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OPTIK: AN IBM 709 COMPUTER PROGRAM 
FOR THE OPTICS OF HiGH-ENERGY PARTICLE BEAMS 

Thomas J. Devlin 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

September 15, 1961 

ABSTRACT 

A program has been developed for the IBM 709 digital computer to 

handle many of the problems encountered in the opt:l.cal design of high-energy 

particle beams. The program employs a six-dimensional vector space that 

takes into account the position and direction in both planes perpendicular to 

the beam direction, chromatic aberrations and particles of different mass. 

The quadrupole problem with one or two degrees of freedom (i.e., one or 

two singlets, a doublet, or a symmetric triplet) is solved for the field gradi

ents necessary to yield given beam conditions. The vectors are evaluated at 

the end of each element in the system. Effects higher than first-order, with 

the exception of second-order chromatic aberrations in the quadupoles, are 

not included. The effect of apertures is calculated in terms of the limitations 

on the phase-space volume that can be transmitted by the system. 
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OPTIK: AN IBM-709 COMPUTER PROGRAM 
FOR THE OPTICS OF HIGH.~ ENERGY PARTICLE BEAMS 

Thomas J. Devlin 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

September 15, 1961 

I. INTRODUCTION 

A number of excellent treatments of the problems encountered in the 

design of high-energy particle beams are to be found in the literature. 1•2 •3 

Therefore we will not attempt to deal with these problems in any more detail 

than necessary to provide a background for the use of OPTIK. 

In beam design the following elements are usually employed: 

(a) Field-free regions, 

(b) Bending magnets (either wedge- shaped or rectangular regions of 

homogeneous magnetic field), 

(c) Quadrupole lenses with one or two degrees of freedom (singlets, 

doublets, or symmetric triplets), 

(d) Velocity spectrometers (crossed homogeneous electric and magnetic 

fields perpendicular to the beam line). 

In this paper we refer to any one of the above four as an "element" or 

"beam element." The collection of such elements from the source of parti

cles to the point where their interactions are studied is called "the beam." 

The path of a particle that traverses the axes of all quadrupoles in the beam 

is referred to :as "the beam line," or "the central ray." Thus the beam line 

is a straight line through all elements except bending magnets, where it 

follows a circular path. A "monochromatic beam" is one in which all parti

cles have the same momentum within small limits. 
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. II. DISCUSSION 

A. The Six-Dimedsional Vector Space 

We define a six-demensional vector space as 

I ' I (x, x , y, y , dP · P, M), 

where x is the horizontal displacement from the beam line in inches, x 1 is 
I 

the horizontal direction with respect to the beam line in radians, y and y 

are the corresponding quantities in the vertical direction. We write 

dP /P = (P 
1 

- P )/P, where P is the desired momentum for which the system 
, I 

is tuned, and P is the true momentum of the particle under consideration. 

M is a projection operator, which accounts for particles of different mass, 

and thus different velocities in a monochromatic beam. It is used directly 

only by the velocity spectrometer. It takes a value 9 for the particle that 

is to pass undeflected through the spectrometer, and l. for the particle to be 

deflect.ed. 

The action of each element on the vector defined above rna y be repre:... 

sen ted, to first order in the components of the vector, as a 6-by-6 matrix. 

We will discuss the matrix for each of the four elements. 

B. Field-Free Regions 

,, A fieid-free region is characterized by only one parameter, its length. 

The matrix for a field-free region is 

L 0 0 0 0 

l 0 0 0 0 

F = 0 0 l L 0 0 

0 0 0 l 0 0 

\~ 0 0 0 l 0 

0 0 0 0 l 
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C. Bending Magnets 

A be~ding magnet is characterized by four parameters, <j>, e 
1

, e
2

, and 

p. The <j> is the total angle of bend, i.e. , the angle between the ·central ray 

at the entrance to the field region of the magnet and the· central ray at the exit; 

e 
1 

is the angle the central ray makes with the normal to the entrance face of 

the magnet; e 2 is the angle the central ray makes with the normal to the exit 

face of the magnet; and p is the radius of curvature of the central ray in the 

homogeneous field of the magneL 

The signs of all quantities are positive in the sense indicated in the 

figure above. Angles e 1 and ~ 2\ be~o.me/negative on the other side of the 

normal to·th·e pole face. If x 1s pos1t1ve 1n the sense opposite that indicated 

in the figure, the ·signs of all quantities are reversed. 
. . . . \ 

In the case of a wedge magnet, 

· wedge +gle o ~- e 1 - e 2 . 

In the ·case-::-ofa rectangular m\agnet, · 

<j> = e 1 + e~z 
and 

p o Leff/k sin ~' 
where Lefl is the effective. lengt4 ·j£ ,L magnet. 
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From the four parameters we can determine the matrix B for a bend

ing magnet as follows: 

B 1 1 = c o s ( <j> - e
1 

) I c o s e 
1 

, 
__..-..:_ 

B
12 

= p sin <j>, 

B
15 

= 2p sin
2

(li2<P), 

B 21 =(-lip/ sin (<j>- e 1 - e 2 ) I (cos e
1 

· cos e
2

), 

B22 = cos (<j>- e2) I cos e2' 

B 2 5 =" 2 sin ( 1 I 2 <j>) cos ( e 2 - 1 I 2 <j>) I cos e 2 , 

B 3 3 = 1 - <j> tan e 
1

, 

B34 = p <j>, 

B 43 =(-lip) (tan e
1 

+tan e 2 - <j> tan e
1 

tan e
2

), 

B 44 = 1 - <j> tan e 2 , 

B55 = l' 

B66 = l. 

All other matrix elements are zero. These ~xpressions have been derived 

fr~TQ th3 equ,ations given by Cross. 
4 

D. Quadrupoles 

A single quadrupole section acts like a converging lens in one plane 

transverse to the beam line, and like a diverging lens in the other plane. 

For convenience, we will refer to a section converging in the horizontal 

plane as C, and to the one diverging in the horizontal plane as D. A combi

nation of two or more quadrupole sections may be operated in such a way that 

there is a net convergence in both planes. The most prevalent combinations 

are 

(a) the doublet: two sections of equal length, one C, and one D; and 

(b) the symmetric triplet: two sections of length L, converging in the 

same plane, separated by a section of length 2L, which is converging in the 

other plane. 
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Various requirements imposed on the beam determine whether a doublet 

is operated CD (entrance section converging horizontally), or DC (entrance 

section diverging horizontally). Similarly, the symmetric triplet may be , -

operated,in either the CDC mode or the DCD mode. 

Three parameters characterize the focusing action of a quadrupole 

section: its length L, its field gradient dB/dr, and the particle momentum P. 

The matrices for the two modes of operation are: 

cos e (L/8)sin8 

(- 8/L)sin8 cos e 

0 0 0 \ 0 0 0 
I 

0 0 cosh e (L/ 8)sinh8 0 
C=, 

0 0 ( 8/L)sinh8 cosh() 0 

0 0 0 0 1 

0 0 0 0 0 

and 

' (L/8~inh () cosh e 0 0 0 0 

( 8/L)sinh e cosh e 0 0 0 0 

0 0 cos e (L/8)sin () 0 0 
D= ' 0 0 (- 8/L)sin () cos e 0 0 

0 0 0 0 1 0 

0 0 0 0 0 1 

where 

e2= L 
2
(dB/dr)/( 1313. 2 P). Here L is the length of the section in inches, 

dB/dr is the field gradient in gauss/inch, and P is the momentum in Mev/c. 

We may fully specify all the first-order properties of a doublet with 

the following quantities: and identification number specifying whether it is 

CD or DC; L 1 and L
2

, the effective lengths of the first and second sections, 

respectively; dB 1 dr and dB 2/dr, the field gradients; and d, the distance from 

the midpoint of the first section to the midpoint of the second section along 

the beam line. 

\_ 
'(~ \ 

;\ 
"-~ 

-\ 
'vi 

(,) 
\ 
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The same set of quantities determines the properties of a symmetric 

triplet, where subscript 1 now refers to both the first and third sections, 

and d is the distance from the midpoint of the center section to the midpoint 

of either end s.ection. 

1--Ll-t m 
j... 

For a given magnet, either doublet or triplet, and a given momentum 

beam, two parameters remain for adjustment of the focal properties, that is 

the two field gradients. Within limits, the field gradients can be adjusted to 

give any combination of focal lengths in the horizontal and vertical planes. 

E. Velocity Spectrometers 

The properties of a velocity spectrometer may be specified by the fol

lowing quantities: the· potential-difference between the two electrodes, V; the 

gap, or spatial sepa;ation between the ele~trodes, D; the length of the sep

arator, L; and the magnetic field B. Iri 'most applications L is fixed for a 

given spectrometer, and there is a rria:k'i~u~ value of V that can be applied 

to the plates without a seriou's.spci~king probl~~. The D and B are vari"' 

able, and must be determined by the results desired. 
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The separator is operated in such a way that the net force produced by 

the electric and magnetic fields on the desired particle is zero: 

F = e(E + v B) = 0, 
u u 

(E = V /D). 

The value of B is therefore fixed by the velocity of the unseparated particle 

v and the value of the electric field E: 
u 

B = - E/v . 
u 

The net force on the undesired, or separated, particle is 

F = eE( l - v /v ) .' s s u 

If we calculate the trajectory of such a particle through the separator, 

we find that the separation may be represented exactly by an angular deflec

tion introduced halfway along the length of the separator. Since the separators 

are usually operated in such a way that the deflection is intr·oduced in the ver

tical plane,' we call this deflection dy'. Its value is given by 

wh-ere V is the potential difference in millions of volts, and Pc is the mo-

mentum in Mev. L and D must be expressed in the same units. The f3 
u 

and f3 are the velocities of the unseparated and separated particles in units 
s 

of· the velocity of light. 

The matrix representing the action of the separator may then be repre

sented as the product of three matrices, (L/2), (S) and (L/2), where (L/2) is 

a field-free matrix (see Sec. II-B) of length L/2, and Sis given by: 

0 0 0 0 0 

l 0 0 0 

0 0 1 0 0 0 
s = 

0 0 0 1 0 dy' 
I 

0 0 0 0 l ~) 0 0 0 0 0 ··., 
In practice, it is usually convenient to assume the action of the separator to 
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and to extend the field-free regions before and after the separator to its mid

piont. 

We see that the matrix S has an effect only on those vectors having 

the value of the sixth component different. from zero; this is why the sixth 

component is 0 for the desired particle and l for a given undesired particle. 

F. Apertures 

The number of particles transmitted by a system of the type under con

sideration here is proportional to the volume in phase space determined by 

the apertures of the system. The phase space is four-dimensional (two spatial 

and two angular components), and the volu~e has the dimensions inches

squared- steradians. In first-order theory, with a horizontal plane of sym

metry', the effects in the horizontal and vertical planes .are indepe-q.dent of one 

another. Therefore we m:ay treat the two sub spaces independently as graph

ical plots of angle vs spatial position. 

The phase space at a source of particles can be represented in the plots 

x' y' 

where zx
0 

and Zy
0 

are the physical dimensions of the s:our(ce. Particles are 

emitted in all directions, so there are no limits on extent in the directions. 

of x' andy'. For small angles, the population of the phase space by parti

cles is uniformly dense. From this point on, we will deal only with the x 

plane, since the discussion is identical for both planes. 

' .. 
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Traversal of a field-free region causes the phase-space volume to shear 

to the right above the x axis and to the left below the axis: 

/ 
X 

/ 
--/ 
/,!'__ __ _, 

/ 
/ 

,//, 

--~------~=t~~------------------------X 

/ 
/ 

/ 

When the particles pass through a lens with positive focal length, the 

phas.:e:..space ·v.o,lume·moves generally down to the fight of the x' axis and up 

to the left of the axis. 

During all these transitions, the phase- space volume remains constant ( a 

consequence df LiOuville's theorem reflected in the fact that the determinant 

of the transfer matrix is always unity). 

The effect of an aperture is to limit the volu.me in phase space which is 

transmitted through it. If we.make a ~phase-space plot at the position of the 

aperture, the stops may be represented as vertical lines in phase space: 
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That part of the phase-space volume falling outside the stops is lost. 

In order to determine the effect of each stop in the system, it would be 

necessary to make a phase-space plot at the position of each aperture, make 

the appropriate adjustments in the volume, and then transmit it to the next 

aperture. It is much more convenient, however, to take the vertical line 

in phase space which represents the effect of the sto-e and propagate it back 

through the system to the source of particles. Then all the effects of all 

apertures may be shown on one graph. This has been done in OPTIK. The 

effect of an aperture at the end of each beam element is g.iven in terms of 

the intercepts with the x axis and the x': axi:s in phase space at the source of 

particles. A similar calculation is carried out in the vertical plane. In addi

tion, a third calculation is made in the vertical plane for those particles af

fected by velocity separators, since the limitations on the phase-space vol

ume are different for the deflected and undeflected particles. Dispersion by 

·the bending magnets and chromatic aberrations are included in these calcula

tions. A sample of this type of plot is shown below. 

~ Volume emitted by source 

·~Volume transmitted by /•V' system 
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Caluclation of the intercepts is made by solving the following equations 

for xint and x' int 

= (M) 

and 

I hx \ 

r : \ 
I = (M) 

0 

0 

0 

where hx is the position in the horizontal plane of the aperture, M is the 

full matrix from the source of particles to the position of the aperture,~, and 

x. t and x'. t are the intercepts in phase space at the source of the line that:_'t'. 
ln ln 

represents the effect of the aperture. The calculation is the same in the 

vertical plane for the particles undeflected by the velocity separator. In the 

case c)fflu:e deflected particles, the sixth component of the vector on the right 

is set equal to unity. 
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DESCRIPTION OF THE PROGRAM 

A. General Description 

OPTIK consists of a main control program and nine primary subroutines. 

In addition, there are 12 control and calculational subroutines, most of which 

are employed in the solution of the quadrupole problem. 

The main program routes control, on the basis of an identification num

ber in the data, to one of the following primary subroutines: 

( 1) START - Reads the particle momentum and N initial vectors into the 

program (N = 1 to 9), and forms an 6-by-N matrix composed of these 

N -column vectors. It writes these vectors on the output tape, and then 

transfers control back to the main program at a point where all varia

bles are reset for the start of a new problem. 

(2) FREE - Reads the length of a field-free region and forms a field-free 

matrix. 

(3) QUADU - Solves the quadrupole problem where the field gradients are 

to be determined. It reads ID numbers to determine whether the magnet 

is a doublet or symmetric triplet, and whether the entrance section is 

C or D. This subroutine has access to all other subroutines on the 

same level except itself, SING, and START.· We will discuss this sub

routine in more detail below. 

(4) BEND -Reads the values of <j>, e 
1

, e 2 , and p , and forms the matrix for 

a bending magnet. It also calculates and writes the value of the magnet

ic field and { H dL through the magnet. 

(5) SEP - Reads the masses of the unseparated and separated particles, 

the value of the potential difference between the electrodes, the length 

. of the separator' and the gap width. It calculates the angular separa

tion, the value of the magnetic field, the velocities 6£ the two particles, 

and then forms the separator matrix. 

{ 6) CONDTN - Reads -in the sub scripts of a single matrix element upon 

which a condition is to be placed, and also the desired value of the 

element. It is used mainly by QUADU and SING in specifying conditions 

to be satisfied by the quadrupole focusing. When under control of the 

main program, it writes the subscripts and desired value of the matrix 

element that is to be specified, and also writes the whole matrix for 

comparison. Examples of beam conditions that can be specified in this 

manner are given in Appendix C. 
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(7) QUADK - Forms the matrix for a doublet or triplet with a known solu

tion\ Its output looks the same as that of QUADU, but it does not go 

thJ:ough the iteration procedure to determine the solution. 

(8) ODD - Reads -in an arbitrary matrix calculated outside the program. 

(9) SING- Solves the quadrupole problem for one or two singlets (similarly 

to QUADU). 

After each of these subroutines has returned control to the main program, 

it employs a matrix multiplication subroutine, MATMPY, to determine the 

full-product matrix from the source of particles up to and including the ele

ment under consideration. It also calculates the new values of the vectors 

at this point. It writes this information and then returns to the point where 

it will read the identification number for the next element in the beam. • The 

problem is terminated when no more data is; available, or when subroutine 

S:T ART is called, for the beginning of a new problem. 

B. Subroutines QUADU and SING 

QUADU iterates the values of the two ()'s by a gradient method in such 

a way as to satisfy the conditions put upon the beam focusing. This is done 

in the following manner: 

( l) Prod is the matrix from the source to the quadrupole entrance. 

(2) Q( el' ()2) is the matrix for the quadrupole itself. It can be either dou

blet or triplet, with entrance plane either C or D; it is formed at a 

lower level of subroutines in the program on the basis of identification 

numbers. Th~ iteration procedure is the same for all four cases. 

(3) Qmat l and Qmat 2 are the matrices from the quadrupole exit up to the 

first and second beam conditions, respectively. Both conditions are 

needed in order to fix the values of the two e' s. 

(4) The matrix products 

(Qmat l) X (Q) X(Prod) 

and 

(Qmat 2) X(Q) X(Prod) 

are formed, and the appropriate matrix elements, E
1 

and E 2 , required 

by the beam conditions to take on a specified value, are examined for 

the trial values of e 1 and ()2 specified in the data. 
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(5) An increment is added to e
1 

with e
2 

fixed, and E
1 

and E
2 

are examined 

again. Similarly, e
2 

.is varied with e
1 

fixed, and we obtain a set of 

finite difference equations: 

and 

8E · 8 E 
2 2 

6 E2 = -=-a....,...e- 6.el + ~ 6.ez 
l z 

Since we know the values of the E 1 s produced by the trial values of the 

e' s, and the desired values of the E' s, by inverting the above equations 

a-nd inserting the desired changes in the E 1 s, we can solve for the 

changes in the e' s necessary to produce the desirec! change. 

(6) The percentage change in the E 
1 
s is tested. If it is greater than 

O.Olo/o ,·the ite;ration is repeated with the new values of the e's as the 

trial values. If it is less than 0. 0 l o/o for both, the iteration is stopped 

and the values are taken as the final solution. When this point has been 

reached, the subroutine proceeds to calculate the field gradients from 

the e' s, and forms the quadrupole matrix for momentum P( l+ 6.P /P). 

The results are written on the output tape, and control is returned to 

the main program. 

Several remarks are appropriate. First, the program, in order to 

form Qmat l and Qmat 2, must search through subsequent elements in the 

beam until it reaches a beam condition. The subroutines, corresponding to 

each of the elements following the quadrupole up. to antl including the two 

beam conditions, are advised of the fact that they are under control of QUADU 

instead of the main program, and, no output is written. Second, once the 

quadrupole problem has been solved, we must continue with the first element 

following it. Instead of storing all the information about the elements between 

the quadrupole and the beam conditions, OPTIK backspaces the input tape to 

the element immediately following the quadrupole, and continues normal 

operation. Third, an element that calls QUADU or SING with an unknown 

solution must not o~cur between an undetermined quadrupole and the beam 

conditions that it uses for a solution, i.e., only one unknown quadrupole may 

by solved at one time. A quadrupole calling on QUADK or SING with a known 

solution may be included in this region. 
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SING operates in a manner similar to QUADU, but has the following 

differences: 

( 1) SING is capable of handling either one or two singlets with other beam 

elements placed between them. 

(2) It can also operate in a mode wherein the solution is known, thus 

also performing the function of QUADK. An identification number must 

be given, to determine which mode of operation is employed. 

(3) The ID number that calls SING may be used more than once before the 

beam conditions that determine the solution are encountered. However, 

it can deal with only two singlets at a time with undetermined solutions. 

No restriction is placed on calling BING when the solution is already 

known. 

. .. 

C. Capabilities of the Program 

( 1) Except for the restrictions on QU ADU and SING, any number of 

elements and in any order may be included in a·ue·am.to b:e handled by 

OPTIK. 

( 2) Up to nine initial vectors may be propagated through the beam and 

evaluated at the end of each element. Thus, some degree of ray trac

ing rna y be performed (though not detailed trajectories inside field · 

regions), and phase-space volumes may be calculated at various points 

along the beam. 

( 3) The matrix for each element is evaluated, along with the product 

matrix from the source of particles up to and including that element. 

D. Limitations of the Program 

( 1) In solving t~e quadrupo.le problem, the program can deal with, at 

m~st; only two degr~es 8f fr~~d6rr1: 

(Z) The only conditions that can be placed upon the focusing properties 

are those explicitly placing a value on some matrix element in the prod

uct matrix from the source of particles up to the point under considera

tion. Thus, a field lens may not be included in a calculation of the full 

beam. Such problems may be dealt with, however, by running OPTIK 
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for different parts of the beam which do not include the true source as 

the start of the problem, and then including the solutions as known ele

ments in a calculation of the full beam (See appendix D). 

(3) inhomogeneous fields, such as the Bevatron field, are not explicitly 

included in the. program. However, the effect of such a field may be 

included as a se:r;ies of wedge ~agnets, or its full effect included by the 

use of the subroutine ODD which feeds-in a full matrix calculated ex

ternally. Such a procedure involves a prior solution of the effect of the 

.field, e. g., "bug" orbits, or the use of the IBM 650 program- '·· ~. 

ETHELBERT. 
5 

( 4) Beam .elements other than the ones listed above are not included in 

the program explicitly. Such elements may be included in the calcula

tion by the use of ODD in those cases in which a matrix can be calculat

ed outside the program. 

(5) Only the quadrupole parameters are varied by OPTIK in order to 

satisfy beam conditions. None of the other parameters are treated in 

this manner. If, for example, one wished to determine the proper angle 

of bend in a bending magnet in order to produce an energy focus, it 

would be necessary to run OPTIK once for each of several bending 

angles. The product matrix at the point where the energy focus is de

sired can be examined to determine which angle causes the ( 1, 5) matrix 

element to be zero. 

( 6) Only one value of 6. P /P may be involved in;-a given problem. 

It is possible that new subroutines might be added to OPTIK, but such a 

procedure would involve substantia.l revision of the existing program, in par

ticular the .main program, QUADU, and SING. Also, the input format for the 

data would have to be changed, since the one digit format for the ID number 

which calls the various subroutines is already used to full capacity. It is 

hoped that the preseRt flexibility of the program is sufficient, and that judi

cious use will enable the user to overcome its limitations. 

The author has tested the program under a fairly wide wa,f.i:etyco'finput 

conditions in an attempt to eliminate as many "bugs" as possible. At the time 

of this writing all errors which have occurred in the use of OPTIK have been 

the result of incorrect data input or attempts to exceed the limitations stated 

above. If use of the program leads to incorrect results which cannot be 
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ascribed to either of these sources of error, the author would appreciate 

being advised of the details of the problem involved. 
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APPENDICES. 

A. General: Input Data for 6>PTJK 

The input data consist solely of information necessary to call and use 

the seven primary subroutines. START must always be the first subroutine 

called, and may not be called again until the beginning of a complete new 

problem. The others must be called in the order in which they occur in the 

beam subject to the limitations stated on QUADU. 

1. Inputlor START 

2. 

First Card 

Second Card 

N 

Third Card 

P,t:.P/P 

Format (11, F9.5, 3F10.5): 

1, HL ft' HR. ht' H , HD (ID number by which the . e 1g, up own 
main program calls START, and dimensions of source). 

Format (I 1): 

(Number of initial vectors to be propagated through the 

system, 1 ~ N~ 9). 

Format (2F10.5); 

(Momentum and momentum increment). 

Fourth Card Format (6F10.5): 

x
1

, x
1

1
, y

1
,y

1
1

, .c::lP/P
1

, M
1 

(First vector, x andy in inches, 

x and y in r-adians). 

Fifth Card Format (6F10.5): 

x 2 , X 1 

2 , y~ y 2 , L::lP /P, M 2 (Second vector) 

(N + 3)th Card Format (6F10.5) 
I I 

xN' xN' yN' yN' .t:.PjP, MN Nth. vector, N~ 9). 

1/ fl( :: SC-/) '-t:: ( /:fifUC-~..VT/1._) 2.0~ 
Input for FRE'E 

First Card Format {11~ F9.5, 3F10.5): 

Second Card 

L 

'>. 

2, HL' HR, HU' HD (ID number by which the main 

program calls FREE; and apertures at end of region). 

Format ( F 1 0. 5): 

/(Length of the field-free region in inches). 

, I 

I • 



. . ' ~ 

• I o 

3. Input for QUADU 

Fi.rst Card. 

Second Card 

IDQ, IDP 

v 
I 

Third Ca'rd 
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.Format (I l, F9.5, 3Fl0.5): 

3, HL' HR, HU,. HD (ID number by which the main 

program calls QUADU and apertures at exit). 

Format (2Il): 

{ 

l (for a doublet) 

"IDQ = 
2 (for a symmetric triplet) 

{ 

l (for entrance plane C) 

IDP = 
2~(for entrance plane D). 

\) ~-~ .: () 

Format (5Fl0.5): ~ 

L 
1

, L
2

, d., e 
1

, e 
2 

(As explained above; lengths in inches, angles 

4. Input for BEND 

First Card 

S'econd Card 

el' e2' <j>, p 

5. Input for SEP 

First Card 

Second Card. 

in radians. · e 
1 

and e 
2 

are trial values of the solution, 

which need b£,only very rough guesses.) 

Format (I l, .F9.5, 3Fl0.5): 

4, HL' Hr, HU' HD (ID number by which the main 

program calls BEND, and apertures at exit). 

Format (5""Fl0.5): ~ 0 PrJ k.. 6] 

(As explained above; angles in degrees, p in inches). 
. ,- .. ~-~~~. 

Format (I l )': 

5, HL' HR' HU' HD (ID number by which the main 

program calls SEP and aperture at center of separator). 

Format· (5Fl0.5): 

M~, Md' V, L, D (MuandMdarethemassesinMevoftheunde

flected and deflected particles, respectively; Vis 1n 

millions .. of volts, and L and D are in inches. ) 

6. Input/for CONDTN: 

First Card 

6 

Format (I l, F9.~. 3lfl6~: 

(ID number by which the main program calls CONDTN). 
~ 



-20- UCRL-9727 

Second Card Format (2! 1, Fl0.5): 

I, J,. Cond (Subscripts of the matrix element which is to be 

specified, and its value). 

7. Input for QUATIK. 

First Card Format (I 1, F9,5, 3Fl0.5~: 

,... 7, HL' HR' HU' HD (ID number by which. the main St:c.ovo C/1-fZ-.,.., 
S ,;'n4t:; "t-.S: q<lilll lA program calls QU ADK, ·and exit apertures). 

T/1:-'ltO · £ec 0 M Card Format (5Fl0.5): 

L
1

, L 2 , D, e
1

, e
2 

(As in QUADU). 

8. Input for. ODD 

First Card 

Second Card 

(v) Mll' Ml2' 
' ... / Third Card 

Format (I l, F9.5, 3Fl0.5): 

8, HL' HR, HU' HD (ID number by which the main 

program calls ODD, and apertures at end of this element). 

Format (6Fl0.5): 

Ml3"~: .............. Ml6 

Format (6Fl0.5): 

.................. M26 

Seventh Card Format (6Fl0.5): 

M6l' M62' .................. M66 

9. Input for SING 

:First Card Format (I l, F9,5, 3Fl0.5): 

· 9, HL' HR,' HU' HD (I!) number by which the mairi 

p~ogram calls SING and exit apertures). 

Second Card · Format ( 2I l ): 

!SOLVE, ICONV 

{

l.(look for corre.ct e) 

!SOLVE 
2 (correct e is given) 

·{1 (c~nverging honzontaliy) 

l. (dlVergmg honzontally). 
ICONV 

Third Card Format (2.Fl0.5): 

L e. ' . 
·(as explained above). 

-· 

' 
Ll 

. '· 



• I 
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B. Subroutines used by OPTIK 

OPTIK consists of a main program, OPTIK, and 21 subroutines. 

Nine of .these have already been discussed. 

( l ) START ( 5) SEP 

( 2) FREE (6) CONDTN 

( 3) QUADU ( 7) QUADK 

( 4) BEND (8) ODD 

(9) SING 

In addition to these, 12 other subroutines are used in various part of 

the program. These are: 

( 10) MATMPY - A matrix multiplication routine. This is not the ordinary 

version of MATMPY in common use. The ordinary version of MATMPY 

will return all zeroes whenever it is used by SELECT~~ The version 

in use has.been adapted to special conditions encounteted here, and 

has the feature that the product matrix can be returned under the same 

symbol as one of the factor matrices: 

( 11) SELECT - This subroutine selects the proper channel for forming the 

quadrupole matrix on the basis of IDQ and IDP. 

( 12) CDOUB - Calls on the proper combination of CONV, DIV, QFREE, 

and MATMPY, appropriate to a ·doublet with entrance section C, and 

forms its matrix. 

( 13) DDOUB - Forms the matrix for a doublet with entrance section D. 

( 14) CTRIP - Forms the matrix for a symmetric triplet with entrance 
~ 

section JC. 

( 15) DTRIP - Forms the matrix for a symmetric triplet with entrance 

section D. 

( 16) CONV - Forms the matrix for a singie quadrupole section that is 

converging horizontally. 

( 17) DIV - Forms the matrix for a single quadrupole section which is 

diverging horizontally. 

( 18) QFREE - Forms the matrix for a field-free region. This is different 

from FREE in that it obtains the length of the region from a calcula

tion in the program, .rather than reading the input tape. 
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( 19) QTR Y - This subroutine forms the product matrices 

(Qmat l)X(Q)X(Prod 1) and (Omat2)X(Q)X(Prod 1) 1 and returns the 

value of the matrix element upon which a condition is to be placed. 

(20) SlTRY- Like QTRY,for one singlet. 

(21) S2TRY- Like QTRY, for two singlets. 

Other subroutines are used by OPTIK, but they are included in the FORTRAN 

library. It is useful, however, to include the complete FORTRAN library as 

part of the program deck in order to save the time used to search through the 

FORTRAN tape for the appropriate subroutines. 

C. Specification of Beam Conditions 

Subroutine CONDTN is called by the ID number 6, as the first card of 

two used by it. The second card has the indices of the appropriate matrix 

element in the first two columns, and the desired value of that element in the 

next ten columns. Some examples of the format for the second data card for 

CONDTN are: 

(1) 120.0 

(2) 340.0 

(3) 220.0 

(4) 440.0 

The source is brought to an image in the horizontal plane at 
\ 

this point. 

Image in the vertical plane., 

All rays from a .. -p-oint source are required to be parallel to 

each other in the horizontal plane ~t this point. 

Parallel rays in the vertical plane. 

These are the most freq"~ently used beam conditions, but others might 

be used also, e. g., physical limitations on the position and currents of a 

particular quadrupole might make it incapable of producing parallel rays 

from a point source. In this case, one might relax the co.nditions and require 

only that the divergence of the beam be small, say 1/10 of its divergence at 

the source. Then this condition, in the horizontal plane would be 220 .1. 

Experience in using the matrix formulation of the problem will enable the 

reader to specify a wide variety of conditions. 

It is not possible for the quadrupoles to fully specify matrix elements 

with subscripts 5 and 6. For example, an energy focus corresponds to 150.0, 

but the quadrupoles alone cannot accomplish this, so a beam condition should 

never try to specify any matrix elements with subscripts greater than 4. 

. '· 
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Trial and error running of OPTIK, varying parameters of other elements, 
. . ' . . . _( ' ' ' . 

will enable the user to specify almost any desired beam condition. 

D.~ An Example 

Consider the following beam to be put into OPTIK: 

source · 

Il 
image 

B~ L 
5 

r2 
image 

, · . A __ source at S is to be focused, by a symmetric qua~rupole triplet T 
1 

to an 

.. 

·'. 

image at the center of T 
2

. This image is to be brought again to a focus at 

I
2 

by quadrupole '!' 
3

. Quadrupole T 2 is a field lens operated in such a 

manner as to focus the exit aperture of T 
1 

onto the entrance aperture of 

T 3 . The B 1 and B
2 

are identical bendi~g magnets. The beam from r
1 

to r2 iE! a: mirror image of the b~~m from S to r 1 , so that there will be an 

energy focus at r2 . 

We must first determine the solution to T 
2

. This may be done by run-

ning the following elements through OPTIK: 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

START (:initial vectors and the momentum of the particles). 

FREE (L
2

). 

BEND (the angles and radius of curvature for B 1). 

FREE (L
3

) . 

QUADU (phY'5ical dimensions and trial values of the () 1 s for a triplet, 

T 2). 

FREE (L
4

). 

BEND (angles and radius of curvature for B 2 ). 

FREE (L5 ). 

(i) CONDTN ( 120. 0,; matrix element ( 1, 2) must be zero at this point for 

an image of the aperture of T 
1 

in the horizontal plane. 
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(j) CONDTN (340.0; the same for vertical plane). 

This set of data run through OPTIK will determine the 81 s for T 2 . Then we 

may think of T 2 as two identical doublets back to back and run it in this 

manner for the full beam. 

Given the following data, OPTIK will solve for the field gradients of 

T 
1 

and T 
2

, and the problem is completed: 

(a) START. 

(b) FREE (L
1

). 

(c) QUADU (physical dimensions and trial values of the 81 s for tripletT 
1 

). 

(d) FREE (L
2

). 

(e) BEND (B
1

). 

(f) FREE (L
3 

). 

(g) QUADK (physical dimensions of the first half ofT 
2

, with 8
1 

and i 8
2 

as the focusing parameters). 

(h) CONDTN ( 120.0; horizontal focus at this point). 

(i) CONDTN (340.0; vertical focus at this point). 

(j) QUADK (physical dimensions of the second half ofT 
2

, with i ~2 and -6
1 

as the focusing parameters). 

(k) FREE (L
4

). 

(1) BEND (B
2

) . 

. (m) FREE (L
5

). 

(n) OU ADU (physical dimensions and trial values of the 81 s for T 
3

). 

(o) FREE (L
6

). 

(p) CONDTN (120.0 ho~izontal focus). 

(q) CONDTN (340.0 vertical focus). 

~ , .. 



. .,1, 

.. 

-25- UCRL-9727 

REFERENCES 

1. Owen Chamberlain, Ann. Rev" Nuclear Sci. 10, 161 (1960).' 

2. D. Luckey, in Techniques of High Energy Physics, Part IX, ed. by 

David M. Ritson (Interscience Publishers, Inc., New York, 1961), p. 403. 

3. K. T. Bainbridge, in Experimental Nuclear Physics, Part V, I, ed. by 

(E. Segr~, Ed., John Wiley&: Sons, Inc., New York, 1953), p. 559. 

4. William G. Cross, Rev. Sci. Instr. 22, 717 (1951). 

5. V. 0. Brady ( 1961), Lawrence Radiation Laboratory, Berkeley 

(private communication) . 



• 
• 

This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com~ 
mission, nor any person acting on behalf of the Commission: 

A . Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infring~ privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Comm~ssion'' includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




