesh interval, but this laminar bezam does noL cross. The data lines
45-49 set up an expanded seclion, from 0 -1000 cm with a mesh size of
1.0 x 10 ¢m.  The beam current is reset Lo the initiat 0.25 ampere value
tine 51) and Lracking initiated (line 52) Figure 8.1, The trajecloary
nlot 15 shawn In Figure 8.4, The curvent is then reduced Lo essentially

zero anmd the beam tracked withoul space charge, Figure 8.5. The

maanet i fiold Is found from within the vector potential map generated
o e nreceeding case, since Lhis map covers Lhe physical space
simalated in vase 2. Compare the first 1000 ¢m section of Figures 8.2,

8.3 with Figures 8.4, and 8.5.
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Figure 8.1  EBQ data demonstrating the use of 2 repetitive magnetic

field zone.
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EXAMPLE 9

Consider the design of an X~ray tube with a point scurce of
electrons. The details of the particle source region require running
the problem as a sequence of several sub-cases so as to reflect the
electro-static potential in the entire device from which is extracted
the potentials to be used as boundary values for the source region
problem. The electrons are then extracted from the emitter and run out
to a reasonable energy and injected from this source region in to the
rest of the device for transport to the target.

The data, Figure 9.2, divides the device, Figure 9.1A, into the
regions delineated in Figure 9.1B. Secticn 1| of this data, lines 1-25,
define the entire global problem comprising the wire cathode, focus
electrode, anode and transport regions. This problem is solved to find
the graded Dirichlet potentials to be used as boundary conditions in
case 2 and 3 which expand the region around the cathode emission point
to allow the required refinement of Lhe mesh to simulate the high
electric {ields found around a point source. Laplace's equation is
solved, line 17, or the global problem., TInterpolated potentials along
selected lines within this global problem are then stored in the POT( )
arrav for use as boundary conditions in the following sections of Lhis
dala by the POT STORE data, lines 18-22,

Since no rays are tracked in this first seclion of this example,

a plot of the boundary with the 2quipotential lines must be produced
by specifically requesting it via the PLOT EQUIP data, line 24, or a

PLOT BOUNDARY data.
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The number of points to be stored in the POT( ) array and the
specification of the interpolation line to use is determined from the
mesh size and boundaries of the subsequent cases. Consider the lefl
edge boundary of the emitter case, case 2, lines 26-50. The 31 x 26
mesh covers the radial region from 0 to 0.6 c¢cm in the longitudinal
section extending from 0.7 to 1.7 cm, line 29. The 31 potential values
to be used as the radial boundary on the left edge of the problem are
stored in the pot array in locations 11-4! as specified by the POT STORE
R 11 41 data, line 18, and inserted into the mesh by the INCREMENT code
in the boundary deta of case 2, line 32, The actual potentials used are
interpolated from the U{ ) array along the radial line (R) at z = 0.7 cm
extending from O to 0.6 c¢m in 0.02 cm steps, lines 18 and 32-33.
Similarly, for the other boundary potentials of the subsequent cases.

The rays are generated in case 2, line 45. The 25 rays are to be
started at a constant longitudinal value, z = 1.02 cm inside a regular,
upright phase space grid with five radial values and five angular
values. The radial values are determined from the maximum beam radius,
RBEAM = 0.07 cm, so R takes the values .007, .021, .035, .049 and .063
cm, The radial angular emission value is determined from the beam
cemittance specified as 0.1 (EM = RBEAM*RPMAX) as the five values -10/7,
-5/7, 0, 5/7, 10/7 radians. The rays are to be traced and their values
at the end, z = 1.7 cm, saved for continuance in the next case by
writing a binary disk dump via the PUNCHB data, line 46. The rays are
started at 2 eV in the very high electric field region arvund a point
emitter, so the Runga-Kutta integration step must be adjusted so that

the rays do not gain energy too rapidly. The RKSTEP data, line 49,
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specifies a .00l cm step to 1.2 cm, and .0025 cm step to l.4 cm, after
which the value given by CONST(10) will be used.

Case 3 tracks these rays from the end of case 2 to the anode hole,
data lines 52-77., The rays are read from the binary disk dump, line 46,
by the RAYS 8 data, line 65. The last ray, ray 25, .s to be removed,
line 66.

The equipotential lines plotted in case l are turned off in this
case by setting CONST(47) to zero and nulling the EQUIP array, lines 69
and 72. The rays are then tracked with phase plots taken at 2, 3, 4, 5
and 6 cm. The CALCOMP boundary and trajectory plots are shown as

Figures 9.3-9.5.
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Figure 9.2 EBQ data for x-ray tube. The dala divides the problem into
a "Global problem" from which potentials will be extracted
for use as boundary conditions for a second problem "Region
around cathode™ used to find the electron orbits for
injection into a third problem "TRANSPORT RAYS."
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Figure 9.4 EBQ trajectory plot for the sub-problem "expanded region

) around the cathode" of the x-ray tube example, Note tip of
the focus electrode on the upper left portion of the plot
and the cathode electrode tip on the lower left, The
electrons originate at z = 1 cm at essentially zevo energy
and are accelerated to z = 1.7 cm, at which point they will
be transferred to the next problem, Figure 9.5.
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Figure 9.5 EBQ trajectory plot for the sub-problem "Transport Rays" of
the x-ray tube example. Wote the anode tip shown in the
upper right of the plot. The trajectaries begin at the
left edge as transferred from Lhe previous problem, Figure
9.4, and continue to the right. This problem is at the
lower right portion of the Global problem shown in Figure
9.3
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EXAMPLE 10

This example shows the use of a cathode masking with a Child's law
start, to generate a hollow beam of electrons from a space charge
limited diode. Consider two concentric plane disk electrodes, one a
cathode with a ring treated for electron emission from 5 to 12.7 cm in
radius, Figure 10.2. Tre Child's law start is defined by the RAYGEN
data, line 15, Figure 10.1 specifies 50 equally space rays starting from
a surface originating on the z axis at 0.6 cm., The rays will be
distributed only over the radial interval of this surface which projects
back to the cathode as defined by a potential index | curface, Figure
10.3. Note in the boundary dala, the cathode electrode started as a
potential 5> surface, from which no electron emission occurs. At 5 cm
radius, the potential index of this surface changes to 1, {rom which
electrons can be emitted. At a radius of 12.7 cm the potential index
changes back to 5, terminating the emission surface. Both POT{l) and
POT{5) have the potential of the cathode surface.

After iteratively converging the Poisson-ray trace cycles, the
effect nf the space charge is evident from the bows in the equipotential
surface's away from the conductive electrode section Figure 10.4. The
effect of the space charge is best displayed on a phase space plot,
Figure 10.5. The beams self magnetic field geuerated a self focusing
giving a general radial converging (inward slope) to tte electrons,
while the lack of electro-static apace charge on the inside and outside
of the beam (beam edges) causes a divergence of the outer 2dges of th=z

beam away from its core, Figure 10.5.
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As a further example of cathode masking, consider the case of a
three concentric ring electron emitter shown in Figure 10.6. The data
is shown in Figure 10.7 and shows two alternative ways of generating the
cathode masking. The first method specifies a single bouidary segment
all at zero volts, but divided into sections with potential indexes 1, 5
and 10 (POT(1), POT(5), and POT(10) all zero volts ) The RAYGEN data
specifies emission from only potential index surfaces 1 and wmasking from
potential index 5 surface, with termination of the cathode and mask at
the encounter of any other potential index, such as index 10. The
cathode generation (i.e., 10 is not index ! or 5) is Lerminated at a
radius of 6.5 cm in this example by the onset of any non cathodes or
mask index in the mesh array. Recall, a poteatial index extends fram
the point of its occurrence (I,R,Z) in the mesh up to, but not including
the next point (I,R,Z) in the mesh whose potential index is used,

The alternative method shown for the mesh generation of this three
ring emission cathode demonstrates the redefinition of mesh points by
subsequent electrnde specification. Figure 10.7B shows the data where
each boundary segment comprising the cathode electrode is given
separately, using the potential index 1 for the electron emission
secLions, index 5 for the masks and index 10 for the cathode terminator
section of the cathode electrode.

The ray and phase plots generated by this data is shown in Figures

10.8 and 10.9.
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Figure 10.1 EBQ data for Child's law cathode maski:e example.
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Figure 10.4

EBQ trajectory plot showing the Child's law electron§
beginning at the first mesh interval after the starting
surface., The curvature in the equipotential lines results
from the beams space charge.
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Figure 10.6 Three concentric electron emission regions geometry
example, illustrating the EBQ cathode masking procedure
with Child's law starting.
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Fig.re 10.7 EBQ data for the three concentric ring emitters shown in
Figure 10.6. The boundary data is given in two alternate
ways.
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Figure 10,8 EBQ trajectory plot showing the Child's law emitted
electron rings and the space charged altered equipotential
surfaces for the data ghown in Figure 10.7.
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Figure 10.9
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Phase space of the three concentric emitter case. The rays
are emitted normal to the equipocential surface of Figure
10.8 giving the particular M shaped phase space. Note the
dr/dz axis extends from -.122 to .039 radians, with the
asymmetry toward the converging side created by the
focusing effect of the bheams self magnetic field. The
electrons on the six outer edges of the three beam rings
are defocused via the beams space charge, as shown.





