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AN INTERACTIVE BEAM DESIGN PROGRAM WITH
MONTECARLO CAPABILITIESY

DUANE V. AMUNDSON AND JOHN W. DAWSON
Argonne National Laboratory, Argonne, Illinois, USA

The paper presents the development of an interactive program for beam design. The desirable features of an
interactive program are discussed and the capabilities of this program are compared with programs for batch
processing. The program, as implemented, provides Montecarlo capability as well as ray tracing, optimization,
and phase plane mapping, while accepting up to 333 elements. The program has been used in the design of a

number of beams at Argonne.

1. INTRODUCTION

Computer simulations of beam transport systems
have been found useful by high energy physicists in
beam design. Numerous batch processed programs
are available and have been used to simulate the
various properties of beam transport systems.
However, if many changes are required in the initial
beam design, the designer may spend much of his
time waiting for his job to be scheduled, run, and
finally printed. He may then find he has numerous
pages of data describing an unworkable beam. An
interactive program working with a time-sharing
computer can eliminate these inconveniences. This
report describes such a program.

DAOPTIC is derived from the program OPTIK*
and incorporates several other capabilities. As with
OPTIK, each source particle is represented by a
six-dimensional vector. The beam line is made up
of an arrangement of the four element types; drift
length, bending magnet, quadrupole, and separator.
Each element is represented by a six-by-six transfer
matrix which describes its action on the particle
vector. A product matrix, the transfer matrix from
the source to the end of the element, is computed
and stored for each element.

After the beam has been loaded into the active
file, other commands allow the manipulation of the
beam elements and the optimization of quadrupole
gradients to meet requested conditions. Whenever
desired any parameters for any or all of the beam
elements can be displayed. Particle vectors can be
tracked and displayed either as a list or graphically.

t Work performed under the auspices of the U.S. Atomic
Energy Commission.

Other commands will track phase-space ellipses or
generate a number of random particles, track them
down the beam line, and plot the requested results.
After a final design has been reached, the current
parameters can be listed at the terminal. The
beam can then be stored on a disk file or punched
onto paper tape for future use, freeing the active
disk area for a new beam.

The program was written in Fortran IV and
developed on the TYMSHARE? system using a
Com Data series 33 terminal and model 301A
acoustic data set to couple to the telephone line.
The formats of the graphic displays fill the 27 line
display area of the Hazeltine 2000 CRT terminal
which allows operation at 30 characters per second.
In order to provide an alternative commercial
timeshare system, the program was adopted to run
on the CYPHERNETICS?® system. Preliminary
tests have indicated that this revised version is
somewhat more efficient. The program is divided
into five parts, each less than 8000 characters long.
Only one part is in core at a given time. Thus, the
program can be easily adopted to any timesharing
system that allows a file size of about 8000 charac-
ters with an overlay system to transfer the program
parts into and out of core as they are needed.

2. ELEMENT ALGORITHMS

2.1. The Six-Dimensional Vector Space

Each particle emitted by the target is defined at
the entrance plane of the beam line by a vector
X, X', Y, Y, DP/P, M) where X is the horizontal
displacement from the equilibrium orbit, X’ is the
horizontal angle with respect to the equilibrium
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orbit, Y and Y’ are the corresponding quantities in
the vertical direction, DP/P = (P1—P)/P where P is
the design momentum and P1 is the true momentum
of the particle under consideration, and M is the
projection operator which accounts for particles of
different mass. M is used directly only by the
separator(s). M =0 for the undeflected particle;
M = 1 for the deflected particle. The operation of
each element on the particle vector is represented as
a six-by-six transfer matrix:

M, M, 0 0 My 0
My My, 0 0 My 0
mo] 0 0 My My 00 My
0 0 My My 0 My

0 0 0 0 1 0
o o o o0 0 1 |

For the beam elements handled by this program,
two-thirds of the matrix elements are always zero
(or one) as shown. The matrix multiplication
routine used in this program takes advantage of
this to reduce the operation required and increase
the speed.

2.2. Source

The source is a rectangular solid from which
the particles originate (see Fig. 1). The source
parameters are:
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FIG. 1. The source.

P = Design momentum.

XTARG = The horizontal displacement of the
center of the target from the axis of
the beam line.

WIDTH = The horizontal thickness of the
target.

YTARG = The vertical displacement of the
center of the target from the Z axis
of the beam line.

HEIGHT = The vertical thickness of the target.

ZTARG = The distance downstream from the
center of the target to the entrance
to the first element.

TLEN = The target length.

HANG = The horizontal angle; the projec-
tion, in the horizontal plane, of the
angle between the Z axis of the
beam line and the average path of
the particles emitted by the source.

HRANG = The range of angles, in the hori-
zontal plane, of the source particle
trajectories.

VANG = The vertical angle; the projection,
in the vertical plane, of the angle
between the Z axis of the beam line
and the average path of the particles
emitted by the source.

VRANG = The range of angles, in the vertical
plane, of the source particle tra-
jectories.

PMIN = The minimum momentum.

PMAX = The maximum momentum.

The full set of parameters is needed only by the
MONTECARLO routines which generate a set of
particles having a uniform distribution of position,
within the dimensions of the source, angles within
the range defined by the four angular terms, and
momentum over the range PMIN to PMAX. In
calculating the target phase space intercepts, only
the X and Y dimensions are needed. In the ray
tracking and other operations, the source para-
meters are not used. If the source is replaced after
the beam has been loaded, the element transfer
matrices for the quadrupoles and bending magnets
are automatically recomputed at the new design
momentum.

2.3. Drift Length

A drift length contains no deflecting fields and is
completely defined by its length, L. Its matrix is as
follows:

[T] =

cCoocoo~—
CoOC O~
coo~oco
compHOO
o~ococoo
~oocooo
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A drift length, like each of the other three
element types, has limits to maximum allowable X
and Y displacements of the particles. These aper-
tures are specified when the element file is created.
The apertures are used by the LOSS and MONTE-
CARLO routines to determine whether or not a
particle is lost within an element. The apertures
are also reflected back to the source for calculating
the limiting lines in the target phase planes.

2.4. Bending Magnet (see Fig. 2)

N
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FIG. 2. The bending magnet.

This is a region in which the field is parallel to
the Y axis and is constant along the X axis. There
are two types, ID =4 and ID = 11. In the first
type, the field is constant along the Z axis and falls
abruptly to zero at the ends of the magnet. In the
second type, the field is maximum at the center of
the magnet and decreases symmetrically with in-
creasing distance from the center along the Z axis,
finally reaching zero at some distance outside the
magnet. The first is defined by the parameters L,
El, E2, and PHI where:

L = Length of magnet.
El = The angle between the central ray and the
normal to the entrance face of the magnet.
E2 = The angle between the central ray and the
normal to the exit face of the magnet.
PHI = The total bend angle, the angle between
the central ray at the entrance, and the
central ray at the exit.

From these values the program will compute the
radius of curvature and the magnetic field required
to produce the given bend angle. For the second
type it is necessary to specify also the Z variation
of the field. DZ and B(I) must be specified where
DZ is the distance between readings taken along
the Z axis beginning where the field is zero or near
zero and ending at the center of the magnet. B(I),

I=1, N is the set of field values where B is in
kilogauss. Both algorithms are valid for small bend
angles, but for larger bend angles the vertical
focussing contributed by the gradient along the Z
axis becomes significant.

The matrix elements for the type 4 bending
magnets are described in the reference for OPTIK.!
The algorithm for the type 11 bending magnet was
obtained from the program TRAMP.*

2.5. Quadrupoles
This is a region of quadrupole magnetic field.
The quadrupole is defined by P, L, and DB/DR
where:
P = Design momentum.
L = Quadrupole length.
DB/DR = Quadrupole field gradient.
The quadrupole matrix elements were obtained
from program OPTIK.!

2.6. Crossed Field Separator
The separator is a region of uniform electric field
perpendicular to a uniform magnetic field both
perpendicular to the beam axis giving no deflection
to the particle of mass MU but giving a vertical
deflection to a particle of mass MD. It is defined
by L, D, V, MU, and MD where:
L = Length.
D = Vertical gap.
V = Electric field.
MU = Mass of the undeflected particle.
MD = Mass of the deflected particle.
The program computes the magnetic field needed
to give zero deflection to the undeflected particle.
The separator transfer matrix is:

1 L0O0O0 O
01 000 O
[T]=|0 0 1 L 0 L*S
0001 0 S
00 001 O
00 000 1

where S is defined in the OPTIK® report.

3. CREATION AND MANAGEMENT OF
BEAM FILES

The nine commands used for this purpose are
INPUT, SAVE, PUNCH, LOAD, TAPE,
APPEND, DIRECTORY, SCRATCH, and QUIT.
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3.1. Input

INPUT allows the user to enter the element
parameters at the terminal, and is usually used
when the beam is created. The program will
prompt for each value as it is needed, requesting
first the source parameters. The source is referred
to as element zero and has an identification number,
ID, of 1. After the source parameters have been
read and stored in the appropriate files, the pro-
gram will prompt for the ID and aperture limits for
the first element of the beam line (NEL = 1). See
Table I for a list of ID numbers for the element

TABLE 1

S

Element Types

(=]

End of Beam

Source

Drift Length

Quadrupole Doublet

Bending Magnet

Crossed Field Separator

Quadrupole Symmetric Triplet
Precomputed Matrix

Horizontally Converging Quadrupole
Horizontally Diverging Quadrupole
Bending Magnet with Soft Edge Vertical Focussing

—_O WO W h LN -

—

types. When these values have been read, the
program will request the remaining parameters
needed according to the element type. Next, the
element transfer matrix and product matrix are
computed and written in their respective files. The
program will then ask for the ID of the second
element. After all the desired elements have been
loaded, the end of the beam is indicated by typing
an ID of zero.

3.2. Save, Punch

After completing the desired work on the active
beam, the command ‘SAVE, NAME’ can be used
to save the beam on an inactive file to prevent its
being written over and lost. The file must be named
to identify it for loading at a later time.

If a beam is to be stored for a long period of
time, it may be economically advantageous to store
it on paper tape rather than a disk file. This is
accomplished with the command ‘PUNCH’. More
time is required to punch the tape than to execute
the SAVE command, but there is a corresponding
saving on the storage charge for disk space.

3.3. Load, Tape, Append

A beam that was saved with the SAVE command
is loaded into the active field with the command
‘LOAD, NAME’. NAME is the name that was
assigned with the SAVE command. The product
matrices are not stored with the SAVE command;
therefore, after loading the beam with the LOAD
command, the product matrices must be recom-
puted. This is done with the command ‘COM-
PUTE, 0.

The command ‘TAPE’ is used to read a beam
from paper tape. The tape may have been created
by the PUNCH command or by copying an
OPTIK input data deck.

At some time it may be desired to add several
elements to the end of the beam. For this the
command ‘APPEND, NEL’ is used. This com-
mand acts exactly as the INPUT command except
that input begins at element NEL. The new ele-
ments will replace the old element NEL and any
later elements in the stored beam.

3.4. Directory, Scratch, Quit

DIRECTORY is used to maintain a record of
saved beams and to locate lost files. DIRECTORY
causes the system to type a list of all files written
on the disk.

When a beam stored on the disk is no longer
wanted, the command ‘SCRATCH, NAME’ is
used to erase the file from storage.

When a session at the terminal is finished, the
QUIT command is used to leave the program and
perform the required log-out procedure.

4. OPTIMIZATION OF BEAM
PARAMETERS

There are seven commands for the optimization
of the beam. These commands are: DELETE,
INTERCHANGE, INSERT, REPLACE, COM-
PUTE, OPTI, and OPT2. The first four are used
to move the beam elements. After each operation
is finished, the program asks whether to compute
the new product matrices at this time. If several
changes are to be made, time is saved if the product
matrices are not corrected after each change. After
all the changes have been made, the COMPUTE
command should be used.

‘DELETE, NEL’ deletes element NEL from the
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beam line. ‘INTERCHANGE, NF, NL’ inter-
changes the pair of elements NF and NL. ‘INSERT,
NEL’ inserts a new element immediately after
element NEL. ‘REPLACE, NEL’ inserts a new
element in place of element NEL. ‘COMPUTE,
NEL’ recomputes the product matrices for elements
NEL through the end of the beam. The new
element parameters required for the INSERT and
REPLACE commands are the same as those
required by INPUT. After a DELETE or INSERT
command, the elements are renumbered to retain
a set of sequential integers.

The last two commands, OPT1 and OPT?2 are
used to optimize quadrupole gradients. OPTI
uses an iterative procedure to find the gradient
necessary to give a specified value to a product
matrix element. OPT2 tunes two gradients to
satisfy two conditions not necessarily in the same
product matrix.

5. DISPLAY OF BEAM PARAMETERS

After loading a beam or making changes in it,
the operator may want to display some of the beam
parameters. For this purpose there are seven
commands. These commands are: APERTURE,
ELEMENT, EME, LIST, PRODUCT, PME, and
SOURCE.

5.1. Aperture, NF, NL

The element aperture is the inside dimension of
the element which limits the maximum displacement
of the particle. This command lists the apertures
for elements NF through NL. To speed the display
of data, negative apertures are displayed only when
they differ from the positive apertures.

5.2. Element, NF, NL

This command displays the entire transfer matrix
for each element NF through NL. If after display
of the first few values of the matrix, the operator
decides that the remaining elements are not wanted,
the escape key can be used to terminate the
command. If only one beam element matrix is
desired, NL is set equal to NF.

5.3. EME, I, J, NEL
This command is used to display a single matrix
element. It will display matrix element (I, J) for

beam element NEL. EME writes in a free format
and is therefore useful when a matrix element is too
large to be displayed within the format used by the
ELEMENT command.

5.4. List, NF, NL
This displays the beam element parameters for
elements NF through NL.

5.5. Product, NF, NL
This command displays the product matrices for
elements NF through NL.

5.6. PME, I, J, NEL

This command is used to display a single product
matrix element (I,J) for beam element NEL.
PME writes in a free format and is, therefore,
useful when a matrix element is too large to be
displayed within the format used by the PRODUCT
command.

5.7. Source
This command is used to list the source para-
meters.

6. PHASE-SPACE ELLIPSES

Phase-space limits can be studied by propagating
element apertures back to the target phase plane or
by defining ellipses at the source and propagating
them down the beam line.

6.1. Limits, Minimum

The command ‘LIMITS, NF, NL’ is used to
compute and display the limiting lines in phase
space at the source. This is done by propagating
element apertures back to the source to determine
where they intersect the axes in the X—X' and
Y —Y’ phase planes. The results are displayed for
elements NF through NL. ‘MINIMUM’ finds and
displays the element at which each of the above
limits is at a minimum.

6.2. Target, TMIN

The command ‘TARGET, NF, NL’ computes
and displays the values of X’, Y’, and Y’ deflected
at the points where the X—X', Y-Y’, or Y-Y’
deflected limiting lines intersect the X or Y limit
of the target in the phase planes. The set is



24 DUANE V. AMUNDSON AND JOHN W. DAWSON

displayed for each of elements NF through NL.
‘TMIN’ finds and displays the elements at which
each of these limits is a minimum.

6.3. Ellipse, T, V1, V2, Z, NF, NL

This is an adaptation of a routine from program
TRAMP.*> Phase space ellipses are displayed at
the ends of elements NF through NL. T = H for
horizontal plane. T =V for vertical. The initial
ellipse is upright with semi-axes V1 and V2 at a
distance Z upstream from the entrance to the first
element.

7. TRACKING OF PARTICLES

Two methods are available. First, a set of up to
nine vectors can be loaded using V and V2 com-
mands and displayed with the commands DR,
LOSS, XPLOT, XPPLOT, YPLOT, YPPLOT.
Second, a set of random particles can be generated
and tracked with the MONTECARLO command.

71.1. V2, V, DR, LOSS

‘V2’ is used to enter the on axis, 2 per cent off
momentum vector [0, 0, 0, 0, .02, 0]. ‘V, X, X/,
Y, Y’, DP/P, M’ is used to enter any other vector.
The DP/P term affects the bending magnet diver-
gence but not the chromatic aberration of the
quadrupoles. A maximum of nine vectors can be
entered as a set. The execution of any command
other than V or V2 will close the vector set so that
the next execution of V or V2 will erase the old set
and begin with the first vector of a new set. ‘DR,
NF, NL’ displays the set of emerging vectors at the
ends of elements NF through NL. ‘LOSS, NV’
tracks vector number NV of the set of vectors from
source to end of beam. At the first element at
which the X or Y position of the particle exceeds
the entrance or exit aperture, the element number
and the vector are printed. If no apertures are
exceeded, the message ‘END of BEAM, NO
LIMITS EXCEEDED’ is printed.

7.2. The Plotting Routines
There are four plotting routines which can be
used with the vector set.
‘XPLOT, NV, NF, NL’ Plots X versus element.
‘XPPLOT, NV, NF, NL’ Plots X’ versus element.
‘YPLOT, NV, NF, NL’ Plots Y versus element.

‘YPPLOT, NV, NF, NL’ Plots Y’ versus

element.

In each case the ordinate is adjusted according
to the maximum excursion to best fill the display
area. NV identifies which vector of the set is to be
used. If only a few elements are included in the
plot, the elements NF through NL are spread out
to cover at least half of the width of the page.

7.3. Montecarlo Routines

These are adapted from program LLURCH.®
There are three types of MONTECARLO displays
and a SETRAND command. ‘SETRAND, IX’
can be used, if desired, to set the random number
generator for the MONTECARLO runs. If IX is
positive or zero, the sequence will begin with a
number determined by IX. If IX is negative, the
sequence will begin with a number set by reading
the internal clock of the computer in milliseconds.

The MONTECARLO routine generates particles

of random position, angles, and momentum within
the dimensions of the source. The DP/P term of
the particle vector affects only the bending magnet
divergence; it does not include the chromatic
aberration of the quadrupoles. The particles are
tested at the entrance and exit aperture of each
element and tracked through the beam line until
lost by striking an element. After NTRY, particles
have been tracked, the results are displayed. The
flux continues to accumulate and print after every
NTRY particles until interrupted with the escape
key. Then a new value of NTRY is requested.

‘MONTECARLO, (0’ displays a list of flux versus
element.

‘MONTECARLO, 1’ plots particle flux versus
one particle dimension.

‘MONTECARLO, 2’ plots one particle dimen-
sion against another and shows the flux in each
bin.

The parameters requested by each command are

shown below:

‘MONTECARLO, 0’ MASS, NTRY.

‘MONTECARLO, 1’ MASS, REF, HVAR,
HPLOT, HMIN, HMAX, NTRY.

‘MONTECARLO, 2’ MASS, REF, HVAR,
HPLOT, HMIN, HMAX, VVAR, VPLOT,
VMIN, VMAX, NTRY.

MASS = 0 for undeflected particles.

MASS = 1 for deflected particles.
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NTRY = number of particles tracked before

displaying results.

HVAR =1 to plot X.
HVAR =2 to plot X'.
HVAR =3 to plot Y.
HVAR =4 to plot Y'.
HVAR =5 to plot DP/P.
HPLOT = Element number at which horizontal

plot data is wanted.

HMIN = Minimum value to be plotted hori-

zontally.

HMAX = Maximum value to be plotted hori-

zontally.

VVAR, VPLOT, VMIN, and VMAX are vertical
counterparts of HVAR, HPLOT, HMIN, and

HMAX.

P.A.

REF = Element number of reference element.

A4

1YPE COMMAND: INPUT

8. SAMPLE BEAM DESIGN

To demonstrate the capabilities of the program,
a sample beam design is presented. Figures 3
through 10 are the teletype output produced during
this problem. The user input has been underlined
to distinguish it from the computer output.

The initial beam is loaded with the INPUT
command, see Fig. 3, and consists of a point source
of 1000 MeV/c particles, a drift length, a hori-
zontally converging quadrupole, and several more
drift lengths. After the initial beam has been
loaded, the APPEND command can be used to add
more elements to the end of the beam. In our
example a bending magnet and a drift length are
added. To keep the total beam the same length,
element 3 is replaced with a shorter drift length to
compensate for the vertically converging quadrupole

DE YCU WISH T€ DISPLAY ELEMENT PAKAMETERS ? NE

ELEMENT MATRICES 2.
PKEDUCT MATKICES ?_N
NEL= Q
ID= 1

F=1000s XTARG=Gs WIDTH=0, YTARG=Qs HEIGHT=Q, ZTARG=Q, LENGTH=G.
HANG=0, HRANG=Q» VANG=Qs VRANG=Q, PMIN=1000, PMAX=1000

NEL= 1

1D=2s LIMITS:55=5555-5s L=131.5
NEL= 2

1D=9, LIMITS:2,=2,2,-2, L=37.5

GRAD=500
NEL= 3

1022, LIMITS:S55-5555-55 L=329.5
NEL= 4

1D=2s LIMITS:4s=dsds-4s L=35.6
NEL= S

1D=2, LIMITS$35,-3,3,-3» L=15.8
NEL= 6

1D=2, LIMITS:4s=4sd4s=4s L=35.6
NEL= 7

ID=2, LIMITS: 4545 4s=4s L=297
NELS 8

D=0
END OF BEAMs T@TAL ELEMENTS = 7

TYFE CEMMAND: APPEND,®

De YOU WISH Te DISPLAY ELEMENT PARAMETERS 2 N

ELEMENT MATRICES 2 N_
PRODUCT MATKICES ?

NEL= 8

ID=45 LIMITS:4s-452,-2, LEFF=38, E1=5.5, E2=5.5, PHI=11
NEL= 9

ID=2, LIMITS: 4s=4s45-45 L=40

NEL= 10

1Dz0

END @F EEAM» TCTAL ELEMENTS = 9

TYPE CEMMAND: REPLACE»3

NEW ID=gs LIMITS: 55-5555-5, L=2§1.5

COMPUTE PREDUCTS ?_N_

TYPE CEMMAND: INSERT» 1
NEW ID=Z2», LIMITS: 2,-252,-2, L=10.5

CEMPUTE PREDUCTS ?_N_
TYPE COMMAND: INSE, 1

NEW ID=10, LIMITS: 2,-2,2,-2, L=37.6s GRAD=500, CEMPUTE PREDUCTS ?_Y_

END OF BEAM» TETAL ELEMENTS = 11
TYPE CCMMAND:

FIG. 3. Entering the beam elements.



TYPE CCMMAND: GPT2

ELEMENT NUMEERS GF QUADKUPCLES ARE 254
CENDITIENS T@ BE SPECIFIED AT THE ENDS GF ELEMENTS NUMBERED 11s11

AT THE END ©F ELEMENT

1

» SPECIFY THE MATRIX ELEMENT

AND ITS DESIRED VALUE. 1,2,0
AT THE END €F ELEMENT 11 » SPECIFY THE MATRIX ELEMENT
AND ITS DESIRED VALUE. 35450
TRIAL VALUES FOR ITERATIECN 1
CenND1= -482.73333 THETAIl= + 783368123
cenbe= 606.34533 THETA2= «71013913
EPTIC HAS DENE IT AGAINe. A SCLUTIEN HAS BEEN REACHED.
THETA2= «71312682 GRADIENT2= 4744899 68
THETAL= +80543556 GRADIENTI1= 602.58287
TYPE CEMMAND: PRED» 11511
PREDUCT 11
~34356175 +« 000000 0 o] 80+ 673365 0
-+004698 =+297958 ] 0 + 192578 [¢]
[¢] 0 -9.678072 ~+000000 o 0.000000
0 o] -+004038 -+103326 0 0.000000
0 o] 0 0 1 o]
0 0 o] 0 0 1
TYPE CCMMAND: LISTs»1is11
NEL ID K1 k2 R3 R4 RS Ré
1 2 131.50000
2 10 37.60000 +80544 602.58287
3 2 10.50000
4 9 37.50000 «71313 474.89968
S 2 281.50000
6 2 35.60000
7 2 15.80000
8 2 35.60000
9 2 297.00000
10 4 38.00000 S5.50000 S+50000 11.00000 198.23521 6+ 62007
11 2 400.00000
TYPE CCMMAND: APER» 1,511
NEL X Y -X -Y
1 5.000 5.000
2 2.000 2.000
3 2.000 2.000
4 2.000 2.000
S 5.000 5.000
6 4.000 44000
7 3.000 3.000
8 4.000 4.000
9 4.000 4+.000
10 4.000 2.000
1t 4.000 4.000
TYPE CEMMAND:
FIG. 4. Quadrupole optimization and parameter list.
TYPE COMMAND: LIMIT, 1511
NEL X X" Y Y Y CDEFL) Y
1 5.000 38.02  5.000 38.02
1
2 1.490 9.16 2.887 16.03
2
3 1.296 7.73  3.769 18.06
3
4 1.094 6+08 47.975 23.39
4
5 9.904 20.42 -1.534 73.35
5
6 11.849 17.07 -1.088 60463
6
7 11.392 13.07  =.777 46415
7
8  41.625 1827 -.935 6369
8
9 -3.079 30.66 -.515 89.89
9
10 -2.708 33.56  -.248 48+ 39
10
11 -1.192 10000.00 -.413 10000.00
11 1.192 10000.00 «413 10000.00
TYPE COMMAND: MINI
NEL= 2 +Y ' MIN= 16029838
NEL= 2 -Y' MIN= -16.029838
NEL= 2 +Y* DEFL MIN=  16.029838
NEL= 2 -Y"' DEFL MIN= -16.029838
NEL= 4 +X MIN= 10944868
NEL= 4 =X MIN= =-1.0944868
NEL= 4 +X*' MIN= 640837458
NEL= 4 -X"' MIN= - 6+0837458
NEL= 10 +Y MIN= =.2480459
NEL= 10 =Y MIN= « 2480459
NEL= 10 +Y DEFL MIN= =0 2480459
NEL= 10  -Y DEFL MIN= +2480459

TYPE CeMMAN

D:

FIG. 5. The limiting lines in-phase space.
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and drift length to be added with the INSERT
command. The two quadrupoles will form a
doublet and allow specification of conditions in
both the horizontal and vertical planes.

In Fig. 4, with the command OPT2, the program
is instructed to adjust the two quadrupole gradients
until images are formed in both planes at the end of
element 11, the end of the beam. After the beam
has been optimized, the commands PRODUCT,
LIST, and APERTURE can be used to list some
of the beam parameters. The LIMITS command,
see Fig. 5, lists the limiting lines in the target phase
plane for the specified range of elements. Often
only the minimum values are wanted from this list.
The MINIMUM command can then be used to find
and print the minimum value from each column.

The last phase of the beam design is the propa-
gation of particles down the beam line. This can
be done specifically by using sets of particle vectors
or statistically by using large quantities of randomly

TYPE COMMAND: V2
TYPE CEMMAND:

TYPE CEMMAND:

Vs-+3510s0+050-0

Vs 0510505 105050

TYPE COGMMAND: DR»1s11
NEL X X'

1
1.015000 10000000
1.315000 10000000

2
1.780409  32.890791
2.183094 38644871

3
2.125762  32.890791
2.588865  38.644871

4
2.739246  ~1.570157
3.287448 -2.979583

5
2.297247  -1.570157
2.448696 -2.979583

6
2.241349  -1.570157
2.342623 -2.979583

7
2.216541 -1.570157
2.295545  -2.979583

8
2.160643 -1.570157
2.189472  ~2.979583

9
1.694307  =1.570157
1304536  -2.979583
10 .072843 3.851561
1.634915  -1.570157
1.191833  -2.979583
11 1.613467 3.851561
1.006852  -1.570157
.000000 -2.979583

TYPE CEMMAND:

generated particle vectors. In Fig. 6 a set of 3
vectors is loaded with the V2 and V commands.
The DR command is then used to display the
resulting vectors at the end of each element of the
beam. Alternately, one term of a vector may be
plotted as a function of element number. In Fig. 7,
the horizontal position of the second vector of the
set of 3 is plotted for elements 1 through 11. A
variation on the vector trajectory is provided with
the ELLIPSE command. In Fig. 8 of the example,
a horizontal phase-space ellipse with initial semi-
axes of 0.1 inches and 10 mrad is tracked through
the beam line. The statistical analysis is provided
by the 3 MONTECARLO commands. The
SOURCE command displays the current source
parameters. Since the source was initially given
zero dimensions, it must be changed before the
MONTECARLO routines will have any value. The
source is changed by replacing element number

zero. The first routine, MONTECARLO, O,
Y Y
1315000 10. 000000
16247673 =13.385481
1107126 =-13.385481
«855179 -+ 616363
« 681673 -+616363
« 659730 -« 616363
« 649992 -+ 616363
« 628049 -+ 616363
.« 444989 -« 616363
« 413305 -1.033264
-+000000 ~1.033264

FIG. 6. Entering and displaying propagated vectors.
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TYPE COMMAND: XPLET»2,1511

O+ o o o o s o o o
*
*

© e 6 o o e e s o

.

TYPE COMMAND:

FIG. 7. Plot of particle trajectory.

TYPE COMMAND: ELLIPSE»H»>« 15105051511

NEL SEMIAXIS ANGLE PREFILES
INCHES DEGREES INCHES MILLIKRADIANS

1 16540 37.1503 1.3188 10.0000
2 4o 4446 60.5222 2.1872 38.6924
3 46580 56+1675 2+5935 38.6924
4 0302 84.7916 3.2925 3.0164
5 0405 83.0410 2604492 3.0164
6 «0423 827343 203429 3.0164
7 «0432 82.5896 2.2957 3.0164
8 « 0453 8242420 2. 1895 30164
9 « 0745 774109 13110 30164
10 -« 0809 T6.3684 1.2009 3.0164
11 « 3478 27.7628 » 3356 3.0164

TYPE CCMMAND: SQURCE

XTARG= o] WIDTH= 0

Y TARG= 0 HEIGHT= o]

ZTAKRG= 0 LENGTH= 0

HANG= 0 HRANG= 0

VANG= o} VRANG= 0o

P= 1000 PMIN= 1000 PMAX = 1000

TYPE CeMMAND: REPL>O

I1D=1

P=1000> XTARG=0s WIDTH=.2, YTARG=0s HEIGHT=.2, ZTARG=0, LENGTH=.5
HANG=0, HRANG=20, VANG=0Q» VRANG=20, PMIN=980s PMAX=1020

END @F BEAM» TOTAL ELEMENTS = 11
TYPE CEMMAND: MENTECARLE» 0sMASS=QsNTKY=10
START= 10
10 9 8 7 7 7 7 7 7 7
7
START= 20
20 17 15 12 12 12 12 12 12 12
12
START= 30
NTRY=200
START= 243
243 227 190 139 139 139 139 139 139 139
139
NTRY=0_

TYPE CZMMAND:

FIG. 8. Ellipse, source and Montecarlo, 0 commands.



COMPUTER PROGRAM FOR BEAM DESIGN

TYPE C@MMAND: MONT,1,MASS=0s VAR TYPE=1,PL@T=11, REFERENCE=11
MIN.==4,MAX+=4;NTRY=500

VARe TYPE= 1 PART.TYPE=

MINe= -4 MAX «=
START= 500 PLOT=
MEAN X=

*k
*%
sk
* Kk
FAok K
* kKKK

*okokokok

3k 5k 3K 3k 3 ok ok 3k 3k K ok sk ok ok k¢ ok ok ok ok ok ok %k %k K
* k1111111112111 1% 111 Dkkxk
215132969499 30464699 636573

321
7+.050639 1E-02

*X%
* %k
*k
* %k
*k
k kK

0 PLGT EL.=
4 BIN SIZE=
GVERFLOW=

* K K ¥ K

* ok
* ok k
ok kok

koK ok Kok kkok
ok 5k ok %k koK kK
%k ok %k ok ok 3k Kk
3k Kok ok kK kK
ke 3 Sk 3k ok sk sk ok sk ok sk ok Sk skokok ok ok
3 sk K ok ok 3k ok ok ok ok ok ok ok ok sk ok kk ok
ok kokokokokok ok kokokokkkok ok kok kK
okokok Kok Rk kokokok skok kokkkok ok ok
3k 5k 3k sk ok ok ok ok Ok sk skok okok ok ok sk ok sk ok
sk ok sk ke sk sk ok sk sk ok sk sk ok ok ok sk ok ok sk ok kok

*
*

*

*K K
kK K
sk K
*okok ok
Fokokok
KKK
Fokk ok

11

o]

REF. EL.=
16
UNDERFLGBW=

e G O D O S LT L L LR

NTRY=0_
TYPE CEMMAND:

FIG. 9. The Montecarlo, 1 command.

TYPE CCMMAND: MCNT» 2sMASS=0s REF«
X MIN«=-2,X MAX+=2>Y VARe=5,Y PLOT=11,Y MINe=-.02,Y MAX.

NTRY=1000

- NVODODO0O0D0D0O0O0O0DO00D0DOO00O0ODODODOD
N=—=0000000000O00DO00O0O0DODODOOO
VUENWOODODOOOO0O0ODO2000DDO0OO0O0O00O0O
OANO=D000000000000O0O0O0O00O0DD
[NEUE YV RANT I N Ne o No o NoNeNoNo Nalo No ReNoNoRoNoNe o
b= U—=O0O==0000000000D00000D000D
WhWUOARWN==D00000000000DDD00D00
MOWNOARAN= == =0000000000D000O0O
OCOWNWULWWAEANDDOO0OO0OODOO0OODODOODOD
O~ ==NVAWNDMOODOOODODOOOODODODOOOOO
oo BeNeRVELVERVEARARVEAC NoNoNooNeNoNoNoNoNaNoNe el
O0O0O00O0=0OUVWOrAO=0O0O0OOOO0OODOODODOO
OO0OO0OCOONAMAMOADWNNNOOOOODOOOODO
OO0OO0O00O0O0=NW—=UMOWALODODOODOODOD
OO0O00000O0O==WOAUWMNNOOOOOOOOOO
OO0O0O0OO0CODO0DOMAMEANRNN—~0~0000D00

NTRY=0
TYPE CEMMAND: SAVEsEM1A

COO0O000O0O0O0ONANMUNOANOO~D00000OO0
O0000D0O0000O0OCONMNUARMNO~O0OOODOO

OCO000CO0OO000O0O0O0OW=DMAMOCOWOROAONODOO
O0O0000O0OD00O00OO0ON == =WAX—=—=0D000

OO0OO0O000O0OO00O00DO0O0O=BDWNKRNAN==—~00

NEW FILE NEW FILETHE STORED BEAM CENTAINS
2E-02

P= 1000 DELP=
TYPE CEMMAND: QUIT

CPU TIME: 226 SECS.
TERMINAL TIME: 0:13:14

PLEASE LEG IN:

OO0O0O0O0D00000D00O0O0ON=WLRUWNWW=O

OO0OO0O0O0ODO0O0O00D0DDO0OO0OO0O0O~NOMNMAMLE~UDO

EL+e=11>X VAR«=1,

OO0 0000000000O0DDO0O0O~WAANUVLUC AN

X
»

O0O000D00O0000O0O0O0O0ODOCO~NOMWWVN

PLOT=11

[eNeloNeNooNeoNoRoNoNoNoloNaloNoNaloNeNolo NANANAN VA
OO0OO0O0DO0OO0O0O0OO0DO0ODOO0OO0OOODOOOOWODNMWW
[=ReloNoReNoloNolaNoNoleNoNeRoNoNoNoNeNeNoRNal VEVERN. N
OO0O0O0O000000O000O00ODO0OO00O0O0OO~WNW
CO0000O000ODD000O00DO0OO0O0O0OO0OOOO == A

ELEMENTS.

FIG. 10. The two-dimensional Montecarlo plot.

11

(o}

PRI/ SEC 0
REFe EL. 11
START 1000
PLET 50 e

ACRE SS¢

TYPE 1
EL. NC. 11
MAX .« 2. 000
MINe =-2.000
EIN +133
QVERFLO 2
UNDERFL 2
MEAN + 000

UPWARDS:

TYPE S
EL. NO. 11
MAX . « 020
MINe. =.020
BIN « 002
OVERFLG 0
UNDERFL o]
MEAN  -.000
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prints a list of the number of surviving particles at
the end of each beam element. When interrupted
with the escape key, the program requests a new
value of NTRY. The user can respond with a new
increment or a zero to terminate the command.
The command MONTECARLO, 1, produces a
graph of particle flux versus one element of the
particle vector. Figure 9 is a plot of particle flux
versus horizontal position. As with the first
routine, an interruption with the escape key causes
the system to request a new value of NTRY.
MONTECARLO, 2, operates like the first two
routines but produces a two-dimensional plot. In
Fig. 10, X is plotted horizontally and DP is plotted
vertically. Each number printed is the flux in that
bin. Finally, the beam was named BMI1A and
stored with the SAVE command, then the program
was terminated with QUIT.

9. SUMMARY

In the TYMSHARE system the compiled pro-
gram requires about 173K characters of disk
storage and the maximum number of elements in a
beam is limited by file size to 333. The CYPHER-
NETICS system, since only the load module need
be stored, requires only 93K of disk storage; the
file size is unlimited. However, the X and Y
plotting routines are limited by paper size and can
plot only 69 of the elements on a single graph. The
MONTECARLO routines are limited by file size
and the dimension statements to the first 100
elements of the beam. In the CYPHERNETICS
system this could be very easily increased by
changing the dimension statements.

The sample problem of Figs. 3 through 10 pro-
vides a good indication of the cost of using this
program in terms of both time and money. The
Cyphernetics Corporation charges for their services
at the rate of $10.00 per hour for terminal connect

time plus $0.02 per page-second of CPU time.
This problem used a total of 40 minutes plus 390
page-seconds for a cost of $14.50. Of this time,
entering the beam elements, Fig. 3 used about 61
minutes and 26 page-seconds. Optimization of the
two quadrupoles, Fig. 4, used 1 minute and 12 page-
seconds. The MONTECARLO, 0 routine used
2 minutes and 18 page-seconds to track 243 particles.
The MONTECARLO, 2 routine used 15 minutes
and 134 page-seconds to track 1000 particles.

Earlier work’-® has been oriented toward inter-
active beam design programs which allow the user
to interact, usually on a graphic display console,
with a CPU (Central Processing Unit). This
program has the advantage of offering complete
versatility, while requiring only a timeshare ter-
minal on the part of the beam designer. The
program has been implemented on two commercial
timeshare systems, and can be implemented on any
system which supports Fortran IV.
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