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EBQ CODE 
TRANSPORT OF SPACE CHARGE BEAMS IN 

AXIALLY SYMMETRIC DEVICFS 

Arthur C. Paul 

Computer Applications Department 
Engineering and Technical Services Division 

Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 94720 

Abstract 
i 2 Such general-purpose space charge codes as EGUN, BATES, 

3 4 

WOLF, and TRANSPORT 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 occurred 

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 magnet Lc 

field. FBQ simultaneously tracks all trajectories so as to allow 

procedures for charge deposition based on inter-ray separations. 
^Electron Trajectory Program, W. B. Herrmannsfeld, SLAC-166 (1973). 

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

3W0LF, 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). 

4TRANSP0RT, An Ion Optic Program, LBL Version, A. C. Paul, LBL-2697 
(1975). 
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The orbits are treated in Cartesian geometry (position and momentum) 

wiLh 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-"v>s where different charge and mass states are 

present. 
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INTRODUCTION 

The EBQ (electric field 15, magnetic fields ji, 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 fields. 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 assigning values of the 

charge density to grid points. This method provides sufficient accuracy 

to model the cancellation that occurs between radial electric and magne­

tic self-forces in a relativistic beam. 

A problem can be conceptually divided into four parts, specified by 

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 instructing the computer code on out pur. 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. 
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COMPUTATIONAL PROCEDURE 

The EBQ code solves Laplace's equation in cylindrical geometry 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 potential 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 i 

the space charge field in addition to the electrode field by solution of 

Poisson's en. nation. The axially symmetric external magne' ' ~ field is 

found from the local magnetic vector potential. 

The next eye 1e is started by solving Pnisson's equat ion. The rays 

.1 re then r>' i -i i t i a] i.zed and simu 1 t a neons tracking performed wi th the rays 

di'pusi t i ng charge- on the lattice for use on the next eye I e. This set of 

ml. iilai : •>' is repeated until a predetermined number -if cycles have 

' en per fnrmed or until the first moment of the parti cle distribution 

fails to change by a predetermined amount. 
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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 momentum of the 

particle, its path length, and the time of flight. 

The <. "matrons of motion are derived from the Lorentz equation: 

P = H (E + J x 5) c 

Eliminating time by the relation d/dt = v z d/dz, we obtain for the 

components of the Lorentz equation: 

^ E + eq (-* x \) x I v z y 

P = -^ E + eq y v y I x v z 



= S3. E + e q _£ B - -Z 
^ \ M y v X 

where ' denotes differentiation with respnct to the longitudinal 

coordinate, z. The spatial coordinates can be found from their 

differentials 

i 

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 

FT = E" + c^P 

The velocity of the particle can readily be found as 

P 2 v = - c 

c i : he '-'•.' 'ic i ty o^ i ight, l-'o the rest enei gy in ev and P the 

.'•r,, nun in ev/C, The flight time differential is now found to be 

t = s /v 



rewriting the equations: 

11JL.E ^ l y B - B 2 P x c \ J z y 

^a|_E + «a |B - x B 

2 P_ z c \ y J 

P /P 
X Z 

y " P /P y z 

P/P 

S /v 

subject to the specification of the initial position in phase space, x, 

y, z. Px, Py, Pz. 

The units fjr E and P are ergs and ergs sec/cm respectively, B in 

the gauss, c in cm/sec (3 x I"ilu), e in esu (4.8 x 10~ 1 0) and R in 

statvolts. Practically, for computer implementation, we will work in 

units of energy and momentum of ev and ev/c, and electric field in 

Volts'cm, the momentum equations now become 

E(ev) 

y \ c m 

P ( e v / c l 

E(ev) 

E (V/cm) + 300q 

q P ( e v / c ) E v l < V / c „ 0 ) + lOvq 

v B (g) - B (g j z y 

B (g) - x B (g) 

- ^ 4 y E z ((V/cm)) + 300q * \ ( g ) - v ' B (g) 
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SELF-FIELDS 

The beam carries charge along the z direction which is deposiled on 

the mesh whenever a ray crosses a mesh line. The current enclosed by 

each ray is used to find the self magnetic fields by application of 

Ampere's Law. The paraxial flow guarantees only a Btf) component 

1 B*d?. = u i n 

where i is the beam current contained inside the orb it 

n i 

wi.fjT u a = 4" x ]0 ' mks- imit ' . ' . i is the t o t a l beam c u r r e n t enc losed 

h v !_!!<-• ny M;id r . .Misiderat ion at r ad ins R. 

u . . n i (amps) 

rr >rr s;/mm«jl" cy , Bit has an x and v component which enters the equ.it: ions Tf 

iTi'-t: i on nepenH i ng on the it coordinate of the ray, but no B z component. 

This is what I mear by parax ia1 approximat icn. 

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

electric field 

j E ds = — I Q 

2irrE = -2-

2TTC0rv 

u titi \ - 5 0 x (Amps) 
E (V/craJ = —7 1 7—*-7 c-
r TTG. r(cm) v(cm/8ec) 

The constant has the numerical value 1.795775 x 1 0 1 2 cm/farad; i is 

the same enclosed beam current used in calculating the self-magnetic 

field. 

Gauss' 3 Law is not a good approximat ion to the space charge in the 

presence of grid electrodes, since these structures short out any radial 

electric field. A scale factor is therefore 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 n to find the self-magnetic field and 

the electric potential Ufo-l 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 vill 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 therefore pinch 

on itself. This procedural instability can be damped by applying a 

correction to the beam radius used in determining 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. 

B* = °-2 . +,. /n =5-7 

Where R^ is the ray r a d i u s on t h i s c y c l e , C^Q i s an input c o n s t a n t , 

and Rfj-i is an approximat ion to the beam r a d i u s on cyc le N-1 

de termined from the l oca l r a d i a l e l e c t r i c f i e l d by Gauss ' s Law. 

R N - l a T~Z 
r 

For very high c u r r e n t beams i t i s npces sa ry to keep the se l£-magnet ic 

and e l e c t r i c f i e l d b a l a n c e d , so CIJQ = 1 is a good gues s ; with not so 

high a c u r r e n t where the problem i s dominated by the s e l f - e l e c t r i c f i e l d 

th^ v .-1! lie of C^Q is u n i m p o r t a n t . Note , when i t e r a t i v e l y c a l c u l a t e d , 

th^ *-ad i ,i 1 vrtl MP is RJJ r e g a r d l e s s of the \ o l u e of C^Q. 

file:///olue
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CHARGE DEPOSITION 

Self fields for intense beams must be started in a reasonable way. 

EQB provides several options. 

1) Gauss's Law 

2) Charge 3 

3) Averaging Over Many Cycles 

h) Self Force Damping 

5) Charge Limit. 

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 to prevent the magnetic self field 

from pinching the beam. In reality as the beam pinches, the space 

charge provides a compensating restoring force. Ln 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: 



MAX 

INSIDE. " j) V*K < R
j
) + j £ ^ 

The space charge is deposited on the two nearest mesh intersections by a 

linear interpolation based on the distance of approach. The charge 

carried by the J ray is 

where V; is the velocity of the ray and I- its current. If the ray 

is 6 from the K t n mesh point, and A is the mesh interval, then 

v.* - ^- f i 

The self magnetic field in equilibrium with this space charge is 

M = 0.2 I i n S ^ d e j 

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

whe:i 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 in amperes/cm*- as a function of: R in cm at the place 

of beam origin. Conservation of charge requires that the charge between 

two adjacent rays be conserved, 

0 = J(r)/V 
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the charge to be deposited on a mesh line of radius f̂  separated from 

thd adjacent mesh lines by the internal A is the charge between the 

cylinders of radius Km ± 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 J 0(r 0) be the current, density at 

the origin of the beam as a function of radius cQ at which a given ray 

is born. Let 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 0( r
0) t o t n e c rrent value at r. 

Figure B shows the charge deposition mesh lattice superimposed over the 

radial mapping function. The charge to be deposited en any mesh point 

is the integral of the charge along this mapping function. 

Consider the charge to be deposited on mesh line u]_, figure 3 

*R1 = V I 
r J ( r )d r o o o 

—vrry-

whi le the charge to be d e p o s i t e d on mesh l i n e ri2 f igu re B i s 

D 

^R2 
1 

n 2A 

J ( r )d 

/
r J t r ; d r r 

o o o . J 

r J ( r ) a r o o o 

Trrr /
r J ( r ) d r 

o o o 
V ( r ) 
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The charge depos i ted on the a x i s i s g iven by 

-A/2 

A 2 - o 

r " r J ( r ) d r 
/ o o o 

J~ V(r ) 

r * 

XBL 823-1900 

F igure A. Rad ia l mapping func t ion of Nei l charge d e p o s i t i o n . 

ru a t R. 

n , a t R 

A B C D E F G H 

XBL 823-1901 

Figure B. MESH lattice superimposed over the radial mapping function. 
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Th e 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 determined 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. 

XBL 823-1902 

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 Z^ of concentric circular loops. 

P 

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

I = [ (ZT - Z ) 2 4 a 2 + R 2 - 2aR coscJ>] 1 / 2 

The or. 1y 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<()cos<}>. Thus 

\ 4 T J re 
coS({) dtji 

. , Z - Z ) 2 + a 2 + R - 2aR cos^l 1' 2 

o L 
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Evaluation of these elliptic integrals yield the magnetic vector 

potential. 

The magnetic field is obtained from 

V x A 

1 3Az _ J3_ 
r 3<|> 3z (rA<)>) 

3Ar J3Az 
3z ~ 3 

Az I? a(rM) 
9r 

The azimuthal synnnetry guarantees A r = A z = o 

IM hi 
3r + r 

- 3A((>/9z 

The vector potential is known on the lattice points of l:he magnetic 

potential mesh defined by COILGEN data. The value of the potential and 

the field values within a lattice cell are derived b;y finite difference 

approximation. Consider a Taylor series expansion of the vector 

potential about some point R,Z. The central difference equation is 

obtained by representing R = r 0 + r, Z =: z 0 + z so that r, z are 

smal1 displacements from r 0 , z Q . 

t>Cr,z) = A<*>(r ,z ) + 4 ^ 
O O rtZ 

3A, 1 3'A* 
2 3r 

1 32A(f. | 2 3 2A* 
2 , 2 3r3z 3z I 

Defining the expansion coefficients through second order by 

A(|)(t,z) = 
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resu l t s in the f in i te difference approximation to the vector potential 

"-.•wiP)-^}-^ 
VV 2 A o] ; 2 + ( V V A r A 4 

I 

1 5 

2 0 

-*-z-> + 
r 
+ 1 h 

4 J 

3 

wh": •• A-, . A] , A2, A3, A4, and A5 are the potent ial values at 

t. In? star mesh intersections 0, 1, 2, 3, 4, and 5 as shown above. h and 

I are the radial and longitudinal mesh sizes and r and z are smal1 

dis placements from the central point r 0, z c. 

The magnet ic field components are 

1 2a,z - arr 
4 5 

a + 2a^r + a z R 
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Near the axis of cylindrical symmetry R + o and a power series expansion 

for A<J> based on the known symmetry must be used. Only even powers of R 

can exist in the expression for B z, since it must be the same for ±r. 

Assuming the following expansion near the axis for B z 

B •= 2fa +a.z+a_z 1 + 4[a-+a,z+a.z lr2 

z o J 3 J L 2 4 o 

The vector potential is found by integrating B z 

2 2 3 AA = (a +a_z+a_z )r + (a„+a,z+a.z )r o J > 2 4 6 

Dropping third order terms, we have 

yielding 

- 2(a. + a,z) 
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In terms of the lattice point values, we have 

t ' 
h 

I 

1 4 

r 
i 

5 

0 4 

A* 
A \ ^ + ^A 5- A l 

/ \ -A ' 5 1 

£ • > V 
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ELECTRODYNAMIC POTENTIAI 

Poisson's equation is solv~d by the standard finite difference 

approximation in cylindrical coordinates. Consider the usual 

rectangular mesh shown: 

< 6 — 
0 

63 

Here S. is the longitudinal mesh size and h the radial mesh size. 

The solution for the potential at point o satisfied the finite 

difference equation approximating • U = p 

U 1 1 3 - fi - - = - 1 2 ?r ' + U„ 1 „ T2 2 

where UQ , Uj , LT2, U3 and U/̂  are rne potent iaIs at the mesh 

intersections 0, 1, 2, 3, and 4 shown in the star diagram above. 

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

by taking a power s*5 ries expansi _>n for u in jven powers or r 

LT = a + cr + 
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The appropriate finite difference equation is 

.(?)*M?)*M7)*M?)-"#i *$. 

Several classes of mesh stars result when a boundary intersects the 

mesh. The irregular stars shown below result. Define p and 65 as the 

-ir.it normalized boundary intersections (if the boundary is dz from point 

0. then p = dz/l such that when 0 <̂  dz £ £, ° <. 8 <_ 1) the Taylor series 

expansion coefficients fo r the potential becomes 

a + a.z + a j + a.i o 1 2 3 a , z + a rrz 4 5 

where 

aj = (Uq - '!N)/2b 

aj - ,UN + iQ " 2UU)/2D12 

a, - 0:y '- ; 'Tj - (l + p)l! n)/D 22p{H|>) 

I' 
• - . - • - I'D 

: + R C j__ 
r(i+?) r c 

l-P+P 
Di : )2 

(i:s •* n„ - L! - U 4. 'D,l)2 

http://-ir.it
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The value of IfJ,R,L,Di and D2 are determined by the boundary 

intersection quadrant. UR is the rixed boundary point potential and 

is not relaxed during solution of the equations. The electric fields 

9" 
Er " ^7 = a2 + 2 a 3 r + V 

E = -=— = a. + 2a. z + a r z 3z 1 4 -> 

For internal (not boundary points or electrode points) points, higher 

order terras can be included in the expression for E r and E z. This 

will slow down the calculation but might be necessary for very high 

current beams where significant depression of the potentiil on axis 

occurred. Control of this option is selected by the value o f 

C0NSTC86). The additional terms are: 

3 U = U + a,r + (a_r + a nz) rz ez 6 7 8 

? 2 F; - E + 3a,r + 2a_rz + anz r r 6 7 8 

E + a_r + 2a_ rz z 7 8 

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

2 2 3 U + a nz + a, z + (a. + anz) i- + a, z o 2 4 1 3 n 

E = 2r (a, + a_z) r I 3 
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2 2 a„ + 2a, z + a~r + 3a, z z q J b 

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

2 2 4 
u = u + a . z r + a^r 

€ - E + 2a r z* r + 4a-,r 
r r 5 7 

E + 2 ; i r r 



-23-

^MHf^ 
hi A 

'* 

I J K L M N P Q a D D , 

1 4 2 3 

2 3 - 1 4 

212 v 

1 4 - 2 3 

3 1 4 

1 2 3 4 

2 3 4 1 

3 2 1 4 

2 1 

* a s I h 

' a r I h 

h I 
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BOUNPARY 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 P from the 

central mesh point. 

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

CDC computer environment is 

B IB IPOT ICOEF 

60 31 30 22 13 1 

A boundary point is any point, I, whose mesh value, MESH(I), is 

greater thsn the maximum value allowed tor coefficients, 409^77778, 

However, the array size of 6000 allows only 6000/6=1000 boundary 

points. The maximum order uf mesh points is determined by the size of 

the U, MESH and RH arrays 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.j type 002 and a right end 

Neumann boundary is type 00b. 

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 (3 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 

HAP 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 orb it tracking and is normally zero. 

If, however, bit 30 has been turned en, orbit trackii 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, 

their finite difference Poisson equation coefficients and electric field 

expansion coefficients used in the EBQ code. 

The finite difference equations approximating Potsson's equation 

can be defined in terms of coupling coefficients sampling the potentials 

of points surrounding the center of the relaxation star. 

v 2* = p 

becomes 

C 1 * 1 + C24>2 + C 3 * 3 + C4<|>4 - C54,0 - C6p = 0 

For regular s ta rs there are no boundary or electrode in tersect ions and 

the appropriate equations a re : r 0 * 0 

V2* - K (1 + 27-)*, + \ 0 " 27-)* 3

 + -T*2 + i T h - i^2 + \ ) * 0 = P 

T 1 r - « -
h 
1 
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 potential is developed in even powers of r. 

For regular stars with no electrode intersections the appropriate 

equation at TQ = 0 is: 

2 4 1 1 
V $ - — j <t>. + —j- 4>„ H j <t>, 

h I SL 
h X 

f0 

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

according to the following scheme. 

IP > 0 

001 

11 c o <>——o e ' I o 

004 © 

O 6 

0 l I B 

015 K 

o <? 

00(1 

0 I J B 

o— 

( I K . B 

1 
007 

0 17B 

010R 

0 0-
0MB 

r _4 TT 
020B 
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The displacement of the electrode from the central point 0 Is 

defined as the unit normalized beta (6) while the complimented 

displacement from the relative star mesh point 5 is called 85 etc. 

TYPE 
002 2 

\) + B 6 * * 1 

v 
\ 

0 

TYPE 
004 2 

<-8£+ 

0 / 

TYPE 
001 

1 
=i 

B 5 

0 4 

a 

TYPE 
003 

1 5 

+ 0 4 

B 7 « V 

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 001, 002, 003 and 004 assume reflection about the mesh 

line 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. 
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9l 

2 ex-

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

IP=0 

Type 001 Tyre 002 Type 003 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 outside the problem by the values inside the problem. The double 

Neumann boundary types are: 

IP=0 

005 006 007 010B 



POISSON'S EQUATION 

Consider 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 0 D. Then the finite difference approximations 

0 < 3 < 1 

\ 
P(L+f)h2 

2 + 
l2 (!+8)h2 [ 

„2 _I (2 + (l-B)ih + 
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TYPE 002 

0<B<1 

2 r ; dz'fU+B) 

' 3 P 2r ) 
d i ' ( I + B ) dr dz FI 
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TYPE 003 

0<8<l 

dr2(l+P) ( " * ' ) 

2 2 dz dr B 

dz ° dr (1+S)f 
1 "4f 

dr (1-B) 



TYPE 004 

dR 

IdZ 

- 3 5 -

|BdZ 

0<B<1 

' $ " +1 
dr 

1 + ^ 2 V 2r 
1 

d r ' ( l f B ) d z 

+ K -BTHRT d z 2 
-J -+ -2— 2 2 dr pdz 
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Poisson equation coefficients. 

Type Oil, 012, 013, and 014 

015, 016, 017, and 020 

011 

012 

<i o 

Same as type 001 wi th 

C 2 = 0 and C4 = 2C 4 

Cj = 4 / d r 2 C 4 = 2 / d 2 2 ( l + B) 

C 2 = C4/B C 5 = 4 / d r 2 + ? / d z 2 8 

C-, = 0 

Same as type 003 wi th C 2 =0, 04=204 

Cj = 4/dr- C4 = C2/B 

C 2 = 2/dz2(l + B) r. =, 4/dr2+2/dz2P 

C-, = 0 
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015 

016 

017 

Same as type 1 with C2=2C2, Q,=0 

Same as type 2 with C^O, 03=203 

Sane as type 3 with 04=0, C2=2C2 

Same as type 4 with 0^=0, 03=203 

020 
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When boundary electrodes intersect two legs of a mesh star, they are 

typed according to the following scheme: 

021E 

022B 

/ 
023B 

• > 
a 

0 

I 

023B 
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Note that mathematically there is no distinction between the finite 

difference approximation to Foisson's equation for thi Inside corners and 

slant electrodes, "heee types are 021B-024B as shown above, where a is 

the unit normalized vertical leg electrode distance and 8 is the unit 

normalized horizontal leg electrode distance. 



TYPE 02IB 
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2 o-

] 

ct(L+a)h" '0/ B B ( l + B ) £ 2 

(1+B) ,2 '4 
ah 

2 + ( 1 - a ) 

B + J 2 B ( l + a ) h 2 

2 ah 

" r o . 

*0 
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TYPE 022B 

2 • _ 

t-61* 

0 t 
ah 
+ 

9 
V if 

1 

li (1+cO 
2 + ah 

1 2 T ? 
Btl+BH "S 

L _ _ 2 _ h 
h 2 ( l+a )a \ r o i " 3B 

- ^ (2 - (1-c.) — , . „ 
ah 2 V r

0 y B*2 

(1 + BH 2 *4 



- 4 2 -

TYPE 023B 

2 o -
+ 

ah 
+ 

HB«+ 

3 6 

-O 4 

V > = 1 

O + cOh 
2 + oh 

n 2" 9 2 1 
( 1 + 8 ) * a ( l + a ) h 

B ( i + B ) r 
1 2 - ( 1 - a ) i _ 

17 \ r 0 
2 

77 

t 
1 

p 

ah 
4-

+ B£ + 

n 

3 ( ) 

v- * = 1 

a ( l + a ) h 

2 

' R 5" v 9 ~ ~ 9 
(1 + P ) JT ( l + a ) h 

BO + fiH ah 
2 + ( 1 - a ) 

0 / p i ' J , 
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Several special star mean definitions are shown below. 

' 1 

0 

• 3 

025E 

026B 

2 •- -•4 « 4 027E 
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When a boundary electrode intersects three legs of a mesh star, they 

are typed according to the following scheme: 

< 0 0311 

032E 

1 l 

a P 
• J > 

Y 

i i 

033B 

CO'iB 

035B 
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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. 

41B o 

42B 

R=0 

R=0 

Treat as type 21B with 03=0, 

Cl = 2C, 

Treat as type 243 with 03=0, 

C,=2 C l 

43B 

44B 

45B «_ 

Z=0 

Z=0 

Z=ZMAX 

Treat as type 23B with 

C 2=0, C 4=2C 4 

Treat as type 24B with 

C 2=0, C 4=2C 4 

Treat as type 21B with 

C4=0, C 2=2C 2 

46B 

R=RMAX 
Treat as type 22B with 

Ci=0, C3-2C3 
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47B 
R=RMAX 

Treat as type 23B with 

Ci=0, Co=2Cn 

50B 
Z=ZMAX 

Treat as type 22B with 

C 4=0, C 2=2C 2 

Mesl types 51B-54B define slanted electrodes running along the outer 

bou ary. The Poisson equation coefficients for these types are 

modi ied 2, 3, and 4 types. 

51B 

T3B 

Treat as type 2, 

C 4=0, C 2-2C 2 

Treat as type 3, 

C,=0, C,=2C, 

Treat as type 4 

C,=0, C/.-iC,-. 
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Mesh types 55B-60B define single point electrodes. Thpy are treated as 

type 001-004 for Poisson's equation and totally interior (non-electrode 

intersecting) points for the electric field calculation. If 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, generating a tvpe 

55B and 57B mesh point. 

56 B -K -

5 7 B 

oO B -*-• 

• 1 e — - * Single point on mesh inte :\sect ion , 
set as type 55B. 

If DR>10 ", treat as vertical pair, 
type 5„B and S7B. 

57B 

J55B 
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ELECTRIC FIELD COEFFICIENTS 

Electric fields are calculated from a power series expansion of II 

around the central mesh star located at RQ, Z c such that 

-̂  DRMESH + R < R < R 4 1 DRMESH 2 o — — c 2 

4- DLtfESH + Z < Z < Z + -i DZMESH 
2 o — — o 2 

Defining R = R Q r and Z = Z Q + z, then r and z are small 

displacements tr 'tn RQ , Z Q. 

The expansi n used depends on the mesh star type. For regular 

stars, type 0 an interior electrode intersection stars, type 001, 002, 

003, CIO* , 021, 0 2, 023, and 024, the expansion is 

2 2 u + a.z + a-.r +- a~r + a,z + a crz o 1 I 3 4 D 

+ 2a-,r + a.z 

' '.•' coff f i c i e n t i A • .n , a 3 , a 4 and 35 a re g iven in Table 2 . 

The ^ r u a t i o n l o r at, lepends in which quadran t of the s t a r the <.>ff 

d i :i:iina1 t r nn is 1 01 ted . 

HMD QUAD 1 

( AD 3 QUAD 4 
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The expansion used for type 01 IB 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 

2 2 
a„r + a~r + (a, + a r)z 

+ 2a_r + a sz 

The expans ion used for type 012B and 0L4E s t a r s must be even in powers 

of r , s i nce we a re on the a x i s of r o t a t i o n a l s y i e t r y . 

a . 2 + a, z" + (a - + a c z ) r L 

1 4 3 5 

2 a . r + 2a,- rz 

"7. la ,z + a „r 

These coefficients a|, a-?, 33, a^ and a5 are given in Table 3. 

Kle^tric field expansion? for stars in which an electrode passes through 

•'.id para 11 f I t<; mesh po i.i, L s can tak >_• advantage of the required symmetry . 

For type^ 0(» SB and 003B -* have B = 0 and U Q = L'2 = U/+ = POT. 

H = {) + a, 7. + a„ r + a_r~ + a, z" + a r rz n 1 2 J 4 b 

I 4 

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

Aj = A4 = 0 so; 

u , - u 0 

J5 u 6 
2h£ 

a cz , 2 . „ 5 

55 

For types 002B and 00AB we have P = 0 and u[ = ug = U3 = POT. 

Assuming only a linear z dependence requires A4 = 0, while symmetry 

demands A2 ~ A3 = 0, so; 

1 

K! i-TTKOliR ; f~ 

I 
1 

—*--

"5 "H 
2h£ 
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Electric field expansions are not necessary for types 015B, 017B, 016B 

and 020B stars since R * R Q + r , Z * Z Q + z would lie outside the 

problem boundary. 

- - - * - -

—4.. 

ELECTRODE 

4f 

TYPE 015B, 017B TYPE 016B, 020B 
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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 point. 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 a 

finer mesh. 

41 

ID 

Increment R 
QUAD 4 

47 B Back step R 
QUAD 1 

42 

1 1) 

Increment R 
QUAD A 

508 i V j Back step Z 
QUAD 1 

4 5 I! ID Increment 
QUAD 2 

ID Increment Z 
QUAD 2 

D 
i 

Back step 
OUAD 1 

•^ '* Hi / , 

46 B r^r -* I 
I 
i-. 

ID 

Back step Z 
QUAD I 

Back step Z 
Back step R 

53 B ;ick step R 
QUAD 1 

« Increment 
II) QUAD 2 
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Electric field calculations for mesh types 55B-60B 

Electric field expansions for boundary mesh types 55B-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 fields 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"0 at Z Q greater th :he desired value 

Up. The exact axial position z of the potential line Up is then 

found as: 

where E 2 is the longitudinal electric field dll/dz. This linear 

correction to the starting position of the line 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 E R or E-,. 

E_dr + E.dz = 0 
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Tibl« 5. Foiison equation co«fficianta. 

•> • j *3 +4 •o 

001 
1 h-h) 1 

7 ( l + B ) h Z \ r / 

1 

7 • M H - ? 001 

e».»V l '> 
1 

7 ( l + B ) h Z \ r / 

1 

7 • M H - ? 

002 
1?<'**> 

2 

2h v ' 

2 2 2 

~7" ' s 7 
002 

1?<'**> fl(l*BH2 2h v ' ( 1 + B H 3 

2 2 

~7" ' s 7 

1 
i f, . » \ 1 

7 
1 ( , . h \ 1 

7 •^h1-"?]-? 0 0 3 
c e i h ' 1 " ' > 

1 

7 S ( l . » ) h ! ^ r / 

1 

7 •^h1-"?]-? 

^ T ( ; - T ) 
2 

2h v r 

2 2 2 

" 7 "7J ^ T ( ; - T ) 
u * p u 2 2h v r B ( l * B ) t 2 

2 2 

" 7 "7J 

1 o : i 1 ( ' •" ') 2 1 / . o h \ 

fl(l+B)I 
. ^ [ • , . ( - . ^ 1 - - ^ « . - , ! h ! l ' J 6 ( l * 9 ) l ' J „(•..„' ^ ' . ) " fl(l+B)I 
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' , ( ! ' * ! . 2 1 / , o l . \ 2 1 
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o h ' L o j Bl 

2 Q 1 / , h \ 2 
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When the radial electric field exceeds the longitudinal lield, 

Ez z = z + ds : r = r - -=-- ds ; Ez < Er F.r 

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

r = r + ds ; z = z - |l ds ; Er < Ez 
tz 

The equipotential line is tracked until it closes on itself, or 

unti1 it leaves the problem boundary, or until more than 200 points nave 

been found on a given 1ine, or until both Er and Ez vanish. 

These calculations are controlled by the following d^ta elements. 

CONST (47) - NEQUIP 

CONST (48) = DSEQUIP 

CONST (49) = PRINT EQUIP LINE 

CONST (51) = EQUIP ERROR E 

CONST (52) = ITER MAX 

PLOT EQUIP S 

CONST (76) = R or Z OF LINE SEARCH 

HEOUtP specifies how many equipotentlal lines are to be followed. If 

zero, no lines will be generated. DSEQUIP is the interval of 

advancement for R or 7, in following the line. The value of R, Z and 

U(R,Z) will be printed as output if CONST (49) = I; otherwise, no 

printed output is generated, The maximum error in th^ line is given by 

CONST (51) such that an iterative correction will be applied a maximum 

of CONST (32) tunes such that 
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u - u 
^r < E 

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) = 11 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 bram energy (ev), current (amps), 

momentum (ev/c), magnetic ridig^ty (g-cm), y and P. 

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 eyele, the Longitudinal velocity V (cm/sec) of 

each ray wilL be printed. If a ray was lost on some aperture, its 

velocity will be printed as zero. If a ray encountered a stopping flag, 

bit 30 turned on, its velocity will be printed as -2. If 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 is then given. 

After FIND a summary of the number of calls and accumu Lated CP t ime 

m seconds is printed. 

Orbit output at a specified z value consists of a table of 

RAY E(ev) X(cm) Y(cm) Stem) P (ev/c) P (ev/c) P (ev/c) T(sec) R(ctn) 

For each ray traced, orbit output is printed for the initial particle 

distribution and the final particle distribution. If more 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 fo11owing 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 

OUTPUT Z( ) S output particle map at each given z 
value 

PUNCH Z( ) S the particle distribution is printed 
and written to tape 4 at each given z 
value 

FIELD ZC ) S a map of the electric and magnetic 
field experienced by each ray is 
printed for each Z value 

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

PLOT DENSITY Z( ) S a plot of p vs r is made for each Z 
value 

Tf detaiLed output is desired on any intermediate cycle, the continue 

option on the track card should be used. Consider output at 10, 20, 

22.^ cm on the 1st, 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 I track, 8th cycle 

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 distribution 



-65-

CONST *42 dZMOMENT 

specifies a calculation of R, R,-ms • Pr» P r m s every dZMOMENT cm along 

the beam path. 

CalComp plots are available for the trajectory profiles of the rays 

selected by the PLOT TRAJ cards 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 to the value of CONST (44). If a density 

plot is desired on a regular interval, then alternatively the interval 

can be specified by 

CONST *45 dZDENSITY 

where ^DENSITY 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 FliZLDS Prints fields generated at specified 
locations B r, B z, A±, E r, E z > and U 

MAP 1 

MAP 2 

MAP 3 

MAP 4 

MAP 5 

MAP 11 

MAP 13 

MAP 14 

MAP 15 

Output map of MESH ARRAY 

Output electrostatic potential array 

Output charge density array 

Output POISSON equation coefficients 

Output map of boundary-mesh displacements P 

Output map of BR.BZ fields on a specified grid 

Output map of vector potential on a specified grid 

Output map of ER,EZ fields on a specified grid 

Output map of electrostatic potential on a 

specified grid 

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

CONST (18) - Poisson output print interval for residual and 
cycle number 

CONST (28) - COILGEN output giving the value of A., B r, 
B, generated during evaluated of the elliptic 
integral while calculating the value of A. from 
the coil geometry. 

Orbit output is controlled by the fo!Lowing data types: 

CONST (19) - Orbit print interval 

CONST (20) - Field output with orbit output 

CONST (27) - Diagnostic output ray number 

CONST (42) - CaLculate moments for distribution CONST(4?) cm. 
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FIELD Z( ) S - Output field values for values given in the 
parameter list during orbit calculations 

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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PlotCed 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 S data with no z valuea producing a 

plot of the final ray data at whatever values are left after termination 

of the RK integration. 

TRAJECTORIES - PLOT TRAJ N( ) S 

PLOT RAY N( ) S 

C0NSTC34) - CalComp TRAJ if value is 10 or 11 

CONSTC35) - CalCorap R axis length, inches 

CONST(36) - CalComp Z axis length, inches 

C0NST(43) - Plot BZ on frame if value is !. 

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 

C0NSTD8) - CalCorap dR/dZ axis length, inches 

CONST(39) - CalComp R axis length, inches 

DENSITY PLOTS - C0NST(44) - CalComp density profile if value 
is 10 or 11 
Printer plot if value is 1 or 11 

C0NST(45) - DZ interval of plot of density 
profile 
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PLOT DENSITY Z( ) S - specifies a plot of the charge density 
profile for Z values given in parameter list. 

PLOT BOUNDARY - CalComp plot of the electrode boundaries 

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

PLOT ENERGY S - CalComp plot of the ion energy versus beam 
radius 

PLOT AMPS S - CalComp plot of the beam current versus beam 
radius 

PLOT PSI S - CalComp plot of the beam rotational angle il1 
versus beam radius 

PL.01' JDENSITY Z( ) S - 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). 

flays are eliminated from plotting at a given time when they have 

previously been lost by exceeding a maximum radial value, C0NST(31), or 

by hitting a boundary region defined as "OUTSIDE". Rays which have not 

been so eliminated will be plotted at the longitudinal Z values spec i-

fied on the PLOT PHASE Z( ) data entry. These phase plots might appear 

distorted by the space charge depression of the beam energy. C0NST(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 minimum 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 pi' c made 

will be for values, which are left from the time the rays fel1 outside 

the a 11owed energy range. Cons ider producing a phase plot at 250 kV. 

CONST *65 250E3 S 

TRACK BEAM 

PLOT PHASE S 

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

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

boundary. 
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FIELD-FREE DATA INPUT 

AlI data input are read \n 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 input. These numbers may be 

integers (which will be considered as having unspecified decimal points 

and as such really be floating point numbers) floating point numbers, or 

exponential numbers in any mixed order with provision for repetition by 

use of the repeat specification R. Individual e Lements of an array may 

be entered by specifying the array element index preceded by an asterisk 

and the e Lement value. A second value will be considered to be the next 

•i lement of the array. 

Blank cards in the data stream are ignored. Certain lists of data 

will be read on as many cards as necessary to satisfy the list or until 

:ii. "S" is encountered designating the end of the data list. Such data 

!JSLS are explicitly shown in the detailed description of each data type 

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

INTEGERS - 1,2,25 (interpieted as I., 7., 25.) 

FLOATING POINT - 3.1456-5.2 .667 -0.0234 

EXPONENTIALS - 2.01E-6 1E8 2.3E+4 

REPEATS - 0R6, 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 consists of one or more data cases. Each 

data caae 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 mnemonic name (called the data 

name or data type), followed by a parameter list, an P ray of values, or 

one or more special 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 
COILGEN HAP 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 

these data types in detail, I shoul' Laake a few general remarks 

data input conventions that will b. used. 

each of 

on the 
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A) If a data type requires a parameter list, this list must appear on 

the same card as the mnemonic name. 

B) If a data type requires an array input, this array data can appear 

on the mnemonic name card and/or any number of subsequent cards 

until an S is encountered in the data stream - e.g., 

CONST *10 1,25 

*1 .511E6 *35 11 S 

or 

CONST 

*1 .511E6 *10 1.25 *35 11 

S 

C) In the derailed discussions to follow on the individual data types, 

the input of an array requiring a terminator S is written 

CONST STUF( ) S 

v'here the ( ) signifies an array of name ST'JF and S is the explicit 

terminator - e.g., CONST 1.1 3.7 3.0 67 S gives the array the 

following values ST.IF( 1 ; = ! . 1 , STUF(2)=3.7, STUF( 3)=*3 .0, and 

STUF(4)=6 7. 

D) The i..p.it of a psra^Pter list is written in th-:s report explicitly 

giving the list entries. Some data types do not require a para­

meter list, or some lists are optional, These choices are indi-

cated by repeated uata name entries as headings in the text - e.g., 

LAPLACE 

LAPLACE SWITCH 

LAPLACE SWITCH INITLALTZK 
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For the most part, the data inpjt 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 

Obviouslv, r f one were to ,;olve LapLace's equation and print a potential 

'I'Tp, he <5houLd first input his boundary and potentials 

TITLE 
BOUNDARY 1 
PUT 
i 
I 

i.APLACE 
1AP 2 
.-'ND 
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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 

impose the most severe limits. Additionally, the bit masking procedure 

used with the MESH array restricts the size of the potential array to 

777B (511 decim?!) and the size of the coefficient boundary array to 

7777B (4095 decimal). 

QUANTITY ARRAY SIZE 

MESH.U.RH 6000 

COEF 6000 

POT 300 

BOUNDARY POINTS 1000 

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

ZPHASE 20 
EQUIPLOT 
7.DF.NPLT 
PUNCH 
Pl'NCHB 

B" ZONKS 10 
M A W ' ' ' I :on,s IN 
, GENERn riON 500 

APh I <:000 

RTRAJ 350 
ZTRAJ 350 

EQUIP 100 

QLIMIT 100 

COMMON BLOCK 

BLANK COMMON 

BLANK COMMON 

BLANK COMMON 

LARGE CORE 

RAYS 

TRAJCC 

JUNK 
BAMAPX 

QLIMIT 
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EBQ DATA INPUT 



-78- BOUNDARY 

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 S 

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

several special values: 

IPOT=0 Neumann point. 

IPOT>0 Dirichlet point - POT index. 

IPOT=FIT — Following two points will be fit 

by cubic. 

IPOT=OUTSIDE R, Z point at an exterior point. 

IPOT=INCREMENT IPOTMIN-IPOTMAX, any subsequent 

IPOT: i will be incremented. 

IPOT=I Use incremental IPOT. 

IPOT=S End of line segment. 
IPOT=STOP Followed by norma L boundary data 

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

IPOT=REMOVE 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 

|dr| < 10" 5 • X — — • 

1 
otherwise X 

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

IPOT R Z S 

IPOT R Z S 

S 

The potential array, u( ), 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 

1ine segment beginning with the specified point—i.e., consider a 

connected segment specified as: 

3 0 0 0 10 0 5 10 20 S 

PotentiaL 3 is associated with the line (0,0) -»- (10,0) Nermann ooundary 

t.-om (10,0) + (]f\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 1'), 16 30 

defining a fringing field at the end of some problem. The data could be 

given as: 



- 8 0 - BOUNDARY 

INCREMENT 15 30 

1 0 0 30 1 5 . 0 S 

The IPOT=I 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 is ^00. 

The Boundary data consists of at least four cards - 'he BOUMiARY 

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 
i 
( Line segment c a r d s , each segment ending with an S 
S 

RM1\' :s the minimum radius and must be 0 (zero). RMAX is the •naximum 

radius in cm of the boundary. ZMIN and ZMAX are the Long i tud ma 1 extent 

of the problem in cm. A mesh wiLl be generated with NR X NZ points. 

The mesh size is: 
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,_ RMAX 
d R TCFT 
j , _ ZMAX-ZMIN 
d Z " flTT— 

The boundary points are processed in the order they are en. unt > 

the data stream. A point will be redefined by a subsequent int 

with a line segment. For this reason it is necessary that »>. 

boundaries be processed first, followed by Di.richl.st *''•.-- n> 

segments can be defined in any direction, any order , a>- •• do .'>(_ 

be continuous or sequent la' Electrodes can be . ed . H. w^\ 

continuous outer Neumann boundary wi 1L automatical 1 .rent 

processing the user specified boundarv segments. 

If a seventh parameter is include.; . Lhc sec 

boundary data, it will multiply all distances durin- ipui Ln • 

from the data units to the RBQ distance unit . > r --en f • • ' -is. 

BOUNDARY X NO!NET 

When the BOUNDARY data card has a third param^t >>r n< •.> i. 

charge and potent ial arrays U( ) and RH( ) wii . not h, 

Only the MESHf ) array will be generated by the bound.?' ;->• -s--

is use ful when the charge and potent ra1 arrays are , . ;>SP to a s 

left by some previous case, but several mesh modifir.it ions at 

made. 

http://Di.richl.st
http://modifir.it
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Neumann 
Boundary 

10.0 

0,0 

POT (1) POT (2) 

J 1 POT (3) 

. Z 
100 

BOUNDARY 

11 101 0 10. 0. 100 $ 1CHX 1CM grid 

1 R Z 1 R Z S $ Electrode, POT( 1 ) 

2 R Z 2 R Z S $ Electrode, POT(2) 

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

, $ END nil Boundary data 

Note that in this example, the Neumann boundary is a rectangle 

around the pr 'Men- jefined by the code before processing the specified 

Dirichlet (electrode) points on the outer periphery. 

When IPOT i ihe literal FIT, three points will be takn to find 

the radius and center of a circle. The section of ':b. ^Lrcle connecting 

the points will be used to generate the boundary. 

BOUNDARY 

FIT i, r. z, i„ r 2 z 2 H r7 ZT. • • • ^ 
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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, r Q, z0 

BOUNDARY 

ix rj Zj FIT i 2 r 2 z 2 i 3 r 3 z^ 

Here, FIT appears inside the boundary card, net tne first entry, but 

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

the FIT. 

(r ,z ) 

If one is inputting a circle, use diametrically opposite points, with 

the fn-st and last point the same. 

For .sample, 5 5 8 FIT 5 9 8 5 5 8 would produce the result 

8 V. 
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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. 

M Ll 

OUTSIDE RC ZC I± R[ Z 1 I N R N Z N 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 Poisson's equation and ray tracing in these areas. RC, 2C defines a 

point, inside the closed region used for determining which side of the 

boundary is outside. This test can be amb iguous if the region is too 

eomplicated. For each tine 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 

"nor izontal) . 
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HORIZONTAL: 

R = "H z N + r z N (zc - h) 

" o u t s i d e " i s above l i n e segment i f R < RC 

VERTICAL: 

" - • ^ i <-^> 
"outside" is to right of line segment if Z •' ZC. 

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

restrict beam fLow from th° cathode - extractor electrodes 1 and 2. 

R RMAX (3,4.6) (3.,5.9) (Rc,ZQ)=(2.6,5.4) 

(2.5,5.1 (2.4,6.0) 

(1.8,5.1)* -Al.8,5.4) 

ZMIN ZMAX 
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The data specification for this case would be: 

BOUNDARY 
NR NZ 0 RMAX ZMIN ZMAX 
1 0 0 S $ CATHODE 
2 S $ EXTRACTOR 
OUTSIDE 2.6 5.4 3 3.0 4.6 3 2.5 5.1 3 1.8 5.1 

3 1.8 5.4 3 2.4 6.0 3 3.0 5.9 3 3.0 4.6 S 
S 

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. In this case, 

the data following the flOUTSIDE" is either "I" or "U" and the value, 

foLlowed by the value of R,Z pointing outside. 

OUTSIDE R Z $ NOT SETTING POTENTIAL AT R,Z 
OUTSIDE I IPOT R Z $ U(OUTSIDE) = POT(IPOT) 
OUTSIDE U POT R Z $ U(OUTSIDE) = POT 

See example 4. 

STOP l! Ri Z\ I N R N Z N 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 ly is non-zero, an internal Dirichlet 

boundaiy will be defined in the usual way with bit 30 on. It is the 

unit value of bit 30 which the tracking routine tests to determine the 

transparency of the mesh. If I| is zero, rhe bounaary segment will be 

followed turning bit 30 on without defining an actual boundary - i.e., 

leaving the Poisson coefficients set as interior points. 
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A STOP boundary will not be normally plotted. If 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 ly R{ Z : S 

REMOVE I L R\ Z\ I N R N Z N S 

A ''oundary 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 L Rj 7̂  T N R N Z N S 

Preceding a boundary segment data spring by REMOVE STC° Hows the 

segment 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 rption prevents 

initializing 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 plott ing, when a 

solution to the whole problem must be obtained so space charge 

depression is properly evaluated. Then an "OUTSIDE" region ian 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 0 Rj Z] 0 R 2 Z 2 S 

OUTSIDE R x Z x 

I, Rj Zx I 2 R 2 Z 2
 S 

S 

BOUNDARY MODi'.'Y ALL 

7hi^ up!, ion requires the input of the full boundary data set just 

.;s if a new prot em was be i ng defined, however, it doesn't initialize 

or n'defne anything but the boundary data. This is useful when 

studying small perturbations in electrode structure. 
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BSCALE SCALE 

Multiples ve-tor potential array used for generation of external 

magnetic fields by Scale — i.e., if IRBFLED *IZBFLDI=N and NCOILS*0, 

then 

A(I) = Ait. ( D * SCALE 

for I = 1 to N. 

The Scale value is referenced to the original value of A*t wh« n 

generated. If a run is made at .9 of the originaL value, thtn a 

subsequent run at O.P of the original value would use BSCALE ),8. 

The actual scaling is done by a call to FLDINIT generated by a TRACK, 

MAP, or XEQ card. B r and B z are calculated by differentiation ot 

the vector potential. 

Th.-ir values can be printed by 

PRINT FIELnS 

MAP 13, 14 

HI R2 OR 7\ 7.2 DZ 

/> prof i 11-.' -ran b(j given to the \er nor potential by providing input 

•v" Lb- fnr-i <>i a power series expansion for the scaLe iiacLor. 

BSCALE A B C D E 

'.vii-.-i'i- L he scale fac tor use by EBQ is calculated as 

.XALK(Z) = A • »( ZT' W) + ^ ^ P 1 ) 2 + "(^=T-) 3 + F.(^^)" 

7. i •, ihr longi tuciinal position and L=ZMAX- ZM1N. 
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CALL NAME 

See Define. 
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CHABGE TYPE MAXRQ SCALE ADD DZSTEP ZQ1 ZQ2 

RH( ) S 

CHARGE LIMIT LQSKIP QSCALE 

QLIMIT( ) S 

The charge array RH( ) is initiated to zero, at the ng of 

processing Boundary data. RH can be set initially bv a rea' from a 

Tape 8 Dump or by the CHARGE data entry. 

TYPE =: 1 Input d^rfctly RH( ) ascending R, then Z, maximum of 

3000 points. 

RMAX 

-• Z 

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

R cut off is MAXRQ rows 

KAXK0 
0 

— \ \ \ \ -> N ^ "**- \ -> 
ZMAX 

where RMAX, ZMAX are the values defined by the boundary grid mesh data 

The potential produced by this charge array may be found bv executing 

the POISSON data card. The RH ( ) array Is literally the right hand 

side of Poisson's equation and has units of volts/cm . This is 

related to the charge density in Coulombs/cm^ by: 
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RH = 5- 100 
O 

where t Q = 8,854 x 1 0 ~ 1 2 farads/m. 

The longitudinal (Z) extent for the charge input is ZMTN - 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 

to ZQ2. 

The values of the input array are multiplied by scale. If the 

flfth parameter is the Literal "ADD," then the charge is added to the 

charge array without initialization to zero. 

TYPE = 3 Input initial charge density load based on .in I form 

current density, beam profile and longitudinal beam 

energy 

CHARGE 3 J SCALE ADD DZSTEP ZQl ZQ2 

K( ) S $ radius in en 

E( ) S S energy in ev 

This input is used to start problems in the extreme space charge 

limit wlv.-r̂  the se I f--magnet LC and electric fields cannot be neglected on 

Lfi.' first cycle or fudged by the CONST(3), CONST(4) scale factors. 

CHARGE 3 input will deposit charge according to J specified uniform 

current density J and a beam envelope radial profile Rf } for a beam 

wii i.-ie energy E( ) varies 3 long the Z direction. J is in amperes/cm , 

R( ) in cm, and E( ) in electron volts. The right hand side of 

Poisson's equation •• a then initialized ^s: 
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J R 2 E + E 
R„( ) = -2JL-

R 2 ^ 2
+ 2 E K 

O 

uhere c is the velocity of light, s Q - 8.845x10"*^ f/cm; RQ the 

beam radius, E 0 the beam particle rest mass and RH( ) the charge 

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

longitudinal variation, neglecting the space charge depression, but does: 

take into account the charge density variation produced by a radial 

modulation of tiie beam profile. 

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

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

CHARGE 3 J Scale ADO 0 

R( ) S S radius in cm 

E( ) S $ energy in ev 

Z( ) S $ longitudinal posi tion in cm 

If SCALE is 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 rgv in MeV. 

CHARGE INITIALIZE 

Thid data command causes the initialize'ion of the charge array 

RH( ) setting it to zero over the entire 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/era2. The input can be scaled by the value of QSCALE if non­

zero. Before solving Poisson equation each radial position of the 

RH(R,Z) array will be checked agairst the value of QLIMIT(Z) and any 

value of the RH array exceeding this 1imiting 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 point 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 

betwen-i the longitudinal axis z and the values in the QLIMIT array. 

If LQSKTP has the value 2, then each QLIMIT point will be used for two z 

po ints 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 positions 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 be used everywhere as the limiting charge density in volts/ 
2 era . Any excess charge will simply be ignored, I >?., will be 

discarded. 
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COILGEN TYPE BLEFT BRIGHT RBMAX NZONES NREPEAT 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 r and B z. A maximum of 6000 mesh points may be used in the vector 

potential array which can cover a region of space different from that 

covered by the electrostatic boundary region. The value of AA(R,Z) is 

initialized to zero before processing the COILGEN data if the value of 

CONSTC75) is zero. The elements of the CONST array which affect the 

COILGEN data are elements 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, r, I per card for 
each coil 

2 Coil generator, spec ify grid of R, Z values for 
conductors at points of grid Ri, R2, DR. ZL , Z2, DZ. 
Maximum of 500 coils per C^TLGEN data set. 

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

4 Constant BZ values of BLEFT, BRIGHT with Br=0 

Read directly the A 
terminated by an "S1 

5 Read directly the Ax array. This input must be 
If c'l 
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BLEFT 

BRIGHT 

RBMAX 

NZONES 

NREPEAT 

UNIT 

BZCUTOFF 

6 CalIs the coil generator for conducting loops with 
excitation in ampere-turns and data input of arrays of 
RMINSC ), RMAXS( ), ZS( ), NRS( ), and NZS( ). 

9 Read directly the Ai array from tape 9 in fuhl ir̂ c 
formated form. This data must be terminated by nn "S". 

3 Z value for Z < ZBMIN, B r taken as zero. 

B z value for Z > ZBMAX, B r taken as zero. 

maximum radius of calculation of the external magnet i c 
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 CO I LCI EN dntn 
input to convert them to cm. 

Calculation of A(i){R,Z) will be terminated for a coil Loop 
for which B z at R=0 is less than this cutoff value in 
Gauss. 
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MAGNETIC FIELD ZONES 

\hc magnetic field map must be divided inLo several zones if strong 

field changes occur. Consider a long solenoid lens whose B z field 

along R=0 is as shown: 

A zone of finer mesh should he 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 

n^v expanded to give an array of Z values, an array of DR values, and an 

;i rray of DZ values. 

COT.LGEN TYPE Bl B2 RBMAX ^ 0 
Zl Z2 Z3 Zk 7r: Z6 

0RX DR2 — DRr 

DZi DZ 2 

Scales S 
| coiI data 

DZ, 

ZIJMIN is taken as Zl and ZBMAX is taken as Z6. The Z, DR, and DZ values 

may appear on one or as many cards as desired. The total number of mesh 

points generated is: 
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NZONES 

„ = y [ V " zj + 3 1 [™ + 2 
j= i L J J L J 

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 RBHAX 0 0 

ZBMIN ZBMAX DR DZ 

SCALES S 

Coil Data 

A vector potential map will be generated by the coil data extending from 

ZBMIN-dZ _< Z <_ ZBMAX+dZ and 0 < R <_ RBMAX+dr. The cell size of this map 

is specified by DR, DZ in cm, A fictitious boundary is taken around the 

map - i.e., the vector potential is 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 arj only calculated, however, within 

the real specified map values (0,RBMAX) (ZBMIN—ZBMAX) 



- 1 0 0 -

(O.ZBMIN) 

/RBMAX + DR,\ 
\ZBMAX + nz / 

(RBMAX.ZBMAX) 

(O.ZBMAX) 

o u t s i d e t h i s map, the f i e l d v a l u e s a r e taken as B r=Q, and B z =Bl , 

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

file:///zbmax
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REPETITION OF ZOHES 

Magnetic field zones can be considered Co 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 TYPE Bl B2 RBMAX 3 3 

Zl Z2 Z3 Z4 dR, dr 2 dRj JZj dZ 2 A73 

SCALES S 

coil data 
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COIL DATA 

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

current is in amperes. 

The number of COILS is given by the number of scale values read for 

type 1 and 3 input, and the number of COIL GROUPS is 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 coils of 100, 250 and 100 amps then the scale and coil 

cards for type 1 data would be: 

100. 250. 100. S 
Zl Rl 1 . 
Z2 R2 1 . 
Z3 R3 1 . 

• ir alternatively 

1 K3 S 
?A R] 100. 
Z2 R2 IV-. 
Z'J R? .00. 

Note, the cur • rt is the product of the scale value for each coi- and 

the ciil current. 



-103- COILGEN 

TYPE*2 coil date generates a loop for each point of the given 

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

CURRENTS S 
RMIN RWUC dR ZMIN ZMAX dZ 

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 Z7. Input 

1.0R7 S 
Zl Z2 Z7 
10R7 
563.2R7 

TYPE=4 input specifies only a constant BZ value with BR=0 everywhere. 

Onlv three entries are required and no othe^ cards of the COILGEN set 

can be used. 

COILGEN 4 DZ 0 0 0 0 

TYPE=5 input specifies input of the vector potential directly at mesh 

points compatible w-th the specifications on the COILGEN and subsequent 

data cards. The input would be: 

COILGEN 5 BLEFT BRIGHT RBMAX 

ZBMIN ZBMAX DR DZ 

Scale S 

A*( ) 

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 Z. 

This array of numbers extend from ZBMIN-DZ to 2.BMAX+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 AtJ>( ) 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 generator in the format 

shown below. This data generates COILGEN 2 data which ic used to 

calculate the vector potential magnetic field array. 

COILGEN 6 .... 
ZMIN ZMAX DR DZ 
AKPTURNSf ) S $ N ENTRIES, MAX OF 100 
RMINSC ) $ N 
RMAXSt ) $ N 
ZSC ) $ 2N ENTRIES 
NRS( "• $ N 
NZS( ) S N 

The r,_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 cross-

soction dimensions in era. The ZS( ) array give the longitudinal pos i -

t ion of the start n̂d 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 6 0 0 7 
0 150 1 2.5 
1000 1500 4250 S 
6.5R2 5 
8R2 6.0 
30 40 44 60 70 120 
2 3 1 
3 4 5 

6.5 ... 
6 tftt 

4-4- + + 
30 40 44 60 70 

-1—^Z 
120 

The coil cross sections 5.5 

are replaced by circular 6 

loops as shown in the 5 

second part of the diagram. 

u _ J 

- — I — I — I — t - -i-*-z 

30 'i0 44 60 70 120 

In cartesion geometry, only a constant B y field can be used 

COILGEN 4 
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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 *18 20 25 S 

or 

CONST *18 20 25 

S 

etc . 

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 t a b l e of EBQ CONST! ) a r r a y with d e f a u l t v a l u e s . 

CONST! l t=REST MASS IN ELECTRON VOLTS 0 .511E6 
CONST < 21 = CHAR GE - 1 . 0 
CONST! 3 ) = GAUSS LAW SPACE CHARGE FACTOR, 1ST CYCLE 1_. 
CONST! 4 I *SELF BPHI FIELD FACTOR 1-ST CYCLE ONLY 1 . 
CONST! 5 ) * C VELOCITY OF LIGHT IN CM/SEC 2 . 9 9 8 E 1 0 
CONST! 6)=EQMB - 2 9 9 . 7 9 2 1 
C3NST( 7)=EQMEE - 1 . 
CONST! 8 ) = 1 / E P S I L 0 N = 1 / 8 . 8 5 4 E - 1 2 FARADS/METER l . i 2 9 4 E i . l 
CONST) 9 ) = 0 RAY INPUT IS Z WITH S=0,OTHERWISE S WITH Z=C0NST(9) 
CONST! 10I*RUNGA KUTTA INTEGRATION STEP CM DZMESH 
CONST! U ) = R A D . 0 1 7 4 5 2 9 . .74529 

~ C 0 N S T ( 1 2 ) = P I " " """' " " 3 . 1 4 1 5 9 
C0NST!13»=DAT4 ANGLE INPUT RAD!1I ,01745!0EG> K 
C3NSTI14)=BEAM LINE GRAPH INTERVAL IZSKIP ( 0 NO GRAPHJ 1 
C0NST(15)=0MEGA POISSON CVER-RELACATIGN F4CT0R l^J 
C0NST(16}=EPS MAXIMUM POISSON CHANGE IN VOLTS IE-51PMAX-M1N> 
CONST! 17)=MAXIMUM NUMBER OF POISSON ITERATIONS 200 
C0NSfU8 )=P0 ISSON PRINT INTERVAL 10 
CONST!19)=0RBIT OUTPUT STEP CM ZMAX 
CONST! 201 = FIELD OUTPUT ON TRAJ 1 , "NO OUTPUT IF 0 0 
CONST! 21)=MAX NUMBER OF RAY TRACE CYCLES 1 
CONST!22)=RAY TRACE CONVERGENCE FACTOR . 0 1 
CONST!23>=RAY Z ORIGIN SH!FT_ IN CM _ 0 
CONST!24)=R,Z RAY INPUT FACTOR TO CONVERT TO CM 1 . 
C0NST(25)=ZICMI RAY CONVERGENCE MOMENT CALL ZMAX 
CONST<26)^MAXIMUM TRAJ LENGTH ZMAX ORRITS i .OElOO 
CONST! 27)-01AGNOSTIC ORBIT OUTPUT RAY NUMBER 0 
r . iNST(28 l=C0[LGEN OUTPUT 0 
CONST!29)=NUMBER OF QDEP INTERVALES BETWEEN RAY TRAJ P.OT PflNiNTS 
CONST!30)=P0TENTIAL INITAL MAP VALUE 0 
c-iMST-r >i >=MAX RADIUS jor CR?,T; ;f:T£-SP,=T;o>; _ R^AX 
CJNSTI 32)=OUM"P""NUM'BERTTA'PETTOR "MESHT'I,TJTT7RH] ) ETC T 
ONST133MDJMP TAPE8 RAYS 0 
C3NST(34>=TRAJ CALCOMP 1 IC i , P R I N T ( O l ) , BOTH ( H I 10 
CONST!35:=CALCOMP R AXIS LENGTH, INCHES 6 . 0 
CONST 136')= CALCOMP""? AXIS LENGTH, INCHES """ " 1 0 . 0 

0NST(37)= PHASE PLOT^CALCOMP 1 1 0 ) , PRINT101K BOTH(U) 01 
C0NST(38)= CALCOMP OR/DZ 4X1S LENGTH , ' INCEHS 5 . 0 
(,3NST(39) = CALCOMP R AXIS LENGTH, INCHES 5^0 
CONST! 40 )= CHARGE AVERAGING WEIGHT 0~I 
CJNST(41)» NUMBER OF CYCLES FOR CHARGE AVERAGING 0 
CONST(42)= OZ FOR" CALLS TO MOMENT (CM) 0 
CONST (431= PLOT BZ ON FRAME 1 , DO NOT PLOT 0^ 1 
C0SST(44)= DENSITY CALCOMP (10 I PR INT (011 B O T H ( l l ) 0 
CONST! 451= DZ FOR PLOT OF DENSITY PROFILE (CM) 0 
C0NST(46)=N CALC CURRENT ENCLOSE EVERY N RK STEP'S 5 
C0NST(47)=NJMBER OF EQUIPOTENT IAL LINES ON CAL_CO«P 0_ _ 
C0NST(4~8I = DS EOUlPOTS - - - - ,5*DRM"FSH" 
C0NST(49)=EQUIP R t Z . U PRINT FL«G. PRINT IF 1 - 1 
CONST! 501»SELF B FIELD FACTOR FROM "ER FIELD 6 
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Summary Table of EBQ C0NST( ) Array w i th Defau l t Values (Cont inued) 

C3NST(51I = EQUIP0TENTIAI. ERROR 1 .0E-4 
""CONST < 52 t=MAX NUMBER 0? t f l R A T t O h S t O FtNo EQJtPf l t 5 

C3NST(53)=NRSKIP U I ) PUNCH TAPE * WITH RAYS PUNCH I S 1 
C~3lTSTT54l = l STOP ON RETROGRADE MOTlWr(Ot"O0NT~TrOPl 0 
C3NSTI55)=SELF B FIELO RAOIAL CUTOFF . 0 1 
CTNST(56) = Z 5 0 ; USFTTTMSTISOI FOR I.GT.15U " " " 0 
C3NST<57>=PHASE PLOT TYPE 1 0 0 ( X , X P i 1QIY ,YP) 11R.RP1 1 
CONST!58»=N, PRINT EVERY N-TH RAY TRACKING OUTPUT I 
C3NST(59>=1 . OUTPUT FORCE TERMS WITH FIELO TRACKING^ 0 
C3NStl '6b| i "Z"fCM'r"T0"THE' LEFT SEGMENT RAY TRANSFER PNT. 0 
C3NST(61>=1, OUTPUT PREVIOUS ENVELOPED ON _PLO£S DASHED 1 
C3NST<62>=S, SCALE RH( ) ARRAY FOR Z.GT.ZRETRO .5 
C3NST(63J» I CALC. EMITTANCE WITH MOMENT CALLS 1 
CONST(64 I 'MINIMUM ENERGY (EV( FOR ORBITS 0 
C3NST(65>*MAXINUM ENERGY (EV) KINETIC FOR ORBITS l fclOO 
C0NST(66 !=0 PLOT ALL RAY GROUPS TOGETHER, OTHERWISE S;PARATLY 1 
C3NST(67 ,= 
C3NST168)=Z SEGMENT BOUNDARY ADVANCE PER ITERATION 0 

CINSTf?OI=PLOT COILGEN COILS ON CALCOMp FRAME 1 
C3NSTITlJ=PLOT RAY ENVELOP ON CALCOMP FRAME 1 
C 3 N S f ( 7 2 l = aUTPUt CHlLDS LAW SURFACE =1 
C3NSTI 731 = 1 OUTPUT I RELATIVE TO ZMIN, =0 REL ZSTART i 
C3NST( 741-CHILDS LAW P'OfENtfAL UNDER-RE'lAxAT'tHfN" FACTOR 0 .5 
ONISTC 7 5 ) = 0 I N I T I Z APHI=Q, =1 APHI IS TOBE ACCUMULATED 0 
C3NST(761=REQJIP. R DF L INE~"SE ARCHED FOR EQUIPOTENTIALS 0 
C3MSTI77)=MAX RH L IM IT V/CM**2 OR CHARGE L IM IT N 0 
C3NSTI 78)=CHARGE L I M I T MINIMUM RADIAL MESH ? " 
C3NST(79)=CHILDS LAW RELAXATION ERROR L I M I T 0 

C3NST(80)= IXSWl , POISSPN I TE RATI ON OMEGA =CONST < 82 > <*0 
C3NST(31)» IXSW2 » POISSON ITERATION OMEG& =CONST < 83 ) 100 
C3NST(82 i= OMEGA FOR POISSON ITERMXSW1 1 .800 
C 3 N S ! ( 3 3 ) = OMEGA FOR POISSON ITER=IXSW2 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 E 0
=MC /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 
-1 ? -1.6 x 10 . Default value is the rest mass of the 

electron, 0.511 x 10 6 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 C0NST(3) and added to the 

radial electric field found from the gradient of the 

electric potential found from a solution of Laplace's 

equation. 

On the first cycle of a problem, the current enclosed by a 

ray is used to find the self-magnet ic field by applications 

of Ampere's Law. This field is scaled by C0NST(4). 

The velocity of light in cm/sec, 2.998 x 10 1 0. 

The magnetic field force is ir.ultiplied by C0NST(6) before 

contribution to the equations of mot ion. 

The electric field force is multiplied by C0NST(7) before 

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

1/Ee = 36TT x 10 9 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-C0NST(9). RAYS. 8 data always inputs the 

pathlength 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 set 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 (Z) mesh size. 

Radians per degree, 0.0174529. 

Pi = 3.14159 

Ray angle input conversion factor. This constant mult i-

plies the if), a, and RAYGEN angles to convert them to 

rad ians. 

A beam line paper plot is generated after each TRACK 

command showing the radial 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-relaxat ion 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 (C0NST(I7)) has occurred <• until the largest 
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change in potential mesh U( ) is sm iller than C0NSTC16). 

The default value is 10~-* times the maximum potential 

minus the minimum potential in the potential array POT( ). 

17 - Maximum number of iterations in relaxing Poisson1s 

equations per cycle. Default value is 200. 

18 - A line of output is generated every C0NST(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( ). 

19 - An orbit output table is generated every C0NST(19) cm along 

the beam path. The output gives the energy E, cartesian 

position X, Y, path length S, momentum components P^, 

Py, Pgi flight time t, radius R, and polar azimuth $ 

for each ray tracked. 

20 - An output table of field values encountered by each ray is 

printed after the table generated by C0NST(19) if 

CONSr<20)»l, no field table LB printed if CONST(20)=0. 

The values printed give the electric and magnetic field at 

the current position of each ray. 

21 ~ Number of FDisson equation - ray trace cycles to be 

processed. 

22 - Poisson equation - ray trace cycles are processed until the 

maximum number, C0NST(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). 

23 - The longitudinal origin of each ray is shifted by CONST(23) 

cm such that Z=Z(input)*CONST(24) + CONST(23). 

Ik - The ray input position R,Z is multiplied by C0NST(24) to 

convert R,Z to centimeters. 

25 - Longitudinal location at which RMS beam radius is to be 

calculated to determine convergence of the Poisson-ray 

trace cycles. Default value is ZMAX. 

26 - Maximum length of beam tracking. Default is ZMAX. 

27 - Diagnostic ray number 

28 - Output of external magnetic fields and vector potential 

during processing of COILGEN data if CONST(28)=l. No 

output if CONST(28)=0. 

29 - A maximum of 2500 points is available for ray plot 

storage. C0NST(29) specifies the interval in mesh units at 

which rays are stored for plotting. CONST(29)=l stores ray 

radii at every Z mesh crossing, while CONST(29)=2 stores 

the ray radii every other Z mesh crossing, etc. 

30 - The potential array U is initialized to CONSTC30) before 

solving Poisson's equation if CONST(30) is non-zero. 

Otherwise, the array is initialized to 1/2(MAX POT-MIN 

POT), 

31 - Ray tracking for an individual ray stops when the radius 

exceeds C0NST(31). 
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32 - Dump number identifying a TAPE8 binary problem dump used in 

restarting the problem. CONST(J2) can have any integer 

value greater than 0. 

33 - Dump number identifying a TAPE8 binary ray dump used in 

continuing a beam. 

34 - Specifies desired combination of ray pLot citput (R,Z) 

and/or CalCorap plot for the rays designated on the PLOT 

TRAJ data cards, A CaIComp plot is generated Lf the tens 

position is unity and print output is generated if the 

units position is unity. The alLowed values are 0, 1 , 10, 

and 11. Default = 10. 

35 - CalComp R axis (transverse dimension) length in inches. 

Maximum value is 10.5 inches. If CONST(35) is negative, 

then it gives the R axis length in cent imeters. De fault 

6.0 inches. 

36 - CalComp Z axis (longitudinal dimension) length in inches. 

If CONSTf36) is negative, then it gives the Z axis length 

in centimeters. Default 10.0 inches. 

37 - Specifies desired combinat ion of phase space plots on paper 

and /or Ca IComp. A CalComp plot is generated if the tens 

position is unity and a printer plot is generated if the 

units position is unity. The allowed valies are 0, 1, 10, 

and 11. Default = 01. 

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

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

value is 5.0 inches. 

40 - Charge averaging weight factor - W. The ray crarge density 

deposition array RH( ) is multiplied bv W be fore ray 

tracing and divided by (W+1) after ray tracing to conserve 

charge. The effect is to reduce large fluctuations in the 

beam a*" the beginning of a problem. De fault is 0. 

41 - Number of Poisson-ray trace cycles over which charge 

averaging sha11 be done. De fau11 is 0. 

42 - Longitudinal interval in centimeters for wh'ch the ray 

moments shall be calculated. Default i s 0. 

43 - Plot of the axial external magnetic field will he 

superimposed on the rav CaI Comp plots if CONST(41)=]. 

44 - Specifies desired combination of charge densitv p'^per and 

CalComp plots. These plots are generated for the Z values 

specified on the PLOT DENSITY data card or on the 

longi tud I n,i 1 intervals gi ven bv CONST(45). A Ca iComp n int. 

is generated if the tens position is unitv and a printer 

plot is generated L f the units position is unit v. The 

a I lowed combinat Lons are 0, I, 10, and 11. He fau Lt is 0. 

4^ - Longitudinal intewdl m centi meters for which ^ charge 

densitv pmf.le sb •* L1 be plotted. Default v.? hie of 0 is 

ml'erprr • ei" IO nv.'in no [_-'<VR ai e genera; ' «-ia thi° data. 
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46 A calculation of the current enclosed bv each ray is 

normal ly done ou crossing a :ong 11 ud1na1 mesh L i n •:•. 

CONSK46) different from 0 specifirs Lslculatinn of the 

enclosed current every CONSTC 46J Runga-KntLa integration 

steps. 

47 - Specifies the nurabei of equipoleniiai I i IH JS to be pi ittrd 

along with the beam trace CalComp plots. '"><..• f an 11 is 0. 

48 - Equioc^ent ia.l line differential increment step in 

cent ltneters Def aul t vaiue is ha 1 f the rad L a 1 rmsh S I Z H . 

49 - A print of the equipotent lal Line, R,Z,U,F:r ard v.? 

found every N step is made if CONST(49) > 1, wh<--re 

N=C0NST(4^) . Default is 0. CONST{49)=0 produces a s n w r v 

list of the equipotenria! Lines plotted. CONST ( L Q )=-1 

turns off the suirjnary list. 

50 Self magnetic field radiaL correction factor. Default is 

0. See se L f fields theory section f. >r dfiai le.; .Ii^usmon. 

51 - Al lowed error in f 1 nd m g equi p ">tent la i line. iV fault is 

10-* . 

51 - Maximum number of iterat \ve corrections a 1 I owed 10 find 

equipotentiai line. Drfauit is 3. 

5 3 - When the potent lal s from l'( ) array are to be pu.iched at 

some Z LocaLion every N radial mesh point, N=C0NST( "-O) . 

The punching is initiated by PUNCH POT aod PUNCH ?.( ) S 

data. 
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54 - T^e default vdiue 0 specifies that ray track.ng is not to 

be terminated when retrograde motion is defected. The 

retrograde ray is ign "-red . When (TN.iTf ,4 ) = ] ra • tracking 

s terminated on retrograde motion. 

55 - The jelf magnetic fi* Id is mver^^lv proport•una 1 to the 

rav radius. CONST(55) i° he stria 11 radius field cut off 

such that B<W/(Rn-CONST(55)) . 

56 - The self magnet.'C rield radial contrtion factor CONSTf^) 

will only be used for Z"Cn$ST(56). Default 'flue is 0. 

5? - Three t vpes ? f phase r'oLs ar-- availabl- according t ~> the 

value .-f CONSTf '; 7 ) . 

i 10 1 '>0 1 n i : ; ,i i ] ; 

R-R1 Y - V x-x1 x-x' x-x' :•:->:' 
'̂ -R' V Y' Y-"" 

:t-x 

V . T ™ - '. . v -j V!-' t v r'iv i - • M-•;-,.;• ,'•' 'Inrnii' r.r: irsi k i ; t f > i-v-r y 

• ' V ' ' f : ••! . '! • i ;. ; r .f-i-j". . • Sft- ! : I '- s . vi |_ p ) I jf > r ' v 

• r •. '.~ ' V-. ' '".'-' ! r -v ! > i > *.i . •• l I f v.i 1 'ir^ .-if o u t p u t . 

"• ' r ; L -i : ' t> i n p s v . r-;- '. • re-- L •• r TI^ i f L j 1 (. - q u a t n n s o f 

- U i •• <- Tn,'5'i' .'ii'Ti'tZ wi'.'.i '!if' f;•-1 rl " M - n . i -,'.•• n r i t e H b--' 

, , N S 1 . (, , j cf]\'S' ' .• ; i n.i '-"I!-L:] ff-iL-. wli.-n r o N S T f c 3) = ] . 

• P.. ' V - r ..'•'.. , • • K. -. "' P . v ••• ii I j v X u ! , '.• Y K ! P.' P.'.. D ' 
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60 - SEGMENT transfer back space in cm. During segmentation of 

a problem, ray transfer and left edge boundaty LOIIU i L LOIIS 

will be set CONSTC60) cm to the left the terminating right 

boundary of the preceding segment. 

61 - The beam envelope of the preceding cycle is made on the r̂ y 

trace CaIComp plot as a dashed curve if CONSTC 61)=1. 

62 - 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 cathode. 

Typically, CONSTC62) * 0.9. 

63 - Output of the beam eraittance E in cm-mrad for the x-yp and 

y-yp planes along with the normalized emittance E RY IS 

generated for any location where the beam moment s are 

calculated. These locations are epenfjed by the MOMENT 

and/or C0NST(42} data. The normalized beam ellipse tilt, 

rj2 I S also printed. 

66 - Minimum bea'n energy EMIN, norma Lly 0. Any ray with kinetic 

energy in eV less than EMIN wii\ be stopped. (VELDC 1 =- 3) 
1 00 

65 - Maximum beam energy " -IAX, normally 10 . Any rav with 

kinetic energy in eV greater than EMAX will be stopped 

(VELJC )=-3). 

66 - 0, plot all ray groups together. Otherwise, generate 

separate phase plots for each ray species type. 
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68 - SEGMENT expansion per major cycle. The longitudinal Z{ ) 

values of the SEGMENT data will be incremented by 

DZ=C0NST(68) cm per major iteration of the problem. 

70 - If equal to 1, will cause a plot of the coil cross sections 

used in finding the magnetic field map during COILGEN input 

to appear on CaIComp beam plots. 

71 - If equal to 1, will caust CalComp plot of the beam envelope 

on the beam piots . 

7 2 - Turn on Chlid Law out put. 

- ] de fau' t, no output , on 1 y current gener Tt ed 

0 find Run Table at ZMAX on eacn iteration 

1 starting surface printed for each iteration. 

7 3 - 0 output generated by CONST (191, (42). (45) relative to 

ZSTART r.2y origin. 

1 output generated by C 0 N S T U 9 ) , (b?.) , U S ) relative to 

ZMIN. Default is I. Th.- origin relation holds for calls 

1 o .- r.i<.•'.-,l and dens i [ v . 

74 - f ,ver~re ' rr-.il on parameter for Childs Law generation. 

Norma 1 1 v ''. r) . 

7'" Normailv ''. If 1, .ipcci ries Lhat thv ve<_ t or potential 

APHI ( ) from wh l ch the externa 1 magrn-t i c- fields are 

calculated is to be accululated as the sum of ail COILGEN 

data sets encountered. If CONST*- 7 %} =0 , (hen A^HIf ) is 

initialized to zero b.-[ore each COILCFN data set is 

processed. 

http://rr-.il
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76 - 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. 

77 - 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 rhe value 

specified by the value of CONST(77). If CHARGE LIMIT data 

has been used, then CONST(77) is the number of radial mesh 

points over which excess charge will be deposited. 

78 - Normally 4. Minimum radial mesh number for which excess 

charge will be inwardly deposited, see CHARGE LIMIT data. 

80 - 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, tu, C0NST(15) as set by the data deck is used for 

the first CONST(SO) 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 

C0NST(80) set to zero at the conclusion of a Poisson 

equation solution, so any subsequent pass will start with 

this valu& of OK 

81 - Calculation of the optimal over-relaxation factor will be 

made every C0NST(81) cycles. The default value is 10. 
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82 - Maximum value (î  of the optimal to allowed. This is 

really determined as an offset to0 as 
(0 = 2.0 - OJ o m 

83 - Last optimal Poisson over-relaxation factor to is stored as 

CONSTC83) for passage to tape dumps and subsequent 

problems. 

84 

85 - 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 is under-relaxed by 

CONSTC74). The ratio of this under-relaxed current I r to 

its value on the previous iteration is forced to lie within 

the range sptcified by CONST(84) and (85). 
XrN 

CONSTC84) < > CONSK85) 

A quantity called FACTOR is printed as output. Factor is 

the ratio of I_ Lo the Childs Law current. 
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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 10, 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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DEFINE NAME 
STOP 
CALL NAME 

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

numbers) under a NAME which can be used to refer to this data (max. 10 

names). The general structure would be 

EBQ data input 

DEFINE NAME1 

STOP 

CALL NAME1 

CALL NAME! 

END 

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

but merely read and stored. The two commands CALL NAME 1 in the above 

example actually cause execution of the data known as "NAME1." 
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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. SJ is a current scaling factor which 

multiplies each CURDEN value. SR is a radial scaling factor multiplying 

each RODENJ value. Type selects the input format for the CURDEN and 

RODENJ arries. 

TYPE = ON Turns on Neil-charge deposition if 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 in amperes/cm 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 values (in em's) for each ray. 

DENSITY 1 

CURDEN S 

RODEN S 
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TYPE - 0 

Specifies input of CURDEN-RODENJ pairs of numbers, 

I pait for each ray to be run. The pair input is 

terminated by an "S". 

DENSITY 2 

J, R, J, R, 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 

R(cm) 10 

The data input would be: 

DENSITY 1 120. 

1. 1. 1. 1.05 I.34 2.10 S 

1 3 5 7 9 11 S 



-125- DENSITY 

EBQ can generate Neil-charge density data based on a uniform 

current density J(amp/cm ) 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 nay be continued for several reasons. One may wish to 

iterate tbe orbit — Poisson equation additional cycles to improve the 

solution; or one may wish to 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, PUNCHB, 

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 11 records in 1 file preserving the 

folLowing data: 

NDUMP.NAME.NX 
TITLE (8+3) 
SIZE common block,NRAYS,ICOEF,CONST( ) 
MESH (NTOT) 
U (NTOT) 
RH (NTOT) 
COEF(ICOEF) 
POT(MAXPOT) 
NCOILS,MAG( ),A( ),BOUNDARY( ) 
XORB,YORB,ZORB,PXORB,PYORB,CURNT,TORB,SORB(100) 
SPECIAL THINGS( ) 
EOF 

Whi : ,• NDUMP is the value of CONST(32), NTOT is the number of points in 

Lhe boundarv mesh, and ICOEF is the number of coupling coefficients 

gen- rated . This information can be read from tape 8 to re-im t la 1 ize a 

problem for continuation. The data would be, for example: 

TITLE 
CONST *32 1 S 
DUMP IN 
TRACK 
END 
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Tape 8 is searched for a dump number CONST(32) written as NDUMP in the 

first record. The orbit arrays XORB( ), YORBC ) etc. transfer the 

initial conditions of the ravs. If it is desired to contmue the 

problem from some intermediate po^ i.tion, Z, the rays can be dumped to 

tap"1 8 by the PUNCHB Z data ar - read by the RAYS 8 data. See example at 

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 OUT format. 

DUMP ' 'ARGE IN SKIP 

Causes the reading of a standard tape 8 file, skipping the 

records, transferring records 5 and 6 to the U( ) and RH( 

then skipping pass the file mark on that dump. 

DUMP T.N X 

This data, where X is 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 IN FILE N 

This causes tape 8 to be rewound and files skipped t ne N fIle , 

which will be read as the current problem. 

f i rs*; four 

) arrays and 
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Wlien ray cycle convergence has been achieved a flag is set 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 is found, the data is skipped to 

the END card for this case, at which point the next case is read. Ray 

convergence is de fined as ach Leved when the rms (root meAT square) value 

of the radii at some specified Z value changes by less than a 

pre-as signed value on an iteration. The L valui? is given by CONST(25) 

and has the default value of ZMAX, while fhp specified uhange is given 

hv CONST(22) and has the default value of 0.01. 

TRACK RAYS EVALUATE RMS RADIUS AT 
Z=CONST(25) CM 

SET FLAG FOR OUTPUT ON THIS 
LAST CYCLF, SET .,'CLE COUNTFK 
ON MAX VALUE 

RRMS t-^RMS 
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EQUIP V( ) S 

EQUIP defines a list of up to 100 equipotentials values to bo 

plotted and/or printed according to the value of CONST(47) and 

C0NST(49). These equipoter -_i q! s are plotted in addition to any 

specified by the C0HST(4/.J value. L^ - there be N values in the V( ) 

list. Let >£=C0NST(47), and let P^^x a n d PM1N b e t n e ™ax iraum and 

minimum potentials in the POT*.' ) array. The total number of 

equipotentials is N+M with the values given by V( ) and Pf̂ ivi+dP, 

P M 1 N+2dP. . .PHAX where d?=(PMAX-PMIN). '-'. Only those values end rhf 

Z-axis (R=0) will be follove 1 and plotted. The other vainer will be 

ignored. Some other line, R=CC ..ST( 76 ), can be ppaiched for 

equipotentials if 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 sura of all orbit output Z 

values. 



-131-

IDRAY S 

IDRAY 1 S 

IDRAY IPC ) S 

When rays are generated by RAYGEN or read by RAYS data, an ID 

number will be generated for each ray. This number is the ray number, 

ID=1,2,3, MAXRAY. Optionally, a user may assign a tour digit ray 

number to the -ays of EBQ for identification purposes. These ID nuraber6 

can be in the range of -999 <_ ID <_ 9999. This data is input via the 

IDRAY ID( ) S data and should preceed the RAYGEN or RAYS data. 

Two special exceptions exist with the RAYS 5 and RAYS 6 input. 

RAYS 5 inp'.t will have an additional input list if preceeded by an IDRAY 

1 S data line, e.g., 

IDRAY 1 S 
RAYS 5 
X( ) S 
Z< 1 
Y( ) 
E( ) 
DX/DZt ) 
DY/DZ< ) 
AMPS'. ) 
I DRAY( ) 

RAYS *> input wil! assign the index N to IDRAY, i.e., 

K/.YS 6 
N X Z E DX/DZ T DY/DZ Y. 

will assign IDRAY(K) = N, where K = 

is read, with no parameter list, it 

such as the read of an eighth array 

Currently, this ontior. is only 

of EBQ. 

1,2 MAXRAY. When IDRAY S data 

turns ofr any special IDRAY options, 

list during RAYS 5 input, 

available on the cartesion version 
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IGNOR ON 

IGNOR OFF 

IGNOR K( ) S 

IGNOR S 

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

INITIALIZE 

This initializes certain constants. Mainly used when running many 

independent data cases. 

MAG=0 Turning off external magnetic fields 
MAXTRAJ-0 TRAJ OFF 
MEQUPLT-0 PLOT EQUIP OFF 
MPKZPLT=0 PLOT PHASE OFF 
MRAYPLT=0 PLOT RAY OFF 
NZSTOP=0 Turn off by reinitializing orbit integration 

stop at Z values. 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 
MAP0N=1 Standard MAP OUTPUT TURNED ON 
SCLMAPSC )=1 Sets plot scales to unity 
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LAPLACE 

LAPLACE 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. If the third parameter is 

INITIALIZE, the potential array is set to CONST(30); otherwise it is 

cont inued from whatever values exist. The "Boundary" input initially 

sets RHC ) = 0 and U( ) = C0NSTO0). After LAPLACE, a map of the U( ) 

array is normally printed, 

POISSON 

POISSQN SWITCH INITIALIZE LIMIT 

Same as Laplace, except is solves POISSON'S equation by not 

initializing the charge array to zero. If the fourth parameter is the 

Lueral "LIMIT", the procedure described under CHARGE LIMIT will be 

aopl1ed before solving Poisson's equation. After POISSON, a map of the 

U( ) and RH( ) array is normally printed. 
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LEDGE Nl N2 NRSKIP ZLOC SWITCH IP1 IP2 

The LEDGE control card allows certain specified potentials to be 

switched after the first cycle. Its 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 Nl N2 0 0 SWITCH IP1 IP2 

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

modified after the first RAY-POISSON cycle such that 

POT(I) = POT(N) 

I-IP1, IP2, N = N1.N2 

If NRSKIP or ZLOC are non-zero, then the potentials stored in POT(N), 

N*=N1,N2 will 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 evei NRSKIP points will be skipped—e.g., consider skipping every 

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

R 

,, POT (Nl + 2) 

_̂ „ _ POT (Nl + 1) 

j - POT Nl) 
ZLOC Z 

LEDGE Nl N2 2 ZLOC SWITCH 1P1 IP2 
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If NP2 - NPl + 1 - IP2 - IP2 + 1, then the potentials are swapped within 

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

POT(I) = POT(N), I = IPl, IP2 

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

MAP SCALE TYPE SCL 

MAP SECTION LSTART LEND LSKIP 

MAP MESH LMAP1 LMAP2 

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

These arrays are: 

ARRAY UNITS TYPE 

MESH 1 
POTENTIAL 2 
CHARGE 3 
COEF 4 
BMESH 5 
BR.BZ 11 
BX,BY 12 
VECPOT 13 
ER.EZ 14 
POTENTIAL 15 

OFF 

MESH( ) Low order 30 bits 
U( ) 
RH( ) 
C0EF( ) 
MESH( ) High order 30 bits 

Volts 
Volts/cm2 

gauss 
gauss 
gauss-cm 
Volts/cm 
Volts 

Suppresses automatically generated maps. 

AVEC( ) 

U( ) 

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 mesh 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 10 , 

MAP SCALE 3 1.0E6 
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The magnetic external fields are calculated from the vector potential 

A(j>(R,Z). A map of the B r, B z or Ai value can be produced on a 

grid which must be given following the map specification. Consider a 

map of Ai 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 Zl Z2 dZ 

Similarly, a map of the electric fields E R, E z or potential U can be 

produced on a grid which must be given following the map specification. 

MAP 14 15 

Rl R2 dR Zl Z2 dZ 

Produces a map of ER, E z (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 

'urns back on the usual map options. 

MAP SECTION LSTART LEND LSKIP 

A iuaxitnuni 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 

!.SKTP--e .g. , say a map is desired from L of 25 to 75 iu steps 5 and 150 

to 18D 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 LMAX1. 

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 LMAP1=1, LMAP2=LMAX1. 
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MESH IR IZ IB IP IC BETA Cl C2 C3 C4 C5 C6 

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 defined by 

IR IZ as 

I = (IZ-DKMAX1 + IR 

where KMAXl is the number of columns in the mesh. IB is the boundary 

type and TP the potential index. IC is the coefficient index and is 

normally printed by map in octal. BETA is the unit normalized mesh 

displacement, and C1-C6 are the star coefficients. 

MESH(I) = BETA.AND.77777777770000000O00B.OR. 
LEFT(IB,21).OR.LEFTClP,12).OR.IC 

IB, IP, and IC can optionally be read as octal integers by 

foilowing them with a B, such as 23B, etc. If 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 

L- oe f f ic ien ts 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 a as Cl and 

the Hollerith literal CALCULATE as C2. 

MESH IK IZ IB IP IC p 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 

Ca1 ulation of the moments of the ray distribution can be specified 

at sever il Z values given by the parameter list Z( ). Z is in 

cent imet-TS. A maximum of 20 such locations car. be specified and count 

along * ;i the Z value specified by FIELD Z( ), OUTPUT Z( ), PUNCH Z( ), 

and DEN? TY Z( ) value. 

Mo nts can also be specified on a regular interval given by CONST 

(42), su h that this calculation is performed every AZ-C0NST(42) cm 

along l beam path. If CONST(25) is not the default ZMAX value, then 

the monu ts rite additionally calculated at this location, also. 
Th' noment calculation generates one line of output giving the 

i teratL number, the average radius, the rms radius in cm, the average 

P and • e rms ?r value in eV/c . 
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OUTPUT Z( ) S 

OUTPUT POLAR Z( ) S 

Specifies a list of Z values for which the orbit output -<ill 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 Cr-

This will turn off ph..je plots, trajtctory plots etc. and .ill output 

generated by OUTPUT, FIELD, MOMENT, PUNCH data. 

If the second entry on t <e output card is the Hollerith literal 

"POISSON", then the other entries specify 4 mesh integer pairs for which, 

the potential will be printed every CONSKlS) Poisson cycles. The mesh 

coo-di nates are ieter^ined fr-»m the R,Z val".e as 

IZ = J,". - ZMIN)/dZ + 1 

IR = R/nR + 1 

oirnvr "OTSSON IRJ , i z , , I R 9 I Z 2 I R 3 I.I-J I R 4 I Z 4 

O I ' " J " . r ; P i iLAR f/A i S 

Genera tes a po la r ray ou tpu t t a b l e at each L va ue given in the 

''( ) l i s t r lo. .g w u h the s t a n d - r d c i - i t n s n r rav output t a b l e . The 

p r i n t e d va lues a r e : 

N B r B* 8 Z P r P + P T 0 T A L o, * 

See the P.AYS s e c t i o n of t h i s r e p o r t for a d e f i n i t i o n of the c o o r d i n a t e 

syscem. 
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PAGE 

Causes election of a page. 
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PLOT JDENSITY Z( ) S 

PLOT TRAJ N( } S 

PLOT PHASE Z( ) S 

PLOT BOUNDARY S 

PLOT ENERGY g 

PLOT AMPS s 
PLOT PSI s 
PLOT EQUIP V( ) s 
PLOT SCALES TYPE 

PLOT DENSITY Z( ) s 

PLOT TRAJ N( ) S 

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 if CONST(34) has a 

unit value and produces a CalComp plot of those rays if CONST(34) has a 

decade value. If CONSTC34) has both a unit and a decade value, 

(CON; 34) = 1 1 ), then both options .ure selected. If CONST(34) is zero, 

th.n i. ther option is produced. The rays which are selected are given 

by the N( ) array list. If ray 1, 2, 10, and 27 have been specified 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 

l i s t . 
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Trajectory plots are produced at the end of a beam trac'- ing when 

CONST(34)=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 TRAJ 1 2 10 ... 

S will produce a plot of the designated rays, and PLOT TRAJ 11-12 

13-14...S e.g., PLOT TRAJ 10-15 37-48 91-97 S will produce a plot of the 

sequentlal ray groups specified—rays II through I?. 13 through 14, 

etc. When using more than one of these formiLs, they should occur in 

the; data stream in the following order: 

PLOT TRAJ S 
PLOT TRAJ II 12 ... S 
PLOT TRAJ 11-12 13-14 ... S 
TRACK 

PLO^ PHASE Z( ) S 
PLOT PHASE S 

Phase plots are available at any z value specified by the Z( ) 

arrav list of the PLOT PHASE card. A maximum of 20 locations can be 

sptcifi'jd. Paper and/or Ca IComp plots are rendered according to the 

boo 11an L rue or false value of the units or decade position of 

CONSTO/J. The physical size of the CalComp plot is set by the FRAME 

values specified by CONST(38) and CONST(39) giving the CalComp plot 

dr/dZ and R axis length in inches. The special PLOT PHASE S with no 

'/J ) array parameters produces a phase plot at the end of a run for the 

values of the ravs regardless of where their integration terminated. 

This is useful in making phase plots at constant energy. 

Phase plots can be made in x-x', y y 1 , and or r-r1 coordinate 

according to the value nf CONST(57). 
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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 S 

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 S 

A pLot of the beam current versus R is produced by this entry. 

PLOT PS1 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 

cjimnand . 

P cos $<-P sin<J) 
,|, = ASIN — 2 X

 x y 2 

( P

2

+ P 2 * P 2 ) V x y z! 
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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 

B7(R=0) and other equipotential lines specified by the value ot 

EQUIP V( ) and CONST(47). The physical size of the CalComp plot is set 

by the frame values specified by CONSTC35) and C0NSTO6) giving the 

CalComp plot R and Z axis length in inches. 

PLOT SCALES 

The scales of any of the above described plots can be set 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) DHASE, 4) EQUIP, 5) AMPS, 

6) PSI, 7) ENERGY, and 8) BEIELD. The blank entry zeros out (cancels) 

all previous scales specifications. 

PLOT SCALES TRAJ $ MAX 1 

PLOT STALES PHASE Rl R2 PR1 PR2 Z S MAX 10 

FLOT SCALES PHASE Rl R2 $ SET JUST R SCALE 

PLOT SCALES EQUIP $ MAX 1 

PLOT SCALES AMPS Rl R2 II 12 

PLOT SCALES PSI Rl R2 VI V2 

PLOT SCALES ENERGY R] R2 El E2 

PLOT SCALES BFIELD BZM1N BZMAX 

PLOT SCALES JDENSITY B' 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 k is calculated for 

each ray, k as 

J • A k ^\ 

The scales of this plot can be set with the PLOT S<"M,ES JDENSITY data. 

PLOT DENSITY Z( ) S 

A plot of charge density versus radius can be specified at any Z 

location by the PLOT DENSITY Z( ) S data. The plots are produced on 

paper and/or CalComp according to the value of C0N3TC44). Additionally, 

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 I o 

re-establish a polar geometry after the introduction of cartesian 

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

data is to preceed the boundary data: 

TITLE 

POLAR 

BOUNDARY 

ETC. 
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POT V( ) S 

POT FIT 
POT SWITCH 

POT STORE 

POT NULL 

POT INITIALIZE Z R] R2 Zl Z2 A B C SCALE 
POT INITIALIZE R Rl R2 Zl Z2 A B C SCALE 
POT MAX N 

Input of the potentials for the varioup electrodes defining the 

boundary of the problem is accomplished via the POT data. The 

potentials are in volts. Electrode 1 has P0T(1), electrod 2 has 

P0T(2), etc. The data might be: 

POT 1.24ES 0 0 200 .0345 S 

or 

POT 

1.24ES 0 0 200 .0345 

S 

If we want to change a potential from some previous value, then 

input just the array index preceeded by an * and the value of the 

potent ia L. 

POT *4 205. S 

This would change the fourth potential value to 205 volts. 

POT SWITCH causes a switch of the potentials defined by a previous 

LEDGE input such that the potentials of index IP1 - 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 bmind.nv 

points to a few potentials given as data input. 

POT FIT 2 II 12 VI V2 S 
POT FIT 3 II 12 VI V2 V3 S 

FIT as second entry on the pot specifies that potentials will b«-

entered into the POT( ) array by a polynomial fit. The degree is 

specified by the third entry as either 2 for a linear interpo1 at!on >r ? 

for a quadratic Interpol at ion, fol lowed by a number of groups consist iii>! 

of four numbers for I inear fits and five numbers for quadrat ic f;i s. 

The first two members of each group specifies the POT( ) arr.iy 

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 wilt be made. The end of input must be indicated by entrv nf S. 

POT STORE R II 12 ZL Rl R2 DR 
POT STORE Z [1 12 RL Zl Z2 DZ 

The POT STORE data card causes storage of th« potential ,,;'R,;M into 

the POT( ) array, elements 11-12. The potential values \''Rb7.) are 

selected either on a radial line at a constant z value or a lonn i t ml i ;i.-i I 

\ ).n>' at a constant radius according to the third parameter of tht- dai -) 

r.-ir-i being R or Z. The positional values of the line bei.n,; p.iven hv il;.-

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

step, while Zl,Z2 are the minimum and maximum values of Z and dZ the 

step. Note, that 

I2-I1+1 = — U 3 - + 1 or — U J - + 1 

If Io is zero, then three special storage procedures will be used 

according to the value of Ij: 

1 = 0 i.e., POT STORE * 0 0 

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

array. 

l l = I i.e., POT STORE £ 9 ° 

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

example,1=9. 

I. - LAST i.e., POT STORE * LAST 0 

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

this wilL replace the current last entry in the P0T( ) array. 
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POT INITIALIZE R Rl R2 Zl Z2 A B C D SCALE 

POT INITIALIZE Z Rl R2 Zl Z2 A B C D SCALE 

This data will cause initialization of a part of the scalar potential 

array l)( ) by a power series expansion. The UC ) 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 ZI-Z2, R1-R2 will be set to U(R,Z) according to a 

polynomial for the R,Z values lying on the mesh points within this 

domain. The initialization region may extend out to the limits of the 

U( ) jrray. The POT INITIALIZE Z data sets radial equipotential lines 

aiong the LongitudinaL direction as 

UtR.Z) . { A ^ ( l ^ ) + c ( f ^ D ( f ^ ) 3 j S C A L E 

where R,Z are on the mesh points of the 1J( ) array within the bounds 

z i 1 z 1 z 2 ' R 1 i R £ R2 

TK' POT INITIALIZE R data sets longitudinal, equipotentlal Lines along 

the radial direction as 
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POT NULL 

The POT NULL data card sets the number oE potentials the pot 

arrav to 1. This is useful when transferring 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 VTlue 

from some ; evious problem. The data might be 

READ RAYS AND STORE POTENTIALS 
DUMP IN FILE 3 
POT STORE R si 83 3 0 15 .5 
PUNCHB 3 S 
TRACK SEAM 
POT MAX 50 
DUMP IN FILE 2 

BOUNDARY MODIFY 
INCREMENT 51 81 
I 0 3 81 15 3 S 

$ SET POT(51-SJ) 
$ 
$ STORE R4.YS AT Z=3 CM 
$ LIMIT POT INPUT TO 50 liNTRIES 
$ P0TO-50), DOESN'T OVERWRITE 

FOK51-83) 

$ SET GRADED DIRICHLET BOUNDARY 
AT Z=3 

RAYS S 
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PRINT POT PRINT R FIELDS ZL Rl R2 PR 

PRINT FIELDS R ZMIN ZMAX DZ PRINT Z FIELDS RL Zl Z2 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, y, 

z, P x, p
v . p

z . AMPS, R, K, a and ty. 

:'i\[NT CONST output the values of the parameters stored in the 

CONST! ) array. 

PRINT DENSITY ovstputs the radius and current density arrays used in 

the Neil charge deposition procedure, 
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PUNCH Z( ) 3 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 CURRENT 

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 Z 

values specifiei by the PUNCH Z( ) S data, taking every CONST(53) value. 

The format is (5E15.7). If the Weil charge deposition was being used, 

then the initializing current, density and radial profile is also 

punched. 

PUNC'.iB Z( ) S 

Binary dump of ray output on tape 9 for restart. This dump is 

read by "RAYS 8 NDUM" input. The dump number is set by CONSTC33) and is 

incremented by 1 before the writing of each dump. 'this writes thiee 

reco..ds in one file. Records 1 and 2 are for ID and record 3 is 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 

if the rays have stopped at different Z values, as on a curved STOP 

bo .idary. 
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PUNCH POT 

PUNCH POT NRSKIP ZLOC 

Writes to tape 4 the POT( ) array. I' NRSKIP 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 £ EM RB Z F RP U IRANDM S 

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

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

beam emittance EM iB tilted by R? specifying either the slope of the 

envelope oi: the r i 9 beam ellipse matrix correlation. The parameters 

TYPE = 1 RP = riT beam elLipse matrix correlation 

= 2 RP - Slope of the beam envelope, see below. 

The uni*:s are normally radians, but can 

be scaled by C0NST(13). 

= -1, or -2 Same as above, except rays generated 

are added to the rays already existing. 

= 3 Child's Law start with equal dR spacing 

4 Child's Law start with rays of constant 

current 

= ±5 Brillon flow generation beam current 

and *JJ will be proportional to R. 

- ±11 or ±12 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. 
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N = Number of rays to be generated 

IB = Total beam current, Amperes^ if zero, these rays will not be 

space charge depressed. 

IA = Total current carried by the ray generated by this RAYGEN 

E = Total beam energy, kinetic energy electron volts 

EM = Beam emittance, cm-radians in units of C0NST(13) 

RB = Beam radius, cm 

Z = Initial longitudinal coordinate, cm 

F = Focal tilt produced by preceding focusing elements. Units 

of C0NSTO3), normally radians 

RP = Transverse beam, see below 

<i> = Ruiational angle of beam, poLar angle in units of CONSTC131, 

normally radians 

i> = Transverse angle ATAN (Rd<t>/dz) in units of C0NSTU3), 

normally radians 

DM = 0 Use next random number generator seed 

= 1 Use previously stored random nur.ber generator seed 

- 2 Read in random number generator seed. The seed is 

read as a separate data card or cards foLlowing the 

"S" of the RAYGEN card. The 'seeds' are five 16 digLt 

integers and the random nurrber generator number, 

followed by an "S" — e.g., 

RAYGEN 2 S 
1048015011 22 36846 57 3 4216 79 309 3 
7792106907 9630191977 
1 S 

http://nur.be
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M 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. 

ziZ. 7 
"7" -> x 
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The beam phase can be tilted from two distinct sources: a) angular 

spread in the beam, and b) focusing action of preceding elements. 

Consider a beam of some angular divergence, X M, passing through a 

drift distance S from a waist as shown below: 

(X r.,,XJ v jn 12 m 

(X ,X r,,) m m 1Z 

X„ = X Wl-r, 
o" . r 12 

1 \ 
1 / \ p 

" T 
X = RB 

in 

1 > . 
/ - „ s 

) -

<: ? 
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The angular divergence of the beam envelope is R . The value of 

R after the drift has increased from the angular divergence of the beam 

X Q
 = Xjjj. If the beam has no initial angular divergence, so EM=0, 

but has passed through a focusing region, the phase space will be f >Ited 

as shown below: 

X A 

?-» "7 *M 
-** 

'UrfTf 
> < ^ 

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

shown. We know Rj, Rg, f^' 

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 rj 2» %, a r e f o u n d f o r t v P e ' d a t a a s 

J/2 

where t lu1 be am emittance area is ft^. 

t> and \\? give the transverse beam rotations out of the plane, such 

that fy is an additional transverse angle, added to Y' as 

R ; R I 

/ R i V 
r 1 2 = i 'W 

_ 

P y = P sin ( ij, + Y' ) 

P x = P cos ( i|/ + Y' ) sin (x' ) 

P = P cos (i|i + Y') cos (x'.l 
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and $ specifies a rotation in the x-y plane so 

Px " Pxcos<fr-Pysin$ 

P y " Px s i n + + p
y

c o s * 

The energy of the rays generated by RAYGEN will be spaced charge 

depressed if the total beam current IB is non-zero. The current run by 

these rays is specified separate!/ as IA. The magnitude of this energy 

depression J.S 

•-[' - <V"] 
1/2 

E = E 
max 

where D„„ is 

D = 25 I„/(E„H V) eo b o 

R, V the ray radius and velocity in era and cm/sec. When generating a 

beam close to some electrode, such 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 

Child'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 emissLon 

will be allowdd. 

7, START Starting conditions are determined from a surface start ing 

at CR.Z) = (0,ZSTART) 

VSTART PotentiaL V used in Child's Law on first iteration, if 

known. If VSTART is negative, it speficies the tote1 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 aliowed, amps/cm . If Chi Id's Law 

exceeds the value, JLIM will be used. This simulates a 

temperature limited cathode. 
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SMAX Maximum length of starting surface cm. useful in problems 

involving a sharp corner at the end of the emission 

surface. If zero, SMAX is not used. If SMAX > 0 stop if 

surface length io >SMAX. If SMAX < 0 stop if cathode length 

> SMAX . 

The Child's Law start finds the current density J (amperes/cm ) 

for electron emission from the cathode electrode from the potential and 

distance between the starting surface £nd cathode. 

, 4 /JT < 9 o - 9 ) V 2 . 

The value of the dielectric constant e, charge e, and mass âre 

specified in the EBQ array CONST as the 8, 2 and 1 elements in units of 

Farads/meter, relative charge and electron volts. 6 0 is the potential 

of thii cathode, 9 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 = 2TT r dr J 

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 ( 9 -9) o 

and the associated total momentum P is 

2 2 2 2 
P (T - E -E z 

o 

P is resolved into three Cartesian components from the angles of radial 

and azimuthal slope, a and i|>. 

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 equipotentiaL hits an electrode of 

potential index other than KATHODE or MASK, 

or, 

2) Leaves the boundary of the problem 

or , 

3) Requires more than 250 points. 

If the surface is found, then from its known shape, the norma 1 

s1opp -an be determined as 

a = -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) 

9 = —% * [r A(r ) - rA(r)l I L c c J 

mcr 

where r , A(r_) are the radius and vector potent ial of Lb ray at 

the cathode, and r,A(r) are the radias and vector poten il of this ray 

at the s ta r t ing surface. 

^ = ASIN ( P 6/P) 

The three components of uhe momentum can now be fou 

P = P (cosiJjsincjcos6-sini{;sin9) 

P = P (cos^sinasin9+sini(A:os9) 

p = P cosii^osa 
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The computational procedure is to 

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

This line defines the starting surface. 

2) Calculate the radii of all the rays, r R. 

3) For each ray, interpolate from the starting surface and the ray 

radius, the values for the longitudinal distance, Zj., cathode 

ray distance S k, and ray slope tana^. 

H) Find the lo;.o 1 current density for each ray 

l/"? 2 j = rV ' '"/ Q 
Jk " '"k 

5) Find the current carried by each ray 

\ = 2 " r R d r k J k 

6) Find the beam rotation induced by any magnetic lieLd t'nreading 

the cathode 

P Q = -1^ CrcA(rc) - rA(r)) 
cr 

«Pk = AST.J CP8/P) 

7) Deposit charge on the mesh between the starting surface and the 

cathode. 

8) Find the momentum components oi the ray, P x, Pyi P z ^ r O T n 

the angles and total momentum, a, ip, 0 and lJ. 

9) Integrate each ray to the same mesh L!no. 

10) 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 Lav 

start to tutn 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( ) S 

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 1 X Y 7. P x P y Pz I 

TYPE 2 X Y Z E a V I 

TYPE 3 R Z <(> E a I|I I 

TYPE It R Z 4 P T P z P. I 

TYPE b R( ) S 

Z( ) 

M ) 
F( ) 

o( ) 

¥ > 

K ; 
TYP-: 6 N R Z E a l * < t > 

TYl'K 7 Calls subroutine SPECIAL which must be user supplied. 

TYPK 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 C0NST(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 R. 

The inpul: unit for angles 9, ty, and a is determined >y the value of 

C0NST(13). If this value is 1 the angles are in radians, if its value 

is .01745 the inp> : is in degrees, if its value is .001 the input is in 

railliradians, 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, Y, 2 Cartesian location in cm 

R, <J>, Z Polar location in cm, radian, cm 

Pr, P4>, Pz Polar momenta in ev/c 

Px, Py, Pz Cartesian momenta in ev/c 

jr Kinetic energy in ev 

a Radial angle ATAN(dR/dZ) in radians 

,j, Transverse angle ATAN( Rd$/dZ) in radians 

I • Current in amperes 

/ I ^ v / • 

>L-*" _/_ LJ 
/ -" 

— fi" 
.___„ Z 
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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 

Pz = P cos I(J cos a 

Pr = P cos ty sin a 

P<Ji = P sin t 

Px - Pr cos<(> - F<t> sin<(> 

Py - Pr sin0 + P<ft cos<fc 

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 

X Y Z FX PY PZ I 

END 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 unul 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 rtad, an END cards should be used. 

TYPE 8 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 8 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 

designated 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 the 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 

RC ) - X( ) 

7-( ) Z( ) 

0( ) * Y( ) 
E( ) E( ) 

DR/DZ( ) *• DX/DZ( ) 

Rd0/DZ( ) • OY/DZC ) 

AMPS( ) AMPSC ) 
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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 ion sources. The procedure for inputting more 

than one species is to read or generate each species aft r setting its 

mass and charge via the CONST(l) and C0NST(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 CONSTC66) is set to zero. 

Example, consider input of protons, deuterons and charge five 

uraniums. The data would be 

CONST *1 938E6 1 S 

RAYS 2 0 

' X Y 7 E a * J 

ENr> PROTONS INPUT 

CONST *1 18 76E6 1 S 

KAYS 2 7 

' X Y 7. K a i|, t 

END U+ 

C.'INKT *l ?. .232K! ! 5 S 

RAYS 2 1 •> 

X Y 7, K a il' I 

S Protons mass and charge 

$ INPUT, SAY 7 P+ 

$ Deuterons mass and charge 

$ INPUT, SAY 8 D+ 

S liranium ion mass an.I c):arj> 
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UNIFORM CURRENT DENSITY RAY INPUT 

EBQ can calculate the current for rays from the inter-rjy ra 

separation based on the assumption of a uniform current densit\ 

specifying the fourth parameter of the ray card as "UNIFOK. ' and 

the total beam current as thp fifth parameter. Any of the r,iy 

types can be used with this procedure except type 8. . L LS p r i 

calculate the current for the rayp so they do not. havt 'o be sp. 

and load the Neil charge deposit:^n arrays. Standard ••• depo 

will be used, however, unless the Neil procedure ts Lui lv. 

ON. Consider the input o r six type 3 rays comprising a i. 

uniform current density. The data would .,, 

RAYS 3 0 UNIFORM 12350 
J 0 0 2.5E6 0 0 0 $ R Z PHI E ALPHA P M I 
5 $ VALUES NOT GIVEN -Ul 
10 $ TAKEN FROM T ;-• PRECEi. '• 
11 $ DATA CARD. 
12 
12.7 
END RAYS INPUT 

If the Neil charge distribution is to be used during rav . icki n>» 

data r.ust be folLowed by DENSITY ON. 

ADDING RAYS TO THOSE ALREADY SPECIFIED 

Additional rays can always be added in 'hose in , in t •; t 

g L ving a non-zero value to N START on ( *!•• ray c;i > - ' . N' : A ••.<.•-, i 

index va 1 ue after which the m w rays will be s i , , < . 
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Consider running 10 rayB and then adding 7 additional rays to these 

10 and running again with the 17 ravs. 

RAYS 3 0 

) DATA FJR 10 RAYS 

END INPUT OF RAYS 
TRACK 
RAYS 3 10 

DATA FOR APn!TrONAL 7 RAYS 

END 
TRACK S 17 RAYS 
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RAYS REMOVE K( ) S 

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 S. 

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 

follow in the format specified by NTYPE. 

RAYS 1 PEPLACE 2 3 19 S 

PX 2 PY 2 PZ 2 I 2 

PX 3 PY 3 PZ 3 I 

X19 Y19 Z19 P X19 P Y19 P Z19 X19 

The RAYS data does not require an END terminator when using t .;tr 

REMOVE or REPLACE options. 
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REWIND KTAPE NSKIP 

Entire EBQ problems are dumped to tape 8 by DUMP OUT data and rays 

are dumped to tape 9 by PUNCHB data. The dumps are sequentially numbered 

from the values specified by CONSTC32) 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 RAVS 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 positLon. 

Entiy nf a third parameter will cause that number of files 'o be 

skipped after the rewind of the file. Consider posiLLoning the rav dump 

tapi-, tape Q 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(IO) step size is used for Z values greater than the largest Z given 

in a RKSTEP list. Consider the following scheme: 

I DZ1 I D Z 2 I D Z 3 I I 
ZMIN Zl Z2 Z3 ZMAX 

RKSTEP DZ1 Zl DZ2 Z2 DZ3 Z3 S 

For Z > Z3, the step is the value given by CONSTOO;. The entry 

of RKSTEr' or RKSTEP S cancels the variable step, forcing use of the 

CONST(IO) value everywhere. 



SEGMENT 

SEGMENT MINOR SEGERR Z( 

SEGMENT MINOR SEGERR S 

SEGMENT S 

Problems envolving long transport distances might have a tendency to 

self collapse with subsequent beam blow off when theL'e is a large degree 

of cancellation between the beams self magnetic 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 

until either N exceeds MINOR or until uhe relative RMS beam radius at the 

segment transfer position is constant to within SEGERR. 

RNEW ROLD | 
R NEW / 

< SEGERR 

The beam is then continued from thi^ transfer point into the next 

segment. The segment transfer point LS set by CONST(60) which specifies 

the distaiu't' (in cm) to the left of any segment boundary at which poi nt 

the rays for the next interval wilL he initialized. This process of 

segment at ion is continued until the end of the problem is reached, at 

wh i ch t ime we have comp leted one who le (ma ior) Poisson-ray trace 

11 eration. 

The long i tud mal I i>cat 1 ons at which Lbe pron I em will be broken art-

given by the I nng l tud in;i 1 z va lues in the data list '/.( ) . 
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Th'E 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 fictitious Neumann boundary 

will be generated at segment ends and Poisson's equation solved only 

over thi veatricted range. The longitudinal boundary segment ends j 

Z( ) WJ.1.1 be increased at the end of each major iteration by the value 

of COWST(68). Consider the problem below: 

* t 

200 300 400 500 

This segment data would be given as 

SEGMENT 5 0.1 300 350 50C S 

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

TRACK TO 300 CM 
200 300 400 500 

£=1 r-
200 300 400 500 

max of 5 cycles between 
300 and 350 cm 



-J. 84- SEGMENT 

"1 
J 

-* 1 1- -\ 

max of 5 cycles between 
320 cm back spaced 
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 suppress ion of all output during the minor 

eye les. The only output will be the final output and plots orior to the 

continuation to the next raaior cycle. This output will be the same as 

that generated by a TRACK BEAM at the end of each major cycle. 

Segment at iun can be turned off by input of either SFGMENT or 

SEGMENT S with no narar_ter list. 

It may be dt; sir able to allow EHQ to decide on the locations to be 

used for segmentat ion upon detect ion of the beam self coll apse. This is 

Hone by specifying the number of segment minor cycles and relative RMS 

radial error with no longitudinal list, and specifying a nnn-zero 

maximum charge density, COrtST(77) in vol', s per cm . ^ny Z locaL ion 

where Lhe charge depos ited exceeds this value will br L rt-aU'd as a 

segment end. The input would be: 



-185- SEGMENT 

CONST *77 75E3 S $CHARGE DENSITY LIMIT 
SEGMENT 5 .1 S $ 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 

segmentat ion procedure. The limiting charge density being taken from 

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

CONST *77-l S $NON ZERO VALUE 
CHARGE LIMIT 1 1 $IN?UT CHARGE LIMIT DENSITY 

QLIMIT ( ) S SAS FUNCTION OF 7. LOCATION 
SEGMENT 5 . I S SSET CYCLE AND ERROR LIMITS 
TRACK 5TRACK BEAM 

Any 7, location where the average charge deposited exceeds the limiting 

value given by the QLIMIT( ) list will be treated as a segment end. 

If Lhe value of CONSTC 77) is negative, then the charge limits given 

by this constant or the CHARGE LIMIT data input will apply onlv u this 

segmentation procedure and will not invoke the search and subsequent 

I'miting of the charge array before solution of Poisson's equation. 

If mninr = 0, then the segment data will set the limits of the 

I'. • ^on equat Lon solver so that the potent i a I port i on n[ the p rob 1 em L s 

run only ovr this limited range, Z(l) '• 7. < Z( 2 > . The t ays can be 

limited by the value of CONST(26). Input of 

SEGMENT 0 0 £j 7.,}_ S 

will i ;iusi; Po I sso.i' s equation to be solved onl , over [his /. i ML i-rv;i 1 

Z, / 7. < Z-> with no fictitious Neuir.an bound a r les. The orbiLs will 

be tracked out to the value specifie' bv CONST(26). 
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SKIP 

SKIP N 

SKIP H 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 
Ca3e 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 only to run a maximum of MAX 

case we use 

SKIP N MAX 

Say SKIP 5 2 will cause cases 1-5 to be skipped and case- 6 and 7 to be 

executed. 
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SLOPE 9( ) S 

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 col lapse. 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 adju3ted so its slope is at the approximately positive or negatively 

deviated limit. 

A maximum of fifteen values of 9 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 

r-ach ray at Z=ZMAX. Thei r normal value is 0.2. 
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STOP NAME 

See DEFINE. 
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TIME 

TIME OFF 

TIME SWITCH S 

TIME SWITCH CURNT( ) S 

TIME A B C D E SCALE 

TIME without any parameters request a print of the CP time in 

seconds from the last TIME data entry without any parameters. When TIME 

has a parameter list, it refers to a time varying simulation. The time 

of a ray can 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 X Z Y E alpha, psi T, with T 

in seconds. The current of the rays will be set to the value of 10~^° 

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 t Lme until explic itly turned off by the 

TIME OFF 

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

of the electric potential and fields. 
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In order to simulate a time varying problem, such as deflection of 

a beam between two parallel, plate electrodes, the local electric 

potential and fields U r z , E x, and E z can be scaled by a power 

series function of the ray time 

U r z * u(R,Z) f(t) 

E x = dU/dx f(t) 

E z = dU/dz f(t) 

This function is 

f(T) = a + bT + cT 2 + dT 3 + eT 4 

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*SCALE 

Only A must be given, the default values for B, C, D, and E are zero and 

the default value for SCALE is 1. In order to turn off the time 

variation 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 IOUTPUT 

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) 

CONTINUE 

YES 

V 4> = RH 

NO 
CALL TRACK 

\ CALL MOMENT 
\ 

IT = IT + 1 

RH( ) = 0 
I 

CALL TRACK WITH OUTPUT 
*- CALL MAP IT 

*- RETURN 
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CONTINUE If = "CONTINUE," do not initialize 
p array 

ITERATION (C0NSTC21)) if * 0, MAX number of 
ray trace cycles 

IOUTPUT — 0 Output 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. FACTOR 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 units of EBQ to inches, the data input 

would be: 

UNIT 2.54 IN 

The unit conversion scales the constant array locations defining the 

distance units, locations 5, 8, 97, and 98. 

C0NST(5) = C0NST(5)/FACT0R = Velocity of light 
C0NST(8) = C0NST(8)/FACT0R = Distance/farad 
CONST(97) = FACTOR 
CONST(98) = CONST(98)/FACTOR = Ampere's law constant 

The units conversion effect the values of distance, current density, 

ve'ocliy, magnetic vector potential and charge, as shown 

DISTANCE CM UNIT 
CURRENT DENSITY AMPS/CM2 AMPS/UNIT2 

VELOCITY CM/SEC UNIT/SEC 
VECTOR POTENTIAL GAUSS-CM GAUSS-UNIT 
CHARGE VOLTS/CM2 VOLTS/UNIT2 
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WALL R 

WALL R R? Z, Z, 

The WALL data entry instructs EBQ to include the self B z magnetic 

field generated 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 R 2 Zj Z 2 

where the wall radius r is R for z less than Zy , R 2 for z greater 

than Z 2 > and linearly interpolated for r in the range Zi < z < Z 2 . 

"Z-Z, 
r = R + (R -R) -=—-

\-L2 C

VS 
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XEQ 

This card causes a call to subroutine FLDINTX 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 to he 

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 ECQ t o generate a rectangular coordina'.e 

problem. This data must preceed the boundary data. 

TITLE 
XYZ 
BOUNDARY 

NX NZ XMIN XMAX ZMIN ZMAX 
T X Z S 

REST OF DATA ETC. 

The polar R axis becomes the transverse cartesian X axis, the poLar 0 

rotation axis becomes the cartesian Y axis; in fact, everywhere the 

polar EBQ uses an R or 0, you may consider the XYZ coordinates to be 

X,Y. The longitudinal position and independent 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 

pos it ion. 
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SELECTING MESH SIZES 

There are three independent characteristic dimensions ured 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 

for calculation of the self-magnetic field and Gauss's law electric 

self-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 

is calculated should be chosen so L ts derivatives are sufficiently 

aceurate (these derivatives are the magnetic field components). To 

facilit'Te this, the vector potential mesh can be sub-divided inLo ten 

regions as described under COILGEN. For example, when long solenoids 

are used, the fringing field regions typically will require a finer mesh 

than the far exterior or far interior regions in order to properly 

calculate B and B r. The accuracy of these calculations can be 

readily verified by printing the fiels obtained from the data with the 

PRINT FIELDS optLon. 
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The Runga-Kutta integretion 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 one integration step. The user can clieck 

his step 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 used. 
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ESQ UNITS 

EBQ code works in a standard set of units as shou*n in the table 

^elow. If the units are changed via the UNIT input, then the altered 

units are also indicated. 

QUANTITY STANDARD UNITS 

CM 

ALTERED UNITS 

DISTANCE 

STANDARD UNITS 

CM UNIT 

CURRENT AMPERES 

ENERGY eV 

MOMENTUM eV/C 

VELOCITY cm/sec UNIT/sec 

TIME seconds 

MAGNETIC FIELD Gauss 

VECTOR POTENTIAL Gauss-cm Gauss-UNIT 

SCALAR POTENTIAL Volts 

CHARGE Volts/cm2 Volts/UNIT2 

CURRENT DENSITY Amps/cm Amps/UNIT2 

Th" Lnternal unit of length (centimeters) is defined by the value 

of four constants: 

CONST(5) Velocity of light 3 x 10 1 0 cm/sec 

C0NST(8) Meters/Farad 1.129 x 10 1 1 meters/Farad 

CONST(67) cm per unit length 1 

CONST(68) Amperes law constant 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 cm. 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 cm 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 whatever the infctraal input unit is. 

The default value is cm. 

The COILGEN input can be in any units desired with all R,Z values 

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 done. The 

default value is cm. 

No provision is made to change the units of the output 

specifications or ray generator data, as only a few numbers are 

•"involved. 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) C0NST(24) 

Z = Z(input) CONST(24) - 0)NST(23) 
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The Neil density input is normally in cm and amperes/cm^. This 

data can be scaled on input by the third and fourth parameters of the 

DENSITY data card. 

J = J(input) SJ 

p = p(input) SR 

If <:he value of SJ and or SR are missing, they are assumed to be unity. 

All orbit (ray) input and output requests must be in the internal 

units. The boundary and coilgen data mus*" be in the internal units or 

have been converted to the internal units by their individual unit scale 

factors. Consider the following three identical data cases, except for 

units. 

FXR BALL (ALL INPUT AND OUTPUT IN CM) 
BOUNDARY 
41 26 0 10 0 6.25 
] 2.54 0 1 2.54 2.54 1 0.75 !.54 
1 0.75 2.75 1 0 2.75 1 0 0 1 2.54 0 S 
3 9 0 3 9 2.54 3 10 2.54 3 10 0 3 9 0 S 
4 0 6.25 4 10 6.25 S 
S 
POT 0 0 900E3 I70E3 0 S 
COILGEN 2 0 0 10 

0 6.25 0.1 0.1 
100 100 S 
20 20 1 8 12 0.5 S SI0 
10 10 1 20 30 1 $ BOY 

RAYGEN 1 30 1.0E-6R2 100 . .1/5 0.75 2.90 OR4 -3 S 
PLOT PHASE 6.25 S 
OUTPUT 3 4 6.25 S 
PLOT TRAJ S 
TRACK X 1 
END 
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FXR BALL (UNITS INCHES, DATA IN CM) 
UNIT 2.54 IN 
BOUNDARY $ INPUT CM, CONVERTED TO INCHES BY 7-TH PARAMETER 
41 26 0 10 0 6.25 0.3937 
1 2.54 0 1 2.54 2.54 1 0.75 2.54 
1 0.75 2.75 1 0 2.75 1 0 0 1 2.54 0 S 
3 9 0 3 9 2.54 3 10 2.54 3 10 0 3 9 0 S 
4 0 6.26 4 10 6.25 S 
S 
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 8 12 0.5 $ S10 
10 10 ! 20 30 1 S BOY 

RAYGEN 1 30 1.0E-6R2 100 .1476 .2953 1.142 0R4 -3 S 
PLOT PHASE 2.4606 S 
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 
1 1 0 1 1 1 1 .2953 1 
1 .2953 1.0827 1 0 1.0827 1 0 0 1 1 0 S 
3 3.5433 0 3 3.5433 1. 3 3.937 1 3 3.937 0 3 3.5433 0 S 
4 0 2.4606 4 3.937 2.4606 S 
S 
POT 0 0 900E3 1170E3 0 S 
COILGEN 2 0 0 3.937 

j 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 1.142 OR4 -3 S 
PLOT PHASE 2.4606 S 
OUTPUT 1.1811 1.5748 2.4606 S 
PLOT TRAJ S 
TRACK X 1 
END 
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RUNNT.NG 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,LG0=EBQ/V4,12940. 
RFL,,140000. 
LINK.X. 
789 «• END OF RECORD 
USER DATA FOR EBQ PROGRAM 

END 
END 
6789 * END OF FILE 

EBQ currenLly 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 

different features of the EBQ code's input and output. The following 

table lists some of the 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 the 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-r1 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 illustrates the data for: 

a) running multiple ion species 

h) defining regions outside the boundary 

-.-) generating x-x' Dhase plots 
r> ' X e source prob Lem showing: 

a) ray orbit generation in a random phase space volume 

b) tracking beams with different current 

c) iterat ive solut ion to the space charge problem. 



-209-

6) Continuation of problems 

a) starting from a previous dump 

b) graded Dirichlet incremental boundary input 

c) shifting the oroit origin 

d) dumping and reading ray data from case to case 

e) LEDGE data for setting the potential on problems left edge. 

7) High current, relativistic electron beam problem 

a) Childs law start from cathode 

b) STOP PLOT data input 

c) stopping orbits at constant energy for phase plotting 

d) forcing a given phase space plot scale. 

8) Use of EBQ code in long transport problems illustrating: 

a) Gauss's law approximat ion to the space charge 

b) magnetic field zoning and repeated fields 

c) RAYS 5 input with uniform current density generation. 

9) Use of EBQ code in design of an X-ray tube illustrating: 

a) PLOT BOUNDARY data 

b) Global problem with expanded regions 

z) storing values from the potential map into the POT array 

d) removal of ray transferred from a tape dump. 

10) 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 

s imulat ion of the motion of an electron initially at r.'dius 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 

m r ~ e E r 

The potential V between the cylinders define a scaling constant E • 

By Gauss's law, E r = E /r so thaL 

b 
V = f E dr = E 1n(b/a) J r o 

E l i m i n a t i n g t i m e a s t h e i n d e p e n d e n t v a r i a b l e , d / d L = v d / d z 

e E . 
., o I 

r = 2 7 
m v 

; n t t - ^ r d t i n g 

d r 
. /2 K e 

- ° 
dz \ 2 

' m v 

/ l n ( r / r ) 

whose' :ol ut i'in can he wr i tten ii : • rms of the imagi narv error func L ion 

r f i'' •' ' t *spe Jahnke , Emde . Lisch , table of Higher Fane t ions , I960 page 

'.'..> wiMi -v = ] n( r/r 0-

I / 
TT; , ; ; 
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z - V-"-^- 2 r erfi(X) F . e E o o 

where X = ln(b/r0>-

For example, a 5 keV electron starting at r Q = 20 cm in a 100 

volt potential between cylinders of 10 and 30 cm radius yields 

E = 100/ln(3) * 91.0239 and X = 0.63676 such that it hits the 

wall at 

z = |/-_1H—X 2 r erfi(0.637f) = 217.74 cm f 2 e E o c 

Figure 1.1 shows the problem geometry and Figure 1.2 gives the EBQ input 

data for this case. 

Thd 3Ctual output frora EBQ is shown for this example. Each data 

car-' read ±3 immediately printed int the output stream. Each data type 

entry is preceeded by 45 dashes, this is useful when some abortive error 

is encountered before complet ion of the data input, in as much as the 

type of input last recognized by the input routines was identified by 

the dashes. 

The boundary input shown in Figure 1.2 < 1ines 4-7, is printed into 

in« output stream, page 1, and is follojed by output 1ist ing the mesh 

s ize, number of boundary points, number ot Foisson coefficients etc. 

Next foLlows a map of the type array, output pages 2-5, of which only 

page 2 is reproduced here. Not.2, the boundary mesh as descriL d 

previously undei BOUNDARY shows interior points as sma11 integers ^nd 

boundary points and electrodes as actual numbers concat enat in% the type-

potent ial and coupling coefficient indexed. Thete are laige ten digit 

octal numbers on the mesh map. 
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Th e output on page 6 shows the next output generated by iead of the 

potentials, problem constants, and ray data input lines 8-!^. The 

particle input is followed by a table giving the values of the particles 

cartesian position x, y, z (cm), cartesian momentum components p x> 

p , p (eV'c), current (amperes), radius (cm), energy (eV) , radial 

slope f-.LPHA = dr/dz), and transverse slope (PSI = r d0/dz). Next 

follows a table of the average beam energy in eV, momentum in eV/c 

current in amperes, fi (beta = v/c), y (gamma = 1//1-B ) , and magnetic 

rigidity Bp in Gauss-cm 

The actual calculations begin with the TRACK command, 1ine 23, 

Figure 1.2. The first output is a listing of the present values of the 

problem constants, the OONST( ? array. Poissons equation is then solved 

with output every ten iterations showing the sum of the residuals, 

maximum potent ial change of any -nesh point, and the potentials of the 

four potential points selected for display by the OUTPUT P01SS0N data 

line TO. Figure I.."!. This problem converged in S3 iterations where the 

nuixinuin change of any mesh point was 81 milivolts, pag-e 7 oE: ihe 

out;;Lit. "ex 1 follows output of the oibit data as requested by the data 

of * '"'. CMNSK ) array and spec ial output datn proceeding the TRACK 

c o-nnvt nd. 

Output page 'I shows the ray trajectory output generated during 

t rnck i n£. Tne nornr.al output consists of a print of the initial ray 

cooidinat-'s at the start of the problem, here at z = 0, and th*1 final 

ray coordinates at 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 rayB 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(cra) — ». 
••— r inHcv ^ 

z(cm) xx 
xx 
XX 
XX 
XX 
XX 
XX 
XX 

where the print of x simply occurs ct each mesh point where the value of 

the chaise array RH( ) mesh point is non-zero. If the beam current is 

zero, then every RH( ) mesh point is zero and there would be no bea*n 

trace plot, i.e., it would be blank; for this reason, f. suggest that the 

user simulating a zero current beam uses actually a smal1 infinitesimal 

but finite beam current. 

Since the vaLue of CONST\ :'>) had been set to 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 potential (Volts) and th? charge RH( ) 

array (Volts/cm2)f p a g e 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 timeB of the main aubroutines called in 

EBQ, page 19. 

The CALCOMP plot of the boundary electrodes and the three rays 

traced in thia problem is reproduced here in Figure 1.3. 
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XBL 823-1941 

Figure 1.I D e f l e c t i o n of e l e c t r o n between two concentr ic c y l i n d e r s . 

ELECTRIC FIEuD CEFLEC7I0N 6£TW££N i WO CONCENTRIC CYLINDERS 1 

I R i E k £ L E C T R 3 0 £ 
JUTEh ELEC'i'ODE 

I N I T A L I Z E 
80UNOARY -

31 31 0 20 0 300 
1 I t U H a 300 S 5 - — 
2 30 0 2 30 30u a I - -
S 

POi 0 100 3 
CONST 
»3<» 11 $ PRINT ANO PLOT RAYS 
• 6 3 <j £ NU EN1TTAMCE CALCULATIONS 

•7 1 0 i DJNT PLOT" EKbEtGP 
S 
RAYS 3 5 R I PHI £ AurHA PSI I 
•- i * . S l M 6 0 G 5 . 0 E 3 0 M . i t - 6 

1 9 . 9 1 7 5 0 0 0 5 . 0 E 3 0 0 l . f l e - 6 
2 5 . l i . o 5 0 u u 5 .GE3 0 t> i . n E - 6 
END RAYS INPUT 

OUlPUr 1 6 6 . 2 8 1 2 1 8 . 2 5 0 2 3 6 . 4 0 9 S 
OUTPUT PCIS30N 20 1 20 11 20 21 20 31 % 
PLOT TRAJ S - - - - - — 
TRUCK 

END 

IR IZ PAIRS 

2 
_.j 

H 
S 
L. 
7 
« 
^ 
u 
\1 
13 
IV 
>S 
IL. 
H 
iff 
19 
Jo 
12 
* 3 
24 

Figure 1.2 EBQ code data input for two concentr ic cy l inder example. 

http://25.li.o50
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CELL 1.0000 X 10 OOOO 

30.0 

T I T L E M l ! L I ^ 
E L E C T " :c 1- IELC 

L'TT n v o o 

Figure 1.3 

DEFLECTION BETUEEH 7U© CONCENTRIC CYLINDERS 
24 OCT ?B ITER- 1 PLGT 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 axis multipliers. This plot i 
half scale radially and 1/20 scale longitudinally. 
These factors are determined by RMAX, ZMAX-ZMIN and 
CONST(35) and CONST(36). 



CASE NUMBE? -UCIDXOO T 2+ OCT 78 1 3 . 0 9 . 1 5 -C*SE NUMB6* 

°GISS0N OUTPiJT INCICES ARE 218 435 652 

Rni)Nr>&«*Y MSSH SIZE- 1 . 0 0 0 0 0 0 X 1 0 . 0 0 0 0 0 0 

T^E NUMBER OF "ES* PQINT5 IS« 961 
BOUNOAtY POINTS- 1B0 

COEFICENTS- 1080 
BOUNDARY SEGMENTS- 5 

ELECTRIC FIEIO DEFLECTION BETWEE* TWO CONCENTRIC CTLIHOERS 
TITLE X1UCID 
INTTALTZF 
BOUNDARY 

31 31 0 30 0 300 
1 10 0 1 10 300 S $ — — - INNER SLECTROOE 
2 30 0 2 30 300 S 5 OUTER ELECTRODE 



ELECTRIC 1= I 61. C 

i o t ::<a* • ^D^C J- . ;?oo +o„0300 50=0000 60,oooo 70.oono ao.oooo 90.0000 
bs O U'<» 15 136 217 248 279 310 

0 0 1 0 0 2 0 1 3 * C 0 1 . - 2 T U 7 031C02314O 0 0 1 0 0 2 0 1 4 1 0 0 1 0 0 2 0 1 4 2 0 0 1 0 0 2 0 1 4 3 0 0 1 0 0 2 0 J 4 4 O01002OU5 0 0 1 0 0 2 0 1 4 6 
2 9. . 0000 CC2300Q227 30 
2 8, cooo dCH300022'- 29 
2 7. .0700 2 " 
2 6. oooc •JC?:-?:?2«M ?.? 
2 5= COO J C02C00022? 26 
2 * i , c o : J 0 0 / 3 3 : 0 2 2 2 ?•> 
2 3 , • : 0 0 c O02O3V-22 1 24 
22 , .0000 0 3.' 0 0 0 3 2 2 0 23 
:<i. , coco c : ' : •: 3 o 217 22 
2 2c , 00 0? 21 
19, , 0 J 3 3 0020 . : 002L C 2C 
1 S. . 00 30 002 J JCJZl ' - 19 
1 "* = OCOO o : 2 c o T o 21 3 18 

;'-. . : . I JJ C0?.? :?3212 1 7 
i e . , 0 C C 3 002003021 I 16 
i * . . C ^ O O 3 •: 2 o : o i : i ;• 15 
1 3. , 0 3-00 o c . : : o o o 2 C / 1-
!2„ OC CO c ; ? ; o ? 3 2 0 t 13 
: l . . 3 : 3 0 002.1 ^cOiCS 12 
l : , . c r o ? o : l j o : o 2 0 4 0 0 1 0 0 1 0 2 3 " 

1= : C C 0 0 10 
8, . c o o o o : c o o o o 2 c : 9 
7. , otzd 0020000201 8 
6. . ?2DD j ; 2 0 0 0 0 2 0 C 7 
5, , 0000 0C20030L77 6 

*• = . 0 00 3 0 0 2 0 0 0 3 1 7 6 5 
o : ? o o : o i 7 5 A 

2„ , o c c c CC23000L74 3 
1. , oooo o c a o o o o ; 7 3 2 

26 26 
25 25 
24 24 
23 23 

15 15 
14 14 
13 13 

12 12 12 12 12 12 12 12 
OC 100 10231 0010010232 0010010233 0010010234 0010010235 0010010236 0010010237 0010010240 

10 10 10 10 10 10 10 10 

01200330^0 003000C041 0030000042 0030000043 0030000044 003000004 1; 0030000046 0030000047 0030000050 0O300C0051 



POT 0 1 0 0 
CONST 
• 3 4 1 1 t • 
• 3 5 - 1 5 . 
• 6 3 0 

P R I N T AND PLOT RAYS 

NO E H I T T A U C E C A L C U L A T I O N S 
7 1 0 » OONT PLOT ENVELOP 

RAYS 3 * — - - - P 
1 4 . 8 K 3 6 C 0 5 . 
1 9 . 9 1 7 5 0 0 0 5 . 
2 5 . 1 4 8 5 0 0 0 5 , 
END ° A Y S I N P U T 

Z PUT 
0 E 3 0 

ALPHA P S I 
1 . 0 E - 6 
1 . 0 F - 6 
1 . 0 F - 6 

1 4 . 8 1 4 3 6 C . 0 0 0 3 0 
1 9 . 9 1 7 5 0 Q.OO30O 
2 5 , 1 4 9 5 0 C 3 0 0 3 0 

0 . 0 0 0 0 
0 . 0 0 0 0 
OoOOOO 

° Z AMPS 
. 1 6 5 8 9 F * 0 4 1 . 0 0 3 0 0 F . - 0 6 
. 1 6 5 8 9 ^ * 0 4 1 . 0 0 0 0 0 6 - 0 6 
. 1 6 5 8 9 E + 0 4 1 . 0 0 0 D O c - 0 6 

R E ALPHA P S I 
1 4 . 8 1 4 3 6 5 . 0 0 0 0 0 ^ * 0 3 0 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 
1 9 . 9 1 7 5 0 5 . 0 0 0 0 0 E + 0 3 0 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 
2 5 . 1 4 8 5 0 5 . 0 0 0 C 0 E * 0 3 O.OCOOOO 0 . 0 0 0 0 0 0 

9 J Y C ' l U P 1 PAYS 1 THROUGH 3 - M A S S - 5 . 1 1 0 0 0 0 ^ + ' 25 EV C H i R G F -. i — — . I T E R A T I O N 0 
AVE t l E A v P> JERGY > 5 o C 0 0 0 0 0 ! ! + 03 AVE GAMMA • 1 . 0 0 9 7 B 5 E * 0 0 
T ' - T A L ( , E a * C l ^ f ' E N T = 3 . 0 3 0 3 0 0 E - 0 6 AVE BETA • 1 . 3 8 8 7 3 9 E - 0 1 

a v = ^ ) y wOuPNTU* = 7 . 1 5 5 B 9 i E * 0 4 6 R H 0 ( G A U S S - C M ) » 2 . 3 9 0 2 8 7 E * 0 2 
OUTPUT 1 6 6 . 2 8 1 
OUTPUT P O I S S O N 

2 i a 
2 0 

. 2 5 0 2 3 8 . 8 0 9 S 
- I R I Z P A I R S 

OUTPUT 1 6 6 . 2 8 1 
OUTPUT P O I S S O N 

2 i a 
2 0 i U C i. t i j J l » - I R I Z P A I R S 

°^.\ SSC-J p i f P ; j T I N C ? C : S Af f= 20 3 3 0 6 4 0 0 5 0 
PLOT TRAJ S 
T " A C K 

' . .OOOOOOOOCO'H 

PLOT TRAJ S 
T " A C K 

' . .OOOOOOOOCO'H C O ' - S T ! 1) 5 1 1 0 0 3 . O C O C CONST! 2 6 ) 

PLOT TRAJ S 
T " A C K 

' . .OOOOOOOOCO'H 30 C O N S T ! 5 1 ) 1 . 0 0 0 0 0 0 0 0 O O E - - 0 4 CONST ! 7 6 J 0 . 
C " N S T ( 2 ) - l . C O O O U O O O O CONST! 2 7 ) 0 . CONST ! 5 2 1 3 . 0 0 0 0 0 0 0 0 0 CONST! 7 7 ) 0 . 
CONST[ 31 l .GOJOCCOOO r O N S T ! 2 9 ) 0 . CONST ! 5 3 ) 1 . 0 0 0 0 0 0 0 0 0 CONST! 7 8 ) 0 . 
C^ ' . 'ST t 4 1 1 . 0 - 2 3 0 0 0 0 0 0 C O M < ; T ( 2 9 ) 1 . 0 0 0 0 0 0 0 0 0 CONST! 5 4 ) 0 . CONST! 7 9 ) o« 
cnvsri I ) 2c 9 9 7 7 £ 0 3 0 3 0 ? » 1 0 r o M S T ( 3 0 1 0 . CONST ! 5 5 1 LOOOOOOOOOOE-- 0 2 CONST! 8 0 ) 4 0 . 0 0 0 0 0 0 0 0 
C O N S T ! 6 ) - 2 9 9 . 7 9 2 1 0 0 0 f . C N S T ! 31 ) 0 . CONST! 5 6 ) 0 . CONST! 8 1 ) 1 0 0 . 0 0 0 0 0 0 0 
CONST i 7) CONST 1 32 1 1 . 0 3 0 0 0 0 0 0 0 CONST! 5 7 ) 1 , 0 0 0 0 0 0 0 0 0 CONST! 9 2 ) 1 , 8 0 0 0 0 0 0 0 0 
C N S T ! 5) I . 1 2 9 ' - C 3 0 0 0 C E + U C T ' J S T l 3 3 ) 0 . C O N S T ! 5 8 ) 1 . 0 0 3 0 0 0 0 0 3 CONST! 8 3 ) 1 . 9 0 0 0 0 0 0 0 0 
C ^ N S T I 91 0 . C^NST ( It, 1 1 1 . 0 0 0 0 0 0 0 0 CONST! 5 9 ) 0 . CONST! 8 4 1 0 . 
CONSTI 1 0 ) 1 3 o 9 3 3 0 3 G C 0 C n N 5 T | 3 5 ) - 1 5 „ 0 0 0 0 0 3 0 0 CONST I 6 0 ) 0 . CONST! 0 5 ) 0 . 
CONST 1 1 1 ) 1 . 7 4 5 3 2 9 2 5 2 C F - 0 2 < "0 "ST( 3 6 ] - 1 5 . OOOCOOOO C O N S T ! t i l 1 . 0 0 0 0 0 0 0 0 0 CONST! 8 6 ) 0 . 
C O N S U 12) 3 . 1 M 5 9 2 6 5 4 CONST! 3 7 ) l .OOCOCOOOO CONST! 6 2 ) . 5 3 0 0 C C 0 0 0 0 CONST! 8 7 1 0 . 

cnv:sr ( 1 3 ) 1 , 0 O 0 C 3 3 C C C rrv-jsn 3 8 ) 5 . 0 0 0 0 0 3 0 0 0 CONST! 6 3 ) 0 . CONST! 8 8 ) 0 . 
C O N $ T ( 14 ) 1.O3-3COOO00 CONST ( 3 9 ) 5.roo?coooo CONST! 6 4 ) 0 . CONST! 8 9 ) 0 . 
C O N S T t 1 ? ) L 8 C C C 0 0 C G 0 cn'^Ti 4 0 ) 0 - CONST( 5 5 ) I o 0 0 0 3 0 0 0 0 0 0 » - 1 0 0 I-ONST! s»0) 3 0 5 . 0 0 0 0 0 0 0 
CONST! 1 6 ) . 1 3 0 C 3 2 3 0 0 3 CONST 1 4 1 ) c. C n N S T [ 6 6 ) 1 . 0 0 0 0 0 0 0 0 0 C 0 N S T 1 9 1 ) 2 . 6 1 1 2 1 0 0 0 0 0 E + 1 1 
CONST ( 1 7 ) 2 0 0 . 0 0 0 0 C 0 3 r O N S T I 4 2 ) 0 . C O N S T ! 6 7 ) 0 . CONST! 9 2 1 2 . 0 C C 0 J 0 C 0 0 
C T i S T I I P ) L r , u O J C 3 3 C : 0 CONST! < 3 ) 1 . C 3 0 0 J C 3 0 0 CONST! 6 R 1 0 . C 3 N S ' I 9 3 ) 2 . 0 0 0 0 3 0 0 0 0 
CON^M 1 9 ) 3 0 3 . 3 3 1 0 O 0 C C'lN'-T | 44 > 0 . CONST I 6 9 ) 0 . CONST( 9 * 1-- I . 1 2 9 4 0 3 0 0 0 0 E + 1 3 
C 0 N 5 T ! 2 0 ) 0 . CONST! 4 5 ) 0 . CONST! 7 0 ) 1 . 0 0 0 0 0 0 0 0 0 CONST! 9 5 ) - - 1 . 7 9 7 4 9 5 9 2 7 3 E + 1 2 
C O M S M 2 1 ) 1 . 3 O 3 O 0 3 O C 0 CONST! 4 6 ) 0 . CONST) 7 1 ) 0 . CONST 1 9 6 ) 1 . 7 9 7 4 9 5 9 2 7 3 E M 2 
C O'l 3 T ( 2 2 ) 1 . O 0 C 3 C O O O G 0 E - 0 2 CONST! 4-7 ) 0 . CONST! 7 2 ) - 1 . 0 0 0 0 0 0 0 0 0 CONST! 9 7 ) 1 . 0 0 0 0 0 0 0 0 0 
CONST! 2 3 1 0 0 C " N S T I 4 8 ) . 5 0 0 0 0 0 0 0 0 0 CONST! 7 3 ) 1 . 0 3 0 3 0 0 0 0 3 CONST! 9 8 1 - 2 3 C 0 0 0 0 G 0 0 
C P N 5 T ( 2 4 ] L O C 3 0 C O O C 0 C O N f l 4 9 ) - 1 . 0 0 0 0 3 0 0 C O CONST! 7 4 1 . 5 3 Q O C 0 O 0 0 0 CONST( 9 9 ) 0 . 
CONST ! 2 5 ) 3 O O . C C 3 0 0 O O C 1 ^ ! ! = 0 ) 0 . CONST ! 7 5 ) 0 . C O N S T ! 1 0 0 ) 0 . 



1 I T U < M T ! ~ V ^ - ) I : - - - S EOUA-TCS CYCLE TABL c I T E R A T I O N 1 
CYCLE S'J* o = s ! ( x i * L S "i\* P E S I D U f i L S I " i x r v ; : ^D 33O 6 ^ 0 9 5 0 

' 1 9 , 0) ( 1 9 , 101 ( 1 9 , 2 0 ) ( 1 9 , 3 0 1 
n V = R - R = L 4 X A T I T J F A C T O f l A L T C « = n 0 1 , fl0CC=+00 

0 S . 2 2 C 0 5 + 0 3 l . P d : 0 c O 2 <)33 O.COOO 0 . 0 0 0 0 0 . 0 0 0 0 0 , 0 0 0 0 

3 1 . 3 0 1 9 = * 0 4 r . 6 2 * 2 F * 0 1 
3 6 . 4 = 3 ^ E + 0 3 5 . 7 t 8 ; ' E * C l 
0 8 . c 6 3 3 = + 32 6 . 6 < * 5 ' ) c 0 0 
E 1 - R = L A X A T ! ^ * J FACTOR A I T C ^ D 4 
0 1 . 4 3 3 i r * 3 2 1 . 3 4 f l 2 c + 0 0 
0 l . * - 9 < ? 3 ^ * 0 t 1 . 5 6 8 4 F - 0 1 
3 9 . 1 9 2 6 3 t - 0 0 fl. U 0 E > F - 0 2 

9 2 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . OGOO 0 . 0 0 0 0 
9 1 1 6 1 . 5 2 6 0 5 2 . 6 2 4 9 5 2 . 6 2 4 9 5 8 . 4 3 3 9 
9 1 1 5 8 . 5 2 9 1 5 7 . 2 5 7 1 5 7 . 2 5 7 1 5 7 . 7 4 1 2 
l „ 1 0 0 0 ^ * 0 0 
91 1 SB . ' .3 60 5 8 . 2 0 3 8 5 8 . 2 0 3 8 5 6 . 2 9 5 8 
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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 such that the particle will move at constant radius, and ;he 

other will be mis-micched so it widely oscillates in radius. The 

momentum of the rays are given as: 

P = VE 2 - E 2 = V^2~5 + -511) 2 - .5112 x 10 6 

o 

P * 2.967 x 10 6 eV/c 

The magnet ic r i g i d i t y i s B(guass) pCcm) = P ( e r g s ) / e ( e s u ) 

B p (g-cm) = 3335.7 P (MeV/c) 

The c y c l o t r o n r a d i u s i s the t r a n s v e r s e r a d i u s in t h i s B f i e l d of 1000 

g a u s s . If we s t a r t the e l e c t r o n wi th P z = P x , t h e n : 

p . P P / / 2 ~ = 2.0982 MeV/c 
z x 

B p « 6.99896 x 10 g-cra 

R => 6.998 era 

The wave l e n g t h of a s i n g l e o s c i l l a t i o n i s g iven by 

X = X s i n ^ o X 

p 
•lit _ _ X _ 2jt_ 2TTZ 
QZ P X O X 

z 

so t h a t X = 2n XQ = 43.944 era. 
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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 cm. radius, 

and longitudinally from 0 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 by 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 z field is defined by the COILGEN 

data, tine 19. A CALCOMP beam trace plot is requited, lin>2 20 with the 

default value of C0NST(34)=10, shown in Figure 2.3. 

The particle started at R = 994 cm wit!: P x = P ~ 2.0982 x 106 e v / c 

moves at constant radius while the ray started with R = 0, P x = P = 

2.0982 x 10 6
 e v / c oscillates with 0 ^ R > 13.9R8 cm. 
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Figure 2.1 Constant B z f ie ld , matched electron motion, showing three 
dimensional orbi t and i t s projection onto a plane. 
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Figure 2.2 EBQ data input for the constant B z matched motion 
problem. 
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Z T1HES .LODJ 

TfSl 2 . 3 M£U ELECTRONS IN l .OOC K6 FIELD 

U C I D X 0 1 31 RUG ?f I T E R = 1 P L D T 

XBL 323-1904 

Figure 2.3 EBQ trajectory CALCOMP plot showing the matched and 
mis-match electron trajectories for example 2. 
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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, UCXD-

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-r1 phase space grid, and 

the input of boundary data in inches. 

The physical problem considered is a H beam produced by colli­

sion of an incident H beam on the source electrode S 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 

(S and Q), three (S, Fl and Q), and four (S, Fl, F2, and Q) electrode 

structur; shown 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 is 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 1 and the quadrupole given as potent ial 

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 
— Q 

beam current is set to the infinitesimal value of 10 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 generated 
10 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 
0R4 Four zeros for F, R', 0, and ip 
-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 focus 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 data 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, )NST, RAYGEN data. The MAP SECTION, 

line 28 specifies that only every tenth longitudinal position will be 

used in generating Lhe 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 minimum - maximum 

potentials have been 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-r1 phase plane at 12.7 and 

27.0 cm. Figure 3.8 shows the r-r' phase plot at 27 cm for the case of 

the focus electrode 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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i-12 are 3.1 Atomic beam spectrometer. Source elect rode on wh i ch ch.ir j-*r 
exchange occurs is indicated as S, Fl a n ^ ^ a r e t' i e 

two focus electrodes introduced in the three and four 
electrode cases. Q is an electro-static quadrupole mass-
spectrometer considert?d as cylindrically symmet r ic in t.h is 
simulat ion. 
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Figure 3.7 EBQ data for the two and three electrode cases of 
example 3. 



-236-

Z TIflES 1.COVC 
TITLE RUH J I 7 H £6UN UCI2-JJCD 
f.TDMZC BEPH flPFfjRniUS — TUD E L E C T R C O E Cn^E 

U C I D X O O 2 4 DCT 7{ I T E R - 1 PLGT 3 
XBL 823-1905 

Figure 3.3 Two electrode device showing ion trajectories and 
equipotential lines. This figure should be compared with 
the three electrode device shown in Figure 3.4. 
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UCIQXOO 24 DCT ?E) I T E R ; PLDT 4 
XBL 823-1906 

Figure 3.4 Three electrode device showing ion trajectories and 
equipotential lines. The presence of the third electrode 
has curved the equipotentials in the low energy region near 
the source so as to provide focusing. 
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Figure 3.6 Four electrode geometry snowing trajectories and 
equipotential lines for four different focusing electrode 
potentials as run by the data Figure 3.5. 
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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 species 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 ion? (D2 ) 

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, 11 through 20, and 2L chrough 

30 on a single CALCOMP plot. 
T}r.a ns.il t i pie species were generated by the RAYGEN data preceded by 

CONST data specifying the ions rest mass and charge. In Figure 4.1, the 

first RAYGEN data, lines 25-26, generates 10 deuterons, The second 

RAYGEN data, lines 27-28, adds 10 molecular deuterium ions to the 

first 10 rayrs since the type is ne.̂ at ive, and the th ird 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 10, 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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NULTIP1L ION SPCIES RUN D + l, 02 + Li AND H+l I CKS TOGETME* 
TITUi 8TNS 2NO COLJHN WITH 150 Mt OF 0» 
INITALIZE 
BOUNDARY --

13 111 0 6 0 55 J 0.5 X 0.5 CM CELLS 
OUXSi&E 5*£ a . 5 
1 5 0 1 5 1 ! 1 6 1 2 1 b l 1 5 ) S 
? 5 1 7 ! » B 1 A g f t m ; > f t 1 7 7 ' i 1 7 < ; 
3 5 2 3 3 5 2<t 3 6 2<» 3 6 2 3 3 5 2 3 S 

.. <* 5 2 9 W 5 30 4 5 3J) 4 6. .23 it 5 . 2 9 . - 5 
OUTSIDE 5 50 

- -5 -if 3b 5 4 55 5 -& 55- S--6-36--S It l i i . . 
S 

PDT i ,o f i fn ] f f 7?7nnn p i a n n n ingru in n <; 
CONST 

* 1 1 . & 7 6 E 9 $ O t BEST. MASS Etf 
•2 1 S CHARGE + 1 
*19 55 0 J TURN OEF OUTPUT 
*Zk 11 J CALCOMP AND PRINT BtAM LINE 
1.35 - 6 5.S t CftlCOMP PI OT SIZE 
*kT 5D $ NUMBER OF EQUIPOTENTHL LINES 
•55 . C I $ SELF FIELD RADIAL CUTOFF 
•57 100 t X-XP PHASE PLOTS ONLY 

S 
CONST * 1 1 .876E9 1 S $ D H 
BAY6EN 1 10 . 0 5 .OS 11.3 2 8 . 0 2 5 2 . 5 fl 0 . * ? 0-8—0—S 
CONST »1 3 .752E9 1 S $ 0 2 H 
RAYSEH - 1 10 . 0 5 . .35 1".320 ..-02.5 2 . 5 0 0 . 92 0 0 Q S 
CONST »1 . 938E9 1 S t H H 
RAYGEN - 1 10 . 0 5 . 3 5 1<*320 . -025 2 . 5 L 0 . 9 2 0 3 0 S 
PLOT TRAJ S 
PI nr TP/ \ i m ?n jn <; 
PLOT TRAJ 1-10 11 -20 21 -30 S 
HAP S E C T I O N 1 1 1 0 1 1 
EQUIP 

1O0O 2000 3030 <»30G 5000 6JJ j i 70113 8003 9iiQ0 1-•» 5E<« 
10E"» 2£i» 3E"« <»Ei» 350E3 375E3 376E3 377E3 378E3 379E3 330£3 
T f ^ i p ^ T « ? F < %kXF* 3RJ.FX 3 f l 5 F < 3flf-,F3 3 H 7 F 3 3 A flF 3 .<H9F3 33QF3 
391E3 392E3 393E3 39"*E3 395E3 

_._S- ----- -- - - -
TRAC< 
EHO - - -
END 

4.1 EBQ data for the multiple species RTNS rn 
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C E L L .SODO .^ 
P . 0 0 

I^Tj , CGCZZE-O'i 

X 4 U C I 0 0 3 0 NGU ? 

C E L L .SOC 
& . 0 0 

l = s .oo:::-£-c 

2 T J H E 3 . 2 S * : 

H T L E RTMS ? N 0 C C L U H N U H H l S O ",T &F [ ) , 

H U L U r ' P l - i a n S P t T I E S RUM D - l i D ^ 1 i OND H-.1 JONS TOGETHER 

X4UCIC0 30 NCU 73 ITER= 1 FLCT 

Fi 
XBL 823-1910 

igure 4.2 Trajectory plots showing plot of selected ions A) above 
and all ions B) below. The equipotential lines in 
the center of the plot were generated by CONST(47) while 
the higher density lines at each end were generated from 
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 to 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 elecrrons generated by their propagat ion through the 

residual gas to the left of the boundary, with the Xe ions pulled from a 

pseudo plasma boundary waist at z = I cm. The typical emittance of such 

a heavy ion source is 70 IT cm-mr, Figure 5.1. The r.iŷ  are generated in 

an upright phase eLlipse randomly populated in a four dimensional volume 

by the RAYGEN data card, line 32, Figure 5.2. 

The volume of output is reduced by Laking every fifth point of Lhe 

potential and charge deposition maps as specified by the MAP SECTION 

] 131 5 data card, line 33. Phase space plots in the 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 calculation is based on a space chargr 

evaluation from Gauss's law and should be vet y close to an iterative 

soLution found from successive cycles of solving Poissons equation and 

ray tracking. To verify this supposition, a trajectory and phase plot 

is requested for the first cycle by lines J 4 - 3 5 . The iterative solution 

is initiated from the first cycle by a continuation For a maximum of c> 
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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.j for the zero current case. 

Unless specifically inhibited by C0NST(61) = 0, EBQ will draw a 

dashed line marking the beam envelope projection of the previous cycle. 

Thi3 makes comparison of -ue 30 ma and 0 current beam profile easy, 

Figure 5.5 

f r' 
7o mr 

XBL 823-1944 
Figure 5.1 Initial beam phase as given on the RAYGEN data card. The 

emittance of .070 cra-rad requires a 70 mr initial 
divergence for the 1 era beam radius. The rays are randomly 
populated inside this area. 
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20 KV XE*1 ESCAR COLUMN 
TITLE 
IN ITAL IZE 
BOUNDARY 

' 
26 131 0 5 0 26 
1 Z . 6 0 1 ? . 6 ? .B 1 1.2 2 .8 1 1 .2 3. n 1 5 <t. 6 S 
2 5 8 2 1.2 £.<• 2 1.2 5 . 6 2 5 8 . 2 S 
3 5 11 3 I . * 1 0 . 2 3 1.1* 10 .U 3 5 1 1 . ? S 
<• 5 1<».<* if 1.6 l<f <» 1.5 1 4 . 2 •» 5 l< t .6 
5 5 1 7 . 2 5 j . 8 1 7 . 0 5 1.8 1 7 . 2 5 5 17, 

S 
,!. S 

6 5 1 9 . 8 6 1.8 1 9 . 6 6 1.8 1 9 . 8 6 5 20 
7 5 2 2 . 6 7 2 2 2 . •* 7 2 2 2 . 6 7 5 2 2 . 8 S 

s 
S 
POT 500E3 i .16 .7E3 333.3E3 250E3 166 .7E3 8 3 . 3 E 3 0 S 

9 
10 
11 
12 
13 
H 

CONST 15 
»1 1 .223E11 t *E <EST KASS 16 
• 2 1 $ • 1 CHARGE 17 
" 1 9 26 8 OUTPUT EVERY 25 CM IS 
•22 . 0 1 S RAY CONi/ERGENCE FACTO* 19 
»3<« 1G - 1 0 -13 t CA1XOMP. RAXIS. ZAXtS 20 
•1*2 2 I CALCUMLATE\ MOMENTS EVERY 2 CM 21 
*k7 75 j E Q U I P O T ; NTIAL LINES Ei/ERY 10 KV 22 
•55 . 0 1 5 SELF 1AGNETIC FIELD "CUT OFF ~ 23 
*57 IOC 8 PHASE PLOT ONLY X-XP ZL 

S 25 
EQLIP 26 

15000 litOOC 1 3 0 0 0 12300 110C0 9 C 0 0 800G 7 0 0 0 27 
6CO0 5300 1*000 3000 2 0 0 0 1 0 0 0 50 0 28 
7 4 9 0 0 0 7 i t 8 0 0 0 7 4 7 0 0 0 71*5000 71+5D00 . 29 
71*1.0 0 0 7i*30C0 7 4 2 0 0 0 7 4 1 0 0 0 S JQ 

PRINT POT | yy 
R.A_YGEN_i 50 . 0 3 . 0 3 20J0G .070 1 1 0 0 0 0 3 J J 32 
MAP SECTION 1 131 5 
PLOT PHASE 1 ?5 S 

33 
. 3U 

PLOT TRAJ S 35 
TEACK X 1 t PLOT SOUSS-S LAH SOLJTTON 3 & 

TRACK CONTINUE 5 % SOLVES AFTER 3 ON ITERATION 4 37 
ENCTRACK _ jg 
3 NOW RUN AT INFINTESIMAL CUFFENT 39 
CUI'RENT 1 . QE-10 40 
PLOT TRAJ S ^ 
TRACK X 1 42 

13 END 
END 

Figure 5.2 EBQ da t a for the Xe source probleir 
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2 TIrlES . 5 0 0 : 

TITLE 
2C <yj -<£*i esr-iR COLUMN 

X5UCI01 06 DEC ?B I T E R = 1 P L D T 1 
XBL 823-1911 

Figure 5.3 Plot on Ion trajectories on the first iteration where 
space charge was calculated from Gauss's Law, 

c. z Tines .see: 2S.O 
20 !"J X£-1 t'iC.nR CCLU1N 

XSUCI01 06 DEC 7B ITER= 6 PLOT 2 
XBL 82 ,-1912 

Figure 5.4 Final iterative solution of ion trajectories after six 
cycles. The space charge is now calculated from the 
solution of Poisson's equation. 
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C E L L . 2 C C 
G . 0 0 

T I 7 U E 

2 0 "'U « £ • » ! ESCf lR COLUf l 

X 5 U C I 0 1 0 6 DEC 7B I T E R : ? PLOT 3 

XBL 823-1913 

Figure 5.5 The seventh iteration of the Xe + 1 source showing the ion 
trajectories run without space charge. Note the plot of 
the envelope of the sixth iteration showing the space 
charge beam extent, dashed curve. 
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EXAMPLE 6 

This example considers the continuation of problems from one case 

to another. Problems can be continued for a variety 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 Cor disk) and re-read, 

C) Continuing a problem (within one run or otherwise) where the 

rays are dumped after an iterative solution is found which 

modifies the Laplace solution to the notential orob'em. 

The rays must then be started from au interior puint of the 

problem to avoid the fictitious Neumann boundary of the 

prof- ms right edge. 

A) The first example of a continuation pro^iem considers the transport 

of a 11.1 ampere beam of U?J8, 50 meters in a constant solenoid field. 

The transverse beam size is initiallv 10 cm and the beam is confined to 

a vacuum pipe of 15 cm radius. Tne emittance of this beam is 1.94 

cm-rad with about 49 kV of space charge depression. An u1 realistically 

high value of the longitudinal solenoid magnetic field was chosen to 

r^ducp the ion wave length so many oscillations could be observed in the 

mod i est 50 meters of beam transport length. 

The large beam emittance means that the rays freq ^ntly cross so 

appl Lc ation of Gauss rs 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 C0NST(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(ctn) 

0 1000 2 0 6 0 3 0 0 0 A000 5000 z(cm) 
F i g U r e 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 mat ic ally sequenced, 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 sect ion. All other data 

being the same as in the first sect ion, only the ray distribution 

changing. 

Figure 6.3 shows the ray trace for the five sections into which 

this problem h£s been divided. 
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B) Next, consider the continuation 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 slow the data generating the tape 8 dump after four 

ray-Poisson eyelee, 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 14. When the problem was to 

be continued, the value of CONST(32) had to he set to this desired value 

before DUMP IN. At this point, all necessary arrays have jeen 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 

ar^ay and the charge array are related by the solution of Poisson's 

equation. 

C) Next, consider the continuation of a beam from some intermediate z 

position past the end of the initial problem after an iterative solution 

of the ray-Poisson equat ion has been obtained. 

The Poisson ray trace cycles have altered the boundary potentia I 

values from the Laplace solution by the beam space charge depression. 

It Lherefore becomes necessary to set the potential on the lefL side of 

the continuation boundary as a graded DiricMet boundary. This example 

might be essentially the same as A). the U23fl beam t ransport example, 

except that the longitudinal transfer point is interior to the problem 

at, say, 8 meters rather than the boundary end of 10 meters, Figures 6.5 

and 6.6. 
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When the transfer takes place, t\ a potentials at 8 meters become 

the left edge of the continuation prob -m, as shown by the use of the 

increment option in the boundary data. rhe points in the POT( ) array 

are stored from the scalar potential arrt.' U( ) in the previous problem, 

shown on the left. The continuation is shown on the right of the 

control card and data below. The left column is the conceptual data for 

initializing the problem and propagat ing 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 add itional ten meters to 18 meters, Figure 

6.5. 

Cons ider the data on the left, Figure 6.5. Line 9*. speciTics the 

bounddry mesh interval size as 0.5 cm radial x 20.0 cm longitudinally. 

The boundary might have been that shown in Figure 6.6. The left edge 

will be used as a starting edge of the continuation problem and should 

have a potential cssociated with each radial interval so that it appears 

as a graded Neumann boundary supporting the space charge depression of 

the beam. Say we assign potentials 4-24 to this edge bv 

BOUNDARY 
21 51 0 10 0 100H 
INCREMENT 4 24 
I 0 0 24 10. 0 S 

The initial potential array (line 11L) reserves space for these 2L 

values and 21 values to be stored from the potential U map at 8 meters. 

These values will then be switched in the subsequent run, line 15R, 16R 

right (R). 
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The dump numbers writ ten to Tape 8 are specified on line 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( ) arr ay posit ions 25-45. Line 21L dumps 

out all the pertinent arrays defining th problem. 

The continuation run represented b,r the data on the right 

(lines - R) set the dump numbers to be read on Tape 8 and 9, lines 9R, 

103. The DUMP IN 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 of the rays in 800 + CONST(23) = 0 initiali­

zing this load to the left hand boundary, a graded Ditichlet set by the 

switch options, lines 15R and 16R. These rays are then tracked an addi-

tional 10 meters. 



- 2 5 6 -

t 
TPACK 11234 JONS 0 - 1 0 M&TEFS 1 
T I T L E .. ... . . ._ ._ . ^ _ 2 
JNIT/&LTZC 3 
M4.P OFF A 
BOUNDAVY 5 

3 1 1 0 1 0 15 0 1 0 0 0 $ CELL 0 . 5 X 1 0 . 0 C* 6 
1 15 0 1 15 1 1 0 0 S $ BEAM P I P E 8 = 1 5 CM 7 
S 8 

POT 0 0 S 9 
CH-IST . . .. io 

* l 2 2 3 . 2 9 5 4 E 9 $ L238 pESTM.ASS 11 
* 2 1 t CHARGE +1 .. .. .. - ... .. 12 
* 1 0 1.0 $ 1 CM °K ST r P 13 

.* PKSTEP^l CM 50 RAYS 23.1.47_i£.C0N-D5 H 
* 1 0 5 . 15 
* 1 9 1000 $ OUTPUT ^VF C Y .10 ^ T F P S 16 
* 3 5 - 1 5 . 0 - 2 2 . 0 S C»l.CO»o PLOT %17.1, CM 17 
*3* - 7 „ 5 - 1 5 , 0 i C M . C ° " 0 L " T S I Z E . . 1 8 
* 4 2 50 t CALCULATE "OMEMTS " : V C 0 Y 50 CM 19 

. * 4 6 . . l . . t . _ - . - — - . .CALC. _.EflCLJlS.EP_.CU.RR£tLT_Ey£AX.^.^_ST£.D 20 
S 21 
CCULG7N 4 2 4 R 2 7 4 . 4 $ CONSTAMT 6Z FJELO 22 
i 23 
t RET** *2GA"MA**3= 1 . 0 c - 4 - D H 0 = 30 CM _.. _ . . _.. 2U 
i EPS ROM 1 „ 9 ' . K 6 0 8 C u * p A T ErV=2„ 30945F I 1 /CM 25 
* . . . . ' ! = c 0 ,° = 10 CM. . . .B=.2 .48274«4_.GA_U<;S 26 
$ SPACE CHARGE DEPRESSION 4 9 . 4 3 2 9 KV "£=10.^79 MCV 11.0962< 27 
* 28 
OAYG^N 2 50 1 1 . 0 9 6 2 6 1 1 . 0 9 6 2 6 10 .6F6 1 .945608 10 0 0 0 0 0 0 * ; 29 
P'INCUR 1000 S S 3AY DUM° TH TAP^ 9 FOP C T IT I MU* T T ON 30 
' I I I T°AJ S 3 1 
TV**-* 32 
PL-IT cn-Qf,Y <; 33 
Pl.TT P H * S C S 3A 
cMO 35 

Figure 6.2 U238 da t a for EBQ. 
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C n N T 7 N ' J P 1 0 - 2 0 M E T F : P S 
C r m T *23 - 1 0 0 0 S 
PSYS 9 1 $ - — - . _ p t : ' s - r > . .T* p c _£. . 9.!'"^?_l. 
PLOT T P A J S 
T D 4 C K 
C N D 

C I N T T N I I , : 2 0 - 3 0 M F T C P S 

P4YS 8 2 $ PCftD T H » f 9 OIIMO 2 
PLOT T P A J S 
TPACK 
FND 

C O N T I N U E 3 0 - 4 0 METERS 
PAYS a 3 $ PFAO T A ° E 9 DUMP 3 
PLOT T P A J <; 

T " « C K _ 
FNO 

C n M T I N l ) = 4 0 - 5 0 M F T ^ P S 
•JAYS 8 4 $ P''. iO TSPF 9 QUMP 4 
PI..1T T P A J S 
T1ACK 

36 
37 
38 
39 
4 0 

a 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 

Figure 6•2 (continued) 
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C£LL .SOOD X lO.OOOC 
1 6 . 0 

Z TI . iES .OJ.5C 

TITLE 
TRpfv,; U23L' IflJlS 0-10 METERS 

X 6 U C I 0 1 13 SEP 70 
Figure 6.3A 

I T E R = 1 P L 0 
XBL 823-1914 

Tl,1f5 . 0', SC 

CONTINUE 10-2C nE*£R!> 

X 6 U C I 0 1 13 SEP 70 I T E R ^ i 
XBl. H21 - I913 
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CELL .GOOC :< I C O 
1S.0 

Z TI.1ES .0150 

CCHII^UE 20-30 n£TERS 

X 6 U C I 0 1 13 SEP 7E 

Figu re 6.5C 

L-CL.L -SOOC :< I C . 
l f i . C , 

I T E R - 1 PLGT 

XEL 823-1916 

* lints . C l S O 

C Q N U N U J - OC :z l£TER5 

X6UC.I01 13 SEP 7E) I T E R ^ 1 P L C r A 
XBL t-23-1917 
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C£LL .SOOC X *C.O 
1 5 . D 

fMst 
sjth 's s^S&S^-3^y/yy/XA^VV_ 

/ft! if 

4/lf //v 
v y*> /// x 

Of/i 

L§8S§?!ffi^ ^ r A ^ ^ S S s , f^^Jajf^K ' 

Wfkffl/ % 
<y /.••/ 

^ # 5 * C j 

X 6 U C I C 1 1 3 SEP ?G 

T I r ' i £ G . C I b f 1 .OC7E 

I T E R - 1 PLOT 5 

XBL 823-191 

Figure 6.3E Long transport of U238 ion beam in a constant solenoidal 
magnetic field. The space charge is calculated from 
application of Gauss's Law. Each section of the 
calculation shows the ion motion over a 1000 cm flight 
path. The ending ray distribution of a proceeding section 
is the initial starting distribution for the next section. 
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JOB 
FETCHGS.LGO-EBQ/V3,12940. 
RFL, ,70000. 
LINK.X. 
REQUEST,TAPE8,12345,W. OUTPUT DUMP 
EOR 
EXAMPLE OF CYCLE CONTINUATION 
BOUNDARY 

POT S 
CONST 
*21 4 $ N CYCLES 
*32 1 $ DUMP NUMBER 

RAYS 1 

END RAYS INPUT 
TRACK 
DUMP OUT 
END 
END 
EOF 

1 JOB 
2 FETCHGS,LGO=EBQ/V3,12940. 
3 FETCHMT.TAPE8,12345 INPUT DUMP 
4 RFL,,70000. 
5 LINK.X. 
6 EOR 
7 CONTINUE PREVIOUS RUN 2 CYCLES 
8 CONST *32 1 S $DUMP NUMBER 1 
9 DUMP IN 
10 TRACK CONTINUE 2 
11 END 
12 END 
13 EOF 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

Figure 6.4 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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JOB 
FETCHGS,LG0=EBQ/V3,12940. 
RFL,,70000. 
LINK.X. 
REQUEST,TAPES,12345. OUTPUT DUMP 
EOR 
TEM METER BEAM PROPAGATION 
BOUNDARY 
21 51 0 10 0 1000 

POT 1 2 3 0R21 S 
CONST 
*32 11 $ BOUNDARY DUMP NO. 
*33 2 $ ORBIT DUMP NO. 

c 
PUNCHB 800 S 8 METER RAY DUMP 
COILGEN 

TRACK X. 5 
LEDGE 25 45 1 40 X 4 24 
DUMP OUT 
END 
END 
EOF 

1 JOB 
2 FETCHGS,LGO=EBQ/V3,12940. 
3 FETCKMT.TAPE8,12345 INPUT DUMP 
4 RFL,,70000. 
5 LINK.X. 
6 EOR 
7 BEAM TRANSPORT, 8-18 METERS 
8 CONST 
9 *32 11 $ BOUNDARY DUMP 11,DUMP 1 
10 *33 2 $ 8 METER RAY DUMF.DUMP2 
U *23 -900 S SHIFT RAYS 8 METERS 
12 S 
13 DUMP 1,1 
14 RAYS 8 2 $ READ 8 METER RAY DUMP 
15 LEDGE 25 45 0 0 SWITCH 4 24 
16 POT SWITCH 
17 TRACK X 5 
18 END 
19 END 
20 EOF 
21 
22 
23 
24 

Figure 6.5 Schematic EBQ data showing continuation of a problem with 
orbit transfer at intermediate position via PUNC.HB and 
RAYS 8. The boundary layer is shown in Figure 6.6. 
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8oo looo Z 

XBL 823-1919 

F igure 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 conditions for the 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 rr 'on 

around the wire grid requires a reasonably fine mesh precluding running 

the problem up to the actuaL anode, so the termir..zt Lug potent Lai is a 

curved surface following the space charge depressed surface of a 250 kV 

equipotent Lai line determined in a previous run extending from the 

cathode out to the acfual anode, lines 21-26. These points on the 

2 50 kV equipotential L ine were found after soLution of Poisson's 

equation in a previous problem by setting C0NST(49) = 1, CONSTC47) = 0, 

EQ!r I P z50E3 S, which causes a printing of a table of R,Z value along the 

specified >>'• 'ipotential Lines in this region, a List of po. entials to be 

plotted close to the grid potential is specified via the EQUIP data, 

Lin-.- W. 

The electrons are generated by the RAYGEN 3 data, Line t-0, calling 

for 100 equispaced rays emariat ing from a equipotentiai surface crossing 

the i. axis at z = 0.6 cm, The initial potential to be used in appLica-

tion of ChiLd's law is given 25000 Volts. An iterative solution is 

sought until the change in the total beam current is lejs 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 eraanat ing 

from the equipotential lines at 0.6 cm, passing through a continuous 

plane grid at 1.5 era and terminating on the 250 kV equipotentia1 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- ; i for 

transparency and reduction of grid power dissipation pr<~ ices a local 

radial focusing of the beam, filaraenting the phase spa as shown in 

Figures 7.4-7.7. The grid would actually be construe' d of a wire mesh 

which in the limit of a two dimensional axial s imul.p .on is modeled as 

concentric wire rings. 

The orbits are terminated at an energy of 25' <eV, CONST(65), along 

the curved equipotentiai line, data lines 37. n phase plot, Figure 

7.7 at this energy is produced by the PLOT PHASh 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 ig grid of Figures 7.4-7.7 

inlo a continuous grid of Figures 7.2-7.3 s shown as case two of this 

example, lines 51-61. The boundary raoai' data does not initialize the 

problem, only alterations to the precee mg cases are included, as 

shown. 

Note that the phase plot scales >f Figures 7.3 and 7.5 are not the 

same. If the user desires the wirr nesh and continuous grid runs to 

have the same phase space plot scf.es, he must set them explicitL.. The 

da'.a lines shown as 42-44 should set the phase plot scales at the 

http://scf.es
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longitudinal positions z = 0.75, 1.5 and 6.25 cm Co the values shown, 

forcing these identical scales for the two cases. 



-267-

GRID WISE ANALYSIS ANODE AT 250 KV EOUIPOTENTIAL L I ' I E 1 

T I T L E ELL 0 . 2 5 X 0 . 2 5 CM PHASF SPACE F R C WIRE "ESH GRID UF 1.0 CM 2 

I N I T A L I Z E _ _ _ 3 
BOUNDARY " " 4 

61 26 0 15 0 6 . 2 5 5 
1 0 0 5 1 2 . 7 0 5 15 0 S * 
2 0 . 5 1.5 S 7 
2 1.5 1.5 S 8 
2 2 . 5 1.5 S 9 
2 3 . 5 1.5 S " " - - 10 
2 4 . 5 1.5 S 11 
2 5 . 5 1.5 S 12 
2 6 . 5 1.5 S 31 
2 7 . 5 1.5 S H 
; a , ; 1.5 s 1; 

9 . 5 1,5 S ' " " ' "" """ "16 
2 1 0 . 5 1.5 S 17 
2 1 1 . 5 1.5 S 18 
2 1 2 . 5 1.5 S 19 
2 1 2 . 7 1.5 2 1 5 . . - 1.5 S 2 
STOP PLOT _ 21 
3 0 6 . 0 8 8 3 1 6 . 0 5 7 3 2 5 . 9 6 5 3 3 5 . 8 1 5 " " . • - ^ 
3 4 5 .615 3 5 5 . 3 7 5 3 6 5 .106 3 7 4 . 8 2 7 23 
3 8 4 , 5 4 4 3 9 4 . 2 7 3 3 1C 4„019 3 11 3 .792 24 
3 12 3 . 6 2 4 3 13 3 . 6 0 3 3 14 3 .672 3 15 3 . 7 4 1 25 
S 26 
S 27 

POT 0 8 5 0 0 0 2 5 0 0 0 0 0 0 0 S 2S 
CONST 29 

»3 0 i GUASS-S LAW OFF j 0 

' 1 0 . 0 5 i RK STEP 3 1 

»22 L O E - 4 I CHILOS LAW CONVERGENCE Tu 1 AMPERE 32 
* 3 5 - 1 5 - 1 2 . 5 t CALCOMP PLOT S I Z E IN CM , 3 
* 3 7 11 » CALCCMP PHASE PLOTS 

* 6 4 0 25C000 4 E -MIN E-MAX 
S 
E0U1P 6CE3 6 2 . 5 E 3 6 5 6 3 6 7 . 5 E 3 70E3 7 2 . 5 E 3 75E3 7 7 . 5 E 3 80E3 S 
RAYGEN 3 100 1 . 6 2 5 0 0 0 
PLOT PHASF 0 . 7 5 1 .5 S 

ENDTRACK 
PLOT TRA 
TRACK CONTINUE 1 

34 
* 4 7 20 J NUMBER OF EOUIPOTENTIAL L I N E S 35 
• 54 C i RETROGOACE MOTION j & 

" ' ' " " " 37 
38 
39 
40 
41 

PLOT SCALES PHASE 0 15 - . 0 5 . 1 5 0 . 7 5 

PLOT SCALES PHASE 0 15 - „ 1 7 5 0 1„ 5 

43 PLOT SCALES PHASE C 15 - 0 . 2 5 0 6 . 2 5 ^ 

PLOT TRAJ S "li 
RKSTEP . 0 5 1 . 5 . 2 5 10 S """ 7? 
TRACK X 10 7 ° 
FNOTPACK 7 ' 
PLOT PHASE S I PHASE PLOT AT TERMINATION OF RAYS p 

l"°_ 50 
GRID WI °E A N A L Y S I S . ANODE AT 2 5 0 KV EO'JI POEN"" I AL SURFACE 
T I T L E CELL 0 „ 2 5 X 0 . 2 5 CM PHASE SPACE FROM CONTINUOUS GRID 
BOUNDARY MODIFY 53 

2 0 1.5 2 12 .7 1.5 2 1 5 . 0 1.5 S t CONTINUOUS GRID 5 * 
S 55 
R'.YGFN 3 100 1 . 6 25000 S(, 
TRACK X 10 . . - - - . 

5 1 
52 

57 

PLOT TRAJ S ^ / 

F i g u r e 7 . 1 EftO d a t a f o r h i g h c u r r e n t j<r id w i r e a n a l y s i s e x a m p l e 



- 2 6 8 -

11T L£ CELL C.?S 
6 f? I0 k'lRE QNPLY 

G R I D X 0 3 

2 7I f l£S 2 .QCCO 

Q . a cn, D R e n s TERrtiNRrE pr 2G0 K.EU 
3 nhJDDE 07 2S0 KU E8U1 PC I £ N T l f i [ 

1 JUL 7B I T £ R = 5 P L O T 4 

XBL 823-1920 

Figure 7.2 R-Z plane showing equipoLential lines and electron 
trajectories for a continuous grid c-,racting from a 
cathode emission surface extending to 12.7 cm radius. 
The electrons pass through a grid and terminate on a 250 
keV equipotential line. 
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Figure 7.3 Phase space produced half way between cathode and 
continuous grid. Note the dominant effect is the space 
charge defocusing of the outer edge of this non-Fierce 
corrected structure. 
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Figure 7.4 R-7, plane showing equipotential lines and electron 
trajectories for the same geomet ry of Figure 7.2 wher« the 
continuous grid has been replaced by a set of concentric 
rings as shown. Note the local oinzel lens focusing of the 
electron beam after passage through the grid elect rode. 
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Figure 7.5 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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Kigure 7.6 Phase space a' the grid. The maximum beam energy is 8ri keV 
as that, is the potential set by the grid wires every cm in 
radius. The beam is fil smented by the focusing of the I cm 
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 beam. 
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EXAMPLE 8 

Th :^ example demonstrates a long transport 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 .̂ elf magnetic 

field is unimportant for these low energy ions. 

The problem '' is tlT-ee distinct characteristic dimensions. 

1) Boundary mesh used only for plotting, i.e.. ions trajectories are 

sLnred at each I'-ZMESH interval for plotting. This mesb will not be used 

to solve Po i sson' s equat. i on, as the s pare change will be found from 

Gauss's laws. 

2) Magnetic field arrav - the vector potential array is differentiated 

Lo i ind Lhe components of the external magnet i. field R and R . 

Th i s arrav mus >e nin enough to al Low accurate eva iat ion of these 

fields in Lhe sh'irp fringing fw>1d region of the short field lenses, 

i) Runga-Kut t a integration step - this -step must be sma 1 le; than 

d i s i an i. i.'s ovte* which I LCI ' changes are appreciable or i^vs cross, since 

r i v ii ssings effect Lhe enclosed current used L o f ind the space charge 

f ]" 

The magnet ic f ie 1d ce LI (0-300 cm) must he present over the entIre 

loii-' if the problem since Lhe solenoids provide the restoring force 

.nM'imi lie am expansion from the beam emi L tance and space charge 

d i vi' i jM'iici'. 'H'o shortness of (he field Lenses requiit. a relatively fine 

me--1 . It t tie re fore becomes ne-pysar y Lo us-1 t he reg j on- -repeat 

pa ram ters of the CiMI.^KN -lata lo lide i It-- \ u.Ler mag tic fieLd ceLl 

:iionj' t tie mi* sn tin' beam propagat i ... 
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The data defining the basic problem is shown in Figure 8.1. MA 

OFF, Line 4 suppresses the boundary mesh map, (its quite long and 

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 the data lines 20-27. 

The field is rapidly varying in the coil region, an expanded 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 lines 22-24. 

This entire 300 cm section is subjected to the 6000 point mesh 

restriction jf the APHI array. As the orbit calculation proceeds, the 

field will be found by a z origin shift from this basic field section as 

specified by REPEATS = 100, line 20. 

The rays to be run 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 In their 

radial positions, line 30, so as to yield a starting beam of uniform 

current dens it y. 

This data is executed, line 39 producing the plot shown in figure 

8.2. The ten rays propagate from left to right, with the magnetic field 

shown ds 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 short ticks on the left and right of 

the plot, in this example, half way up as the field is symmetric. 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 the 

magnet ic field shape and orbit motion, an expanded region is now run. 

The accuracy of the calculations are not improved, as the mesh size in 

this example is un important, since Gauss's law is being used to eval.uaLe 

the space charge forces and Lhere are no external electric fields. 

The calculation of the current ene1osed by the rays is per formed each 

mesh interval, but this laminar beam does not cross. The data 1ines 

tiS-49 set up an expanded sec L ion, from 0 -1000 cm with a mesh size of 

1.0 x 10 en. The beam current is reset to The initial 0.25 ampere value 

(lino 51) and tracking initiated (line 521 Figure 8.1. The trajectory 

nlfiL is shown in Figure 8.4. The current is then reduced to essentially 

ze ro and the bo am t racked wi t hoi it space charge , Fi gure 8.5. The 

mr.iiiet i < field is found from wi Lh in the vector potent ia 1 map generated 

fir ;'it' fjrê -.'i'd i nj? case, since Ihis map covers the physical space 

simulate^ iii case [;. Compare the first 1000 cm section of Figures 8.2, 

8.3 wit !i Figures 8.4, ,-md 8.5. 
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Figure 8.1 EBQ data demonstrating the use of a repetitive magnetic 
field zone. 
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Figure 8.2 Plot of ion orbits and magnetic field for the cesium 
ion example. Space charge is included by Gauss's law. 
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Figure 3.4 Expanded region of the cesium ion example showing more 
de ta i l of the magnetic f ield and orbi t p r o f i l e s . Space 
charge i s included via Gauss's law. 



JE-2 . S O O C C E - l l 

i . o G : £ -> Q j 

X 3 : 
F fCWOf PLO"! 5HCWNC, D C f l l L S Gf I f l&NETIC FIELD CUD 1CU POTION 

0 3 0 N D U 7 9 I T E R - 2 PLOT 
VRI, 323-1929 

Figure 8.5 Expanded region of the cesium ion example wiLhou'. space 
charge, compare with Figures 8.2, 8.3, and Z.4. Note the 
spac- ch^ngp envelope plotted as dashed line. 
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EXAMPLE 9 

Consider the design of an X-ray tube with a point source 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 lata, Figure 9.2, divides the device, Figure 9.1A, into the 

regions delineated in Figure 9.IB. Section 1 of this data, lines 1-25, 

define the entire global problem comprising the wire cathode, focus 

electrode, anode and transport regions. This probI pin is solved to f inH 

the graded Dirichlet potentials to be used as boundary conditions in 

case 2 and 3 wh ich expand the reg ion around the cathode emission point 

to .311 ow the required ref inement. of the mesh to s imulate the high 

cii'ctric f i e Lds found around a point source. Laplace's equation is 

solvi"!, line 17, or the global problem. Interpolated potentials along 

so 1 ert f»d lines within this global problem are then stored in the POT( ) 

arrav for use as boundary conditions in the following sections of this 

•Ir.t.n by the POT STORE data, lines 18-22. 

Since no rays are tracked in this first section of this example, 

a pint of the boundary with the aquipotential 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 pointB to be stored in the POT( ) array and the 

specificat ion of the interpolation line to use is determined from the 

mesh size and boundaries of the subsequent cases. Consider the left 

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 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 11-41 as specified by the POT STORE 

R 11 41 data, line 18, and inserted into the mesh by the INCREMENT code 

in the boundary data of case 2, line 32. The actual potentiaIs used are 

interpolated from the U( ) array along the radial line (R) at z - 0.7 cm 

extending from 0 to 0.6 cm 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 

cnuttance specified as 0,1 (EM = RBEAM*RPMAX) as the five values -10/7, 

-J/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 cont inuance 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 around 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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speciEies a .001 cm step to 1.2 cm, and .0025 oa step to 1.4 cm, after 

which the va!»« given by CONST(IO) 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, is to be removed, 

line 66. 

The equipotential lines plotted in case 1 are turned off in this 

case by setting C0NST(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 9.1 X-ray tube electrodes A) and their KBQ bounds y diagram B). 



-286-

GLOBAL PROBLEM BOUNDARY 
TNTTAI T7F : 

BOUNOARr , 
._. 2J_6&„0_<K-O- f i . l i it — C F l l a .? JLfl jJ. ......_ > 

1 0 0 i 0 1 .0 S $ CATHODE NEE3LE J 
Z _ _ 3 - 0 - Z - . J - 1 2 .<* 1 .1 . 2 . 5 1 . 1 5 ?. 2 . 5 t.ttS ? ? . f l 5 ?.Z3t 
2 3 . 1 2 . 7 5 2 3 . 2 5 2 . 6 Z 3 C 3 Z.k 2 3 . 3 3 2 . 3 0 S 
j u r, < u g * . 7 5 s * - 7 i i « • • ; .1 II f,. «i 3 <» 6 . n * j . •; <: 
3 . 5 6 . 5 i . 5 <• 3 . 6 3 . 8 3 .6 3 . 8 3 1 <• 3 2 <»,75 3 2 . 2 5 i . 9 3 2 . 5 

"§£_jS__ 
POT 

JLUJLD. 60F3 PR193 S 
CONST 
»1ft 1 - P * i n i J F P O T I O N S F n i l l T r O H TO 1 1/rtLT 

i o 
11 
12 
! ' • 

•35 -20 -13 $ CALCOMP PLOT SIZE IN CM *£ 
»u7 ?n ? P I nr ?n FmirpnTFUTTALS ON C A L C O K P PLnT 15 

16 
17 
18 
19 
20 
2 1 

S 
I API 1PF 
POT STORE R 1 1 i»l 0 . 7 0 . 0 0 . 6 . 0 2 i LEFT EDGE PR03 2 
prir =: rnpp 7 UP h? B.ft i . ? 1 .7 . f i t i TOP OF pgpfl ? 
POT STORE R 68 93 1.7 C O 0 .6 .1)2 * RIGHT EDGE OF PR33 2 
e a i - S i Q R E - 7 1 31 m n n.f, i . 7 . s . a 3 X - I M -Q£_jpjina_2_ 
POT STORE R 151 182 1.7 0.0 C.6 .02 t LEFT EDGE OF PROB 3 2 2 

P R . J J H J _ E _ I L 23 
PLOT DOUHOAR? 0 e6jL>li» to ?0 ST> 100 too $-00 \00O ^ 2 / i 

FMn ~5 
j — BLOH UP CATHODE REGION — — — — - — 26 
EXPAND. g£_GIQJ1 ARJJJiMQ CATHODE. •_Efl.TJUL... ... _. . 27 
BOUND4RV 2S 

U £ 6 n .F, . 7 1 .7 * CFLL 0 „ 0 ? i fljJJA _... 2 r ' 
1 . 0 7 8 . 7 1 . 0 7 8 1 . 0 2 1 0 l . u 2 1 0 . 7 1 . 0 7 3 . 7 S 30 
? . a . 7 ? . 3 i . a ? . . u i . n 7 ? .<• 1 . 1 2 . 6 1 . ? s . 31 
INCREMENT 11 41 $ — LEFT EDGE OF CATHOn FOCUS GAP 32 
1 0 . 7 2 . J ^ Z i 33 
INCREMENT U2 67 t TOP OF PRC3LEM 34 
I . 6 1 . ? 5!».-».6._l»* ^ _ ... 35 
INCREMEh. 68 99 $ RIGHT EDGE OF PRCBLEM 36 
T a 1 .7 9fi . 6 1 . 7 S 37 

S 38 
LAPLACE .. _... . 39 
CONST 40 

• 1 0 . J .1--S RUJlGGA.-jCUI.tA__iN.I£GRAriOjL_S£I 3 . . . 41 
*3S - 1 2 - 1 0 « CALCOMP PLOT SIZE IN CM 42 
*i-? ? 43 

s u 
BAYSLH Z __5..._l_.ll_r._ JL«_QE_Z_Z. _«X ±QZ UUZ i 1 Jl 0 - 5 S _ . . . 45 
PUNCHB 1 . 7 S 46 
PLOLP-HAS-E X . 7 S___ 47 
PLOT TRAJ S 48 
P * < I T - P . f l f l i 1 . 2 .81125 l . f r S 19 
TR»C< X 1 5C 
EWO . . . _. ... 51 
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I TRANSPORT ELECTRONS ON TO X-RAY TARGET -5ft--
TRANSPORT RAY S 53 
BOUNDARY 54 

^1 ptj (I .f. 1.7 fi.5 I CELL .C2 X . 2 CM 5_£_ 
OUTSIDE . 5 5 5.0 56 
3 . 6 JUB J L - i J i L j I . a g 3 . 5 1 3 . 9 i . 5 ».D 3 , 5 . & ,5 3 ,fa &,5 3 , 6 3 ,3 S 
INCREMENT 151 182 S LEFT EDGE OF PROBLEM 58 
I 2 i^l 162. ^ 6 _ J j i ^ 59 
INCREMENT 131 150 $ POT EDGE OF PROBLEM ^ 
131 . 6 1 .7 3 . 6 3 ^ 1 S ... 
3 0 6. 5 3 . 6 6 . 5 3 62 

-S S l _ 
LAPLACE 6 / * 
RAYS 8 1- i - - ^ - r - . -g£JLO DUHP.4 _. . .. °5 
R1YS REMOVE 25 S C^» 
PRINT RAYS . 6 7 

CONST o S 

_*U7 0 ^ L _ 
*3% 11 $ PRINT ORcilTS TRANSPORT SECTION, WHY CALL CCHEL" Z=1 .7 :M 70 
S _ . . . . _ . . _ . 71 
EQUIP S I TURN OFF PREVIOUS SPECIAL EQUIP OTE NT IAL PLOT LINE VALJES T.'. 
PLOT TRAJ.S .. .. . . . _ . . . . . . 7} 
PLOT PHASE 2 3 k 5 o S "7, 
TRICK . . 35 
END 70 
END 77 

Figure 9.2 EBQ da t a for x - r a y t u b e . The da t a d i v i d e s the problem i n t o 
a "Global problem" from which p o t e n t i a l s w i l l be e x t r a c t e d 
for use as boundary c o n d i t i o n s for a second problem "Region 
around c a t h o d e " used t o f ind the e l e c t r o n o r b i t s for 
i n j e c t i o n i n to a t h i r d problem "TRANSPORT RAYS." 
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Figure 9.3 X-ray tube global boundary plot showing electrodes and 
equipotential lines. The boundary covers the entire 
problem region and encloses the cathode and transport 
sub-problem regions. The EBQ POT STORE data commands will 
extract interpolated potentials from this problem to be 
used as boundary conditions for the two subsequent regions, 
Figure 9.4 and 9.5. 
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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 focuo 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 zero energy 
and are accelerated to z = 1.7 era, 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. Note the anode tip shown in the 
upper right of the plot. The trajectories begin at the 
left edge as transferred from the 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. The 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 L surface, Figure 

10.3. Note in the boundary data, the cathode electrode started as ft 

potential 5 surface, from which no electron emission occurs. At 5 cm 

radius, the potential index of this surface changes to 1, from vhich 

electrons can be emitted. At a radius of 12.7 cm the potential index 

changes back to 5, terminating the emission surface. Both P0T(1) and 

P0T( 5) havf1 the potent i al of the cathode surface. 

After iteratively converging the Poisson-ray trace cycles, the 

effect of the space charge is evident from the bows in the equipotent ial 

surface's away from the conductive electrode section Figuru 10.4. The 

effect of the space charge is best displayed on a phase space plot, 

Figure 10.5. The beams self magnetic field generated a self focusing 

giving a general radial converging (inward slope) to the electrons, 

while the lack of electro-static space charge on the inside and outside 

of the beam (beam edges') causes a divergence of the outer edges of the 

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 in.fi. The data 

is shown in Figure 10.7 and shows two alternative ways of generating the 

cathode masking. The first method specifies a single bourdary segment 

all at zero volts, but divided into sections with potential indexes 1, 5 

and 10 (P0T(1), P0T(5), and POT(IO) all zero volts ) The RAYGEN data 

specifies emission from only potential index surfaces 1 and masking from 

potential index 5 surface, with terminat ion of the cathode and mask at 

the encounter of any other potential index, such as index 10. The 

C3thode generation (i.e., 10 is not index 1 or *>) is terminated 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 potential index extends fm'u 

the point of its occurrence (l,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 Lhis three 

r ing emlss ion cathode demonstrates the redefinition of mesh points by 

subsequent electrode 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 

sections, index 5 for the masks and index 10 for the cathode terminator 

section of the cathode electrode. 

The ray and phase plots gener^Led by this data is shown in Figures 

10.8 and 10.9. 

http://in.fi
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TEST HOLLOW CATHODE 1 
BOUNDARY _ 2 
32 7 0 1 5 . 5 0 1 .5 3 
5 0 C 1 5 0 5 1 3 . 7 0 5 1 5 . 5 0 S 4 

2 0 1 .5 2 1 2 . 7 1.5 2 15 .5 1.5 S 5 
S . . 6 
POT 0 85 .0E3 0 0 0 S 7 
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* 1 0 . 1 « RUNGGA-KUTTA INTEGRATION S T E P , CH " 9 

»35 - 7 . 7 5 6 . 0 i CALCO"P PLOT S U E 
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• 47 20 t 20 EOUIPOTENTIAL L I N E S 
S 

(RACK X 10 
ENDTRACK 
PLOT SCALES PHASE 0 1 5 . 5 - . 1 5 0 
PLOT PHASE 1.5 S 
PLOT TRAJ S 
TRACK CONTINUE 1 
END 

PL1I TPAJ S 
PLOT PHASE 0.9 S 
TRACK X 10 
F.N3 

10 

13 RAYGEN 3 50 1 .6 . _ _. 1 5 

15 
16 
17 
If 

3 CONCENTRIC R1NC- EMITTERS 't 
INITALIZE ',' 
BOUNDARY •£ 
51 10 0 10.0 0 0.9 ;:: 

10 0 0 1 1.25 0 5 2.5 0 1 3.25 0 c 4. 5 0 ^ 
1 5.25 0 10 6.5 0 10 10 0 S « EMITTER AND MASKS ^ 
2 0 0.9 2 10 0.9 S 1 ANODE ;; 

POT 0 8 5 . 0 E 3 0R8 S 3 C 

CCNST 31 
* 4 7 20 »35 - 1 0 - 9 ' ' 1-
S 
RAVGEN 3 50 1 . 5 0 5 1 . 0 E 6 '•• 
PLOT SCALES PHASE 0 10 - . 1 5 . 0 5 - ' 
PLOT PHASE 0 . 9 S 3 t 

PICT TRAJ S _ _ _ - 1 

TRACK X 10 _ . . y. 
END 3/ 

3 CONCENTRIC RING EMITTERS DEFINEO SY POTENTIAL CVERIAY RFGIONS - 1 

BOUNDARY C 
5 1 1 0 0 10 0 0 . 9 _ i ? 
1 0 0 1 10 0 S S EMISS ION SURFACE 
10 0 0 10 U 2 5 0 S i INNER "ASK L I M I T ^ 
5 2 . 5 0 5 3 . 2 5 0 S i INNER RING MASK -.b 
5 4 . 5 0 5 5 . 2 5 O S S CUTER RING PASK 47 
10 6 . 5 0 10 10 0 S » OUTER MASK L I H 1 i S 
2 0 . 9 2 1 C . 9 S l ANODE i ° 
s " " ~~ • ',0 
CONST 51 
* 4 7 20 t NUMBER OF EOUI PPT FNT IAL S ON TBAJ PLOTS ',2 
• 3 5 - 1 0 - 9 i CALCCHP PLOT S W E 10 X 9 C * 53 
S 5 . 
R«YGEN 3 50 1 . 5 100 5 1 .CE8 <c 

F i g u r e 1 0 . 1 EBQ d a t a f o r C h i l d ' s l a w c a t h o d e raaski: B e x a m p l e . 

http://20.921C.9Sl
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XBL 823-1934 

Figure 10.2 Hollow cathode case. 

cathode 
surface 
POT 

XBL 823-1935 

Figure 10.3 EBQ simulation of 
hollow cathode. 
Note rays emanate 
only from region of 
potential 1 index. 

i IlrthS 1" . i 6 C 

XBL 823-1936 

Figure 10.4 EBQ trajectory plot showing the Child's law electrons 
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 10,5 Phase space for Che hollow cathode be; shown in Figure 
10.4. Note the space charge deflection of the electrons on 
the inner and outer edge of the be<"n. 
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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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3 C L - N L E N T K I C RING EMITTERS 
BOUNC/RY 
5 1 1C C 10 0 C.9 
10 0 C 1 1 . 2 5 0 5 2 . 5 0 1 3 . 2 5 0 5 4 . 5 C 1 5 . 2 5 C 1C £ . 5 C 1 0 10 0 S 
2 0 C.9 2 l u 0 .9 i $ _4NC0E_ 
S 
POT C 85 .0E3 0B<? S 
RAYbElv 3 5J 1 0 . 5 J 5 1CCCC0O00 
TRAoK X 10 
ENDTRACK 
PLOT 1RAJ S 
TRACK C L M I N J E 1 
END 

3 CCiNCENTRIC RINGS DEFINED BY POT OVERLAY S 
BGUNCtkY 
S i I C O 10 0 0 . 9 
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5 4.; C 5 5.25 u S t OUTER RING PASK 
i 0 C.9 2 10 0.9 S * ANODE 

POT C 8SO00 Ohf S 
k A Y G ^ 3 5 0 1 0.5 I DO 5 10C00000 i RAYGEN TYFE N KATH I IL1M IMASK 
TKALK / 1J 
END 

Figure 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 shown in Figure 10.7. 
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Figure 10.9 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 beams self magnetic field. The 
electrons on the six outer er'ges of the three beam ringu 
are defocused via the beams space charge, as shown. 




