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COMPUTER UTILIZATION FOR DESIGN AND OPERATION OF THE SUPERHILAC*

F. B. Selph and D. A. Spence
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

ABSTRACT

The in-house constructed computer codes at the SuperHILAC can be divided into three main cate-
gories: accelerator and component design; control and operation; performance and diagnostics. The
first category includes design programs of rf cavities, magnets, and beam optics. The second group
contains programs for administration and logbook entries, machine parameter specifications, and
openloop parameter control. Programs in the third category are those which directly or indirectly
test the mechanical design and geometry of the machine, such as magnet testing, drift-tube-align-
ment, beam behavior an diagnostics. The present coversion of the SuperHILAC to computer control and
a dual-ion time-sharing mode of operation is outlined in context with the complexities of operating
this multi-ion, variable energy accelerator. Routines are discussed from the user's standpoint,
covering such topics as on-line/off-line implementation, expected gain, actual results, and differ-
ences in characteristics which determine the method of computation.

INTRODUCTION

The Heavy Ion Accelerator at Berkeley was
initially put into operation in April of 1958
and had an impressive record of accomplish-
ments in the nuclear chemistry and biophysics
fields. Ton beams in useful quantities were
limited to mass number 40 (Argon) and below.
During the late sixties, increased interest in
the acceleration of ultraheavy ions (M = 240),
made it mandatory that the HILAC be upgraded
by major modifications. These modificiations
were implemented in the period from February
1971 to April 1972, and the improved accelera-
tor is now known as the SuperHILAC.

The HILAC will accelerate any ion with the
proper charge-to-mass ratio (e/m) to a final
energy of 8.5 MeV/nucleon. Particles from ei-
ther of the two Cockcroft-Walton injectors must
have an e/m > 0.046 for acceptance by the pre-
stripper linac tank, and the poststripper will
accelerate those with the range e/m > 0.17,

Due to the wide range of e/m which can be ac-
comodated, almost 200 components are adjusted
during tuning optimization to achieve a pre-
cise configuration. Computers are ideally
suited to the problem of monitoring numerous
components without confusion, and a computer-
ized control system is now being implemented

at the SuperHILAC. 1Initially the system will
provide open-loop parameter setting on a re-
callable basis. Most of the tuning and adjust-
ments which are changed routinely will be
included in the network, and it will also moni-
tor the status of major devices.

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

In this paper, computer codes written or
adapted for use at the HILAC and for use in
subsequent operations are discussed with the
intention of revealing not only their specific
role in the design and operation of the mach-
ine, but also the user aspects associated with
their execution.

Computer routines can be thought of as
successful if they accomplish the goals of the
programmer. However, operation of an acceler-
ator 1s successful only if beams of ions of
adequate intensity are delivered to an experi-
menter's target for a prescribed time period.
Codes for design and measurement, just like
the individual accelerator components with
which they are concerned, must be evaluated on
that same basis. They must also reflect the
heavy reliance of the operations staff upon
readily usable and easily comprehended informa-
tion. The following discussion 1s presented
with this theme in mind. All routines should
be assumed to be written in Fortran IV unless
otherwise noted.

ION SOURCE CODES

The two electrostatic injectors at the
HILAC use the same type of lon source to create
charged particles, but they differ somewhat in
mechanical detail. This type is known as a
cold cathode PIG with radial extraction.! Ions
are created in an arc discharge inside the
anode electrode and are pulled through a small
window at the side of the discharge by an
extractor operating at a voltage of about 15 kV.
The emerging ions have an inherently small
energy spread, and they form a beam whose an-
gular divergence is *11 degrees in the hori-~
zontal (radial) plane, and *1 degree in the



vertical (axial) plane. The source is pulsed
at the repetition rate of the linac but with
a slightly wider width to provide stable beam
output during the acceleration period of the
rf envelope. Most ions yield pulsed beams in
the milliampere range, and due to the mass of
the particles there is little space charge
effect in the extracted beams.

The ion source operates within the field
of a dipole magnet whose role 1is twofold.
First of all the magnet provides the confining
field necessary for the arc plasma, and sec-
ondly it acts as a mass analyzer to select and
guide the proper charge-state particles into
the accelerating tube of the injector.

Ray tracing codes have been developed to
aid in the design of the ion source magnets
using the known optics of the source and the
desired optics to be achieved at the acceler-
ating tube entrance. One of the codes uses
hypothetical magnetic fields, and two use ac-
tual measured fields. These codes rely on
cal-comp plot output for information transfer.
They produce full scale plots which show the
source location, beam envelope size, focal
length and exit angle of the magnet, and mass
discrimination of the system.

The program BLUSER was designed to pin-
point the source location in the 750 kV injec-
tor magnet necessary to match the necessary
exit conditions. It has been used at both the
HILAC and the Bevatron with gratifying results.
The code uses a rectangular mesh of points from
magnetic measurements, and starts its itera-
tions with an initial source location and angle
selected by the user. The resulting exit con-
ditions are tested against those desired, and
the location is shifted until the final desired
location is converged upon which satisfies the
specified optics.

The most powerful use of this code is
realized when the characteristics of experi-
mentally observed beams are fed back into the
code. The foregoing iterative process really
results in only a best guess for the proper
source location since the inaccuracies in the
model, though consistent, are cumulative.
However, as is shown schematically in Fig. 1,
exit rays which have been experimentally
measured can be reverse-traced by BLUSER, and
.having done so, their point of crossover in-~
side the magnet reveals the apparent source
position. The Ax and Ay distances between this
latter apparent position (point B in the fig-
ure) and the former desired location (point A
in the figure) gives the required displacement
of the source to achieve the specified exit
optics. This 1s possible because the same mod-
eling inaccuracies are present in both the
forward and the reverse traces. Results at
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FIG. 1. Schematic of procedure used to po-

.sition source using ray tracing code.

the HILAC gave a position error of less than
0.5 inch, and after relocating the source a
single time the desired exit optics were ob-
served by experimental analysis.

Two ray-tracing codes called MEGAN and
MAGOO are used for the 3 MV injector. MEGAN
uses an algorithm to generate a magnetic field,
and MAGOO uses the true field as measured.
MEGAN was written to establish some of the

_parameters for the prototype magnet such as

exit edge angle for a given focal length, and
polewidth taper from source to exit. It de-
scribes the longitudinal fringe field fall-
off as a cosine function whose order n and
width are input options.

Following construction of the source mag-
net, MAGOO was used to model transverse field
effects on the beam, and it proved that edge
shimming was unnecessary. It also determined
mass analysis discrimination, delineated the
equivalent sharp cut off field edge, and
helped analyze the results of ray-tracing
beam experiments.

Ray-tracing codes are extremely useful
for beam optics experimentalists. Great de-
tail is revealed and, when valid modeling
techniques are employed, accurate particle
behavior is predicted. In some cases, as
encountered at the HILAC, extremely confusing
experimental results can be easily deciphered
by the use of a computer model in parallel
with beam measurements. The validity of the
model is proportional to the amount of factual
information upon which it is based. The model 3
can never stand alone but must be used in
conjunction with actual measurements of phys- )
ical phenomena to reveal the true credibility ,}
gap. However, even in rudimentary form it
can suggest valuable insights into the behav-
ior of real particles.

BEAM TRANSPORT CALCULATIONS

It is frequently useful to describe par-
ticle orbits relative to the orbit of some
reference particle. Let the vector x;(x;,x3)
represent the position of a particle, where
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relationship of the harmonic amplitudes deter-
mines the symmetry with which the magnet has
lkeen assembled, and the precision with which
the Danby-type pole faces were machined. To
make effective use of these measurements it is
important to be able to relate multipole com-
ponents to the configuration of the magnet
iron and conductor. This has been achieved,
notably by Halbach.!! ' )

Approximately two hundred fifty quadru-
poles were constructed for the HILAC modifica-
‘tion program. Statistics gathered for the
prestripper magnets showed that a relative
value of 0.25% was achieved on the average for
the n=3 harmonic, when compared to the n=2.
The n=6 had an average value of 0.3%, and the
n=10 was 0.15%. : ‘

DRIFT TUBE ALIGNMENT

The physical alignment of each quadrupole
contained within the drift tube shells of the
linac cavities has to be less than an rms
deviation of 0.005 inches from the straight
line axis. The alignment technique, utilizing
a pulsed wire, and the computer program,
DTPLOT, are described elsewhere in these pro-
ceedings.!? DTPLOT uses the least-squares-fit
method to match the measured positions to the
best first or second order polynomials. The
minimum number of drift tubes which must be
moved to attain a given fit is computed, and
their identities are tabulated in the print-
out. Conventional methods of fit estimation
predicted sixty-seven drift tubes should have
been moved, whereas DTPLOT moved only thirty-
seven, resulting in a saving of many hours of
alignment time. Additional output from DITPLOT
graphs the drift tube positions as measured
along with the fitted axes. The horizontal
and vertical planes of the quadrupoles are
measured independently.

BEAM EMITTANCE

At any point along the accelerator each
particle of the beam can be defined as a point
in a 2n-dimensional phase space completely de-
scribing position and momentum. A two-dimen-
sional sub-space may be adopted to represent
the horizontal and vertical planes of the
the machine with the axes representing trans-
verse position and momentum. This sub-space
is called the transverse phase space. The
area of the closed figure projected on the
transverse phase space from the 2n-dimensional
volume of beam particles is called the emit-
tance of the beam. For simplicity, the trans-
verse momentum component of the ion is usually
normalized by the longitudinal momentum.
Therefore, we describe the particle in each
plane of interest with the phase space posi-
tion coordinate, x, and the angle coordinate,
x'.

_The entire accelerator may be thought of
as a series of limiting apertures whose admit-—
tance, the counterpart of the beam's emittance,
is the phase area that the beam may fill with-
out being collimated by the aperture. Measure-
ment of the transmission of the emittance
through the collective admittance of the
accelerator reveals important evidence of the
quality of the alignment of the machine, and
gives a direct indication of the precision to
which the shape of the emittance has been
matched to the admittance shape of the indi-
vidual components. Results of such a measure-
ment are shown in Fig. 3.

To date, 80% of the emittance at the pre-
stripper entrance compared. to the surviving
area at a target has been recorded, and trans-
mission better than 907 through the linac
tanks is regularly achieved.

The program EMITT, which computes the
emittance and its shape 1is also reported
elsewhere in these proceedings.10 Included
is a description of the method by which the
two scanning slits provide the data to the
code.

Unfortunately, the data system 1is too
slow to be used as an on-line diagnostic tool,
since each series of scans comprising a trans-
mission analysis requires approximately fif-
teen to twenty minutes. Modifications to the
mechanical and electronic hardware are pres-
ently underway to permit transmission scans
to be completed in only a few minutes. The
PDP-8/1 which controls the hardware, and .
manipulates the data flow to the tape deck,
will graph the emittance figure on a Tektronix
4023 CRT terminal, which in turn will simul-
taneously send the figure to a Conrac monitor
TV at the operator's control console. As the
plotting is complete, the area of the figure
will be computed and written below the plot.
Appropriate tuning adjustments will then be
made and the emittance remeasured as necessary.

SETUP_SCRATCH LOG PROGRAM

This program is used to prepare a list
of accelerator elements which are to be used
in a run, together with recommended settings
of magnet currents, etc., where appropriate.
During a run, readings are taken by the opera-
tor and written on the list. This '"scratch
log" is saved and becomes an important record
in thé accelerator operations log. A portion
of a log is shown in Fig. 6., To obtain such
a log from the computer, an operator, using a
teletype terminal, remotely submits the pro-
gram to the CDD 6600, gives information as to
the injector to be used, the experimental line,
the particle mass, energy, and charge state
before and after stripping. Information from
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results of a calculation in which misalign-
ments of quadrupole position have been intro-
duced. The effect is to excite a quasi-
periodic oscillation in the beam position,
which grows in amplitude as the beam proceeds
through the linac. The problem is solved for
two values of quadrupole focusing strength.

The upper curves show beam profile and beam
centrold for low quadrupole gradients, the
lower curves show the corresponding profile

and centroid for high quadrupole gradients.
Used in this way, the computer program be-
comes a model of the linear accelerator. Oper-
ation of the computer program while varying

the properties of the particle array and the
accelerator parameters becomes an exacting task
in itself because of the number of parameters
that can be varied. In some ways the computer
program model is more difficult to operate
than the actual accelerator. For example, the
pattern of quadrupole focusing magnets can
easily be changed in the model. 1In the actual
accelerator only limited changes would be made.

Major design problems which were studied
with this program in planning the SuperHILAC
were 1) the linac admittance resulting from a
chosen set of drift tube apertures, 2) required
precision of quadrupole alignment required to
keep wandering of the beam centroid within
reasonable limits, 3) investigation of trans-
verse focusing stability limits, 4) choice of
focusing pattern for quadrupole magnets, 5) ef-
fects of breaks in the quadrupole pattern, i.e.,
of "missing" quadrupoles, 6) the variation of
energy of the beam emerging from the linac, as
electric gradient is varied, 7) calculation of
the energy spread under various operating con-
ditions.

Finally, a very important use of the linac
model is in checking theoretical predictions
of linac behavior. These theories are invalu-
able to the linac designer because they allow
him to generalize about certain aspects of
linac performance which taken simply as a
collection of disjointed facts, would be very
difficult to deal with. Predictions of trans-
verse focusing stability limits, for example,
was vital to the operation of the SuperHILAC.
A theory of these limits has been worked out.®
However, this theory is based upon a model of
the accelerator which ignores longitudinal
oscillation amplitudes, i.e., changes of the
ion's phase relative to the RF. Using the pro-
gram it was possible to show that the predic-
tions of the theory held true even in the
presence of longitudinal particle oscillations,
if the phase relative to the RF was assumed to
be the synchronous phase, which is a constant.
Consequently, a method of dual-ion time-sharing
has been proposed to take advantage of the
fact that the stability region for the dc-
excited quadrupoles is wide enough to accomo-
date two ions of disparate charge-to-mass

.

ratios.’ A limited number of pulsed quadru-
poles and dipole magnets has been constructed
to allow fine tuning and appropriate beam
switching on a pulse-to-pulse basis.

MAGNET DESIGN

Two codes of notable achievement are used A
to design the steel and conductor geometry of
all types of magnets. The first of these, ¢
TRIM, is a program for solving magnetostatic
problems, in the presence of iron and current-
carring conductors.® The second, PISA,9 uses
matrix inversion techniques to invert the
problem so that given a desired magnetic field
and conductor geometry, the steel poletip con-
figuration is derived, consistent with con-
straints specified by the user.

Virtually all of the HILAC magnets have
been designed using these codes, and the mag-
netic measurements on each one has proven the
codes to be remarkably accurate in predicting
the field strength, uniformity as a function
of excitation, the behavior of the steel in-
cluding saturation effects, and eddy current
power losses caused by time varying fields.l?

A certain amount of user ability is in-
volved with their operation, because a large
part of the input requires that he construct
a 2~dimensional mesh with now uniform data
point distribution densities. As the user
becomes more adept at mesh construction the
input process becomes more routine. However,
even for a beginner, the result of using these
programs is faster and more accurate than any
other method known.

Quadrupoles that are fabricated at the
HILAC are designed by POISSION and measured
using FOURIER. As its name implies, FOURIER
is a harmonic analysis code which has as in-.
put a magnetic tape containing magnetic mea-
surement data points. The data points are
collected from a search coil of precisely
known radius and sufficient length to extend
beyond the fringe field. It is rotated about
the axis of the quadrupole. 1Iwo revolutions
of the search coil, each divided into 200
steps, comprise a complete measurement of the
magnet. The first rotation digitally records
the fourfold signal comprising the quadrupole ‘
field including all harmonics. During the
second rotation a bucking coil is incorporated
in the measuring system which reduces the n=2
(quadrupole) component to less than 3% of the
primary signal, enhancing the analysis of the
higher harmonics.

e

Output is in the form of line printer
produced tables organized according to the am-
plitude of each harmonic computed at various
radii from 757 to 95% of full aperture. The
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xo is the displacement and xj the angle rela-
tive to the reference orbit at a position sj,
and a vector x(x;,x{) the corresponding coor-
dinates at an earlier position s;. Then we
can expressvié as a power series in Xj:

X2 = T(s2,81) x] + [higher terms in x;). (1)

If the higher terms in Ei can be neglected,

the problem is linear, greatly simplifying the
calculation. In order for this to be true, two
conditions must be satisfied: 1) X1,%X; must
represent small displacements and 2) the mag-
netic and electric fields which give rise to
the matrix T and to the coefficients of the
higher terms must be '"linear'"; i.e., the fields
or their derivatives are constant relative to
x. In the case 6f most magnetic transport
systems the beams are small, so that the first
condition is satisfied, -and care is taken to
carefully shape the magnetic fields so that

the second condition is satisfied. This is
done not only to simplify calculation, but
primarily because the higher-order terms in-
troduce aberrations which irreversibly degrade
beam quality.

Let E(s;) be a symmetric matrix with co-
efficients chosen such that

1= il E(Sl)”_‘_l (;l is the trans-

pose of X)) 2

defines an ellipse, which can be supposed to’
enclose a distribution of particles in x,x'
space. Substituting (1) into (2) and neglect-
ing higher terms it can be shown that the re-
sult is another ellipse, and

B(sp) = T (sz,s1) B(s)) T (s3,s)) (3)

where the matrix B is the inverse of E.

Equation (3) was first derived by K. L.
Brown, and was used by him and his collabora-
tors at SLAC to construct a powerful computer
program for first order beam optics calcula-
tions.2 The version in use at the HILAC is
called BELIN. In such a program both the
transport line elements and the beam are
represented by matrices. The history of a
particle or of a beam traversing such a sys-
tem can be followed by multiplying successive-
ly the corresponding vector using Eq. (1),
and the beam matrix using Eq. (3), step by
step through the system. In practice, in-
stead of a two dimensional vector X(x,x') a
six dimensional vector xX{x,x',y,y'z,Ap/p) is
used. x,y are displacements orthogonal to
each other, z a relative displacement along
the axis, Ap/p the momentum difference. The
same equations 1-3 still apply. E is now a
six dimensional ellipsoid. Figure 2 shows
results of a beam calculation through the
transport elements between one of the ion
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FIG. 2. Plot of BELIN calculation of beam
envelope in transport line from injector to
prestripper entrance.

sources and the linac, in which x gnd y beam
envelopes are plotted. (P -

These calculations are very useful in
the conceptual design of a beam line, and also
in investigating the performance of existing
lines.3’* 1In the first case, thé program can
be used to explore many different conceptual
designs. The usual method of working with the
program as a design code 'is as followé:' The
initial beam matrix E; is taken as krown, ‘as
are certain other desired beam conditions
downstream. The program is allowed to vary
one or more chosen parameters until a trans-
fer matrix T is found which gives a solution
matching the desired result as closely as
possible. In the design phase, however, defi-
nite information on the beam is not usually
available so that the initial ellipsoid Ej
used for the calculations must be guessed.

If the performance of the system, as explored
using the computer program, is critically
dependent upon the choice of initial condi-
tions, this can be taken as a warning that
the planned beam line may be difficult to
operate. As a general rule those transport
line designs are best which will allow the
widest variation in the choice of Ej. Some-
times the desired final beam properties are
well known — when the transport system leads
to a target, for example. In this case the
problem can be run backwards, using inverse
transfer matrices, to deduce E; from the
final beam matrix Ef.

For investigation of operating beam lines,
BELIN can also be very useful. If an emit-
tance measurement can be made at a point s,
so that a beam ellipsoid E; is known, then
the program can be used to calculate beam
envelopes back to E; and forward to Ef.

Figure 3 reproduced from Ref. 3, shows a
typical emittance measurement.
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FIG. 3. Measurement of injector emittance

for a carbon beam (horizontal plane) and of
transmitted emittance to stripper area and to
poststripper exit.

LINAC CALCULATIONS

A Linac consists of a succession of high-
voltage accelerating gaps for the acceleration
of a beam of particles. The SuperHILAC con-~
sists of several Alvarez cavities resonant at
70 MHz, which are excited to produce an
axial electric field. Along the central axis
is placed a succession of drift tubes, ar-
ranged so that particles advance from one gap
to the next during one RF cycle (Fig. 4).

They experience an accelerating force in the
gaps, but when the electric gradient has the
wrong sign for acceleration the particles are
inside the drift tubes and shielded from the
field. Most drift tubes contain quadrupoles
which provide transverse focusing of the
beams. i :

As an ion passes through a gap, the energy
gained 1s a nonlinear function of radius.
This has the consequence that programs used

-6-

FIG. 4. Drift

Linear accelerator cavity.
tubes, at left, are supported by hangers from
the top side of cavity.

for linear beam transport calculations cannot
be used for a linac. Instead, particles are
followed through the structure step-by-step

in a modified ray-tracing approach. A program
called PARMILA, using this approach, was orig-
inated in 1965 by the MURA group.® This same
program, with various additions and modifica-
tions, is Iin use at most linear accelerator
centers. The version in use at the HILAC we
call LINAC.

As a collection of several hundred parti-
cles is traced through a structure the proper-
ties of the distribution-beam position, maxi-
mum and rms beam envelope, energy, energy
spread, etc. can be calculated at each step to
give a reliable indication of the behavior of
a real beam in the linac. Figure 5 shows the
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FIG. 6. Portion of scratch log prepared by
program SETUP.

which the list of accelerator elements is pre-
pared is on a permanently stored file. The
lists are grouped for convenience into major
systems whose components are generally listed
in the order in which the beam encounters them
in the accelerator. Names for elements are
chosen which are as brief as possible but which
remind the operator of the function of the de-
vice to which they belong.

Precalculated settings for a given energy
and charge state are also stored on the file.
The program scales these values according to
information that is given by the operator, and
prints the results alongside the element name.
When the run is made, it is found that the
predicted value is frequently departed from in
tuning the SuperHILAC. This is because set-
tings of many of the components will depend
upon operating conditions in a way that is
unanticipated when tuning discrepancies occur,
comparison of actual with predicted values is
evidence which can be used in diagnosing ma-
chine behavior. Calculated values of bending
magnet currents however, are especially valu-
able to the operator, because a departure from

a predicted current can indicate that the
wrong charge state or even the wrong ion was
chosen for tuning, which would mean a loss of
achievable intensity, or negate the entire
run.

CONCLUSION

All of the programs described here are
designed to answer: specific questions in the
design and operation of an accelerator. Our
interest is not, and has never been, in find-
ing an application for an interesting computer
program. We have problem$, and we attempt to
solve those problems using the resources at
our disposal. Increasingly, we have found that
the computer facility is an economical and
useful resource. Many of the programs refer-
red to here can be described as models. They
attempt to represent, as closely as possible,
the operation of a process so that the pro-
cess’ can be better understood by the 'manipula--
tion of the model. It is our belief that this
modeling with computer programs can best be
carried out by one person who understands both
the physical process and the computer program.
Only in this way can the fidelity of the model
be preserved.

There is another property which all of
the programs described share — that is while
they all are useful and contribute to our
understanding, none are vital to accelerator
operation. The machine will run without them.
This situation will be changed in the future
at the SuperHILAC. We will begin to make use
of computers not only as an aid to operation,
but as control components of the machine as
well. This project cannot be described here
for lack of space, but will consist of the
installation of a ModComp IV central proces-
sor with a 96K 16-bit word memory, and four
ModComp II acting as peripheral cluster units
for real time processing. In addition, some
of the programs which now run on the CDC 6600
will be transferred to the mini-computer
where they will be more readily accessible to
the operator and perhaps will become more use-—
ful in day~to-day operations.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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