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Summary 

Automatic tuning of a beam transport line has been 
accomplished successfully with the Bevalac control 
computer. Both steering and focusing corrections are 
made. New magnet currents are computed from equations 
governing beam optics in a real-time simulation of the 
beam line. This approach reauires iteration althoug 
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it converges quite rapidly. 'Computer automatic tun 
is comparable to the most time efficient manual tun 
operation. 
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Introduction 

The LBL Bevalac transfer line transports the 
8.5 MeV/A heavy ion oeam from the SuperHiLAC to the 
Bevatron. The transfer line is -260 meters long and 
receives two beam pulses/second from the SuperHILAC. 
One pulse every 4-6 s is used for Bevatron injection; 
the remainder are used to check tuning of the line. 
Steering and focusing of the beam is performed on a 
station-to-station basis with dipole and quadrupole 
magnets located at each station. Each station also 
contains a nine-segment Faraday cup for monitoring 
the beam position and profile. The transfer line 
consists of I5 such stations containing a total of 
about 50 control magnets.3 

The system is designed to be tuned by human 
operators interfacing to the hardware through a 
computer network. A new ion from the SuperHILAC must 
be tuned up at least once a day. This tuning task 
requires a minimum time of one-half hour, and 
typically extends beyond one hour. Occasional 
retuning is necessary in order to preserve maximum 
transmission. Because of the extra pulses, this 
retuning can be done without interfering with the 
accelerated Bevatron beam. 

In order to unburden operators to perform other 
pressing functions, it is highly desirable to place 
this tuning task under automatic computer control. 
Development of any automatic tuning program becomes 
feasible when all relevant magnet control and beam 
monitoring parameters are computer data based. This 
is the case for the Bevalac control network where 
changes in magnet currents are actuated by changing 
corresponding values in the data base. Changes in 
these data base values can be effected by operator 
control knob settings or by commands sent from other 
computer programs. This paper will describe the 
development of just such a program for the purpose of 
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Fig. 2: Outline of the transfer line station tuning 
problem. Nine-segment cup readings are processed and 
displayed on operator CRT as beam position and profile 
parameters. Controls for BSH, BSV, BQH, B9Va;;e 
magnetic field strengths for the horizonta 
vertical dipole steering and quadrupole focusing . 

automatic tunin 

-zl 
0 
,2 
2 
t3 I colculotcd for emillance 
>" 

Distance (ml 
Fig. 1: Design calculations for the beam transmission envelope through the Bevalac transfer line. Markings 

on upper margin show placement of magnet control stations. 
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Tuning - A Problematic Description 

Fig. 1 shows the design calculations for the 
Bevalac transfer line beam transmission envelope 
corresponding to a nominal beam emittance of n cm-mr. 
For maximum beam transmission through the line, the 
task of any tuning algorithm is to reproduce this 
transmission envelope as faithfully as possible. In 
the Bevalac transfer line this requires adjusting the 
steering and focusing magnets at any station n to 
achieve the desired beam profile being monitored at 
the next downstream station n+l. This process is 
repeated station by station down the line. 

The human operator is therefore required to solve 
the tuninq oroblem outlined in fiq. 2. The operator 
must adjuit'the four control knobs corresponding to 
the horizontal and vertical steering and focusing 
magnet currents to match the actual beam profile "box" 
to the nominal "box" displayed on the CRT terminal. 
These box dimensions represent the major and minor 
axis lenaths of the elliotical beam profile beino 
monitor-e; on the nine-segment Faraday cup. In fig. 2, 
these axis lengths are derived from a bi-Gaussian fit 
to the raw cup data. 

There is a 1:l correspondence between the horizontal 
or vertical steering magnet current and the respective 
horizontal or vertical beam centroid position. The 
horizontal and vertical focusing magnets, however, 
mutually affect the height and width of the beam. 
The tuning problem is thus decomposed into three 
fairly independent problem subsets: two independent 
1x1 parameter steering problems and a more complex 
2x2 parameter focusing problem. Focusing is best 
achieved when the beam is first centered symmetrically 
about its longitudinal axis. Since mechanical mis- 
alignments can result in the desteering of the beam 
during focusing, the operator may need to resteer the 
beam, and then refocus it if necessary. Tuning is 
therefore the ordered problem: steer, focus, steer, 
focus, etc. 

Tuning Methodol_ogies--Rationale for Selection 

Insight into the development of any automatic 
tuning strategy is gained by studying existing tuning 
procedures employed by human operators. Fig. 3 shows 
the operator-computer-machine interfaces in a feedback 
control 1000 format. The system, consisting of the 
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Fig. 3: Transfer line tuning methodologies 
represented in a feedback control loop format. 

transfer line and the control computer, transforms the 
magnet knob current settings (system inputs) into 
actual beam profile and position parameters (system 
outputs). In practice, operators turn magnet control 
knobs and visually monitor the resultant effect upon 

the beam. During this procedure, they are essentially 
computing partial derivatives relating the knob 
settings to the beam display, and adjusting knobs 
accordingly, until the desired tune is achieved. 

One possible tuning strategy is therefore to mimic 
the operator in computing real-time numerical deriv- 
atives and then employing this information in some 
mathematical gradient search scheme, e.g. Newton- 
Raphson. This strategy suffers from two inhibitions 
to rapid convergence. First, the speed of convergence 
for any one iteration of an automatic tuning algorithm 
is limited both by the data samplinq rate and by the 
data processing time. For the 2 Hz-Bevalac transfer 
line. data collection time will dominate the time 
necessary to process the data. Three beam pulse 
samples requiring a minimum of 1.5 s are needed to 
construct the real-time partial derivatives for a 2x2 
parameter system. Second, a gradient search algorithm 
is much less efficient in a highly nonlinear solution 
space, e.g. near a beam waist condition, and requires 
more real-time iterations for convergence. 

Our approach is based upon real-time computer 
modeling and simulation of the beam in the transfer 
line. This approach requires iteration, although 
convergence to a solution is rapid. This method 
requires that the beam be sampled only once per 
search iteration and is therefore 2-3 times faster 
than computing real-time numerical derivatives. 

A Station-to-Station Tuning Algorithm 

Fig. 4 outlines the steps for developing the 
station-to-station steering/focusing algorithm using 
an idealized model of the Bevalac transfer line. A 

w a. STATION-TO-STATION TRANSFER LINE 
CONFIGURATION AND DIMENSIONS 

b. ALL MAGNET CURRENTS 

c. BEAM PROFILE DATA FOR BOTH CUPS 

DFTFRMINEJ EQUATIONS GOVERNING STATION-TO-STATION 
BEAM TRANSPORT (MODEL TRANSFER LINE) 

SW InI STN. cm 1, 

(I@i!@ Dx i@j 

IX’” OH QY 

1 
; XL., 

--+-- xm 
I 

--L-- X,, 
I 
I 

f: TX11 X,+TX12 X; 
= TYll Y”‘TY12 Y; 

XEL 813-8415A 
Fig. 4: Development of equations governing beam 
optics in an idealized model of the transfer line. 

model of the transfer line is first constructed using 
simple beam optical elements such as drift spaces, 
and quadrupole and dipole magnetic fields. Utilizing 
known transfer line dimensions and magnet specifica- 
tions, these elements can be quantified in transfer 
matrix form. These elementary matrices describe 
input/output relationships for a particle of given 
angle and displacement (X0,X;). Equations governing 
station-to-station beam optics are derived by 
multiplying these elementary matrices. 



In linear approximation, all particles traveling 
through a uniform dipole magnetic field experience 
identical changes in angle and displacement. There- 
fore, for purposes of steering, the entire beam can be 
represented by the single ray describing the path of 
the particle arriving at the beam centroid (Xc,Y,) at 
the station n+l cup. Given an initial set of steering 
magnet currents corresponding to dipole fields (B&, 
62~) at station n, magnet lengths (LX, LY), beam 
rigidity Hp, and beam position data at the station n+l 
cup, eq. 1 in fig. 4 can be solved in closed form to 
obtain new steering magnet dipole fields: 

BSH = B$H - H~/Lx[XC/(O.~*LX*TX~~+TX~~)~ 

Bsv = Bfv - Hp/Ly[Yc/(0.5*Ly*Tyll+TY12)1. 

Convergence to the desired solution is achieved in one 
to two iterations. 

It is necessary to solve the system of eqs. 2 in 
fig. 4 for the desired beam focusing at station n+l. 
The beam ellipse, however, cannot be fully defined 
since the only available data are the horizontal and 
vertical envelope displacements at stations n and n+l. 
Nevertheless, it is possible to treat ellipse-to- 
ellipse transport by a single ray which defines 
envelope-to-envelope transport of the ellipses. This 
method is: 

(a) Fit a particle trajectory, called a "tuning 
ray", through the beam envelope measurements at 
stations n and n+l. This requires solving the 
system of eqs. 1 for X'(n), X'(n+l) given X(n), 
X(n+l) as measured by plunging both cups. It is 
essential that this trajectory lies within the 
bounds of the actual station-to-station envelope 
profile, i.e. that this ray is an actual particle 
trajectory and not merely a mathematical 
idealization. 
(b) Compute the quadrupole magnet currents at 
station n in order to match the "tuning ray" 
displacement at station n+l with the desired beam 
envelope profile. This requires solving the system 
of eqs. 2, using a numerical optimization routine, 
for the implicit quadrupole field variables. 
(c) Repeat steps (a) and (b) for the modified beam 
profile and the new quadrupole magnet currents. 
Iteration is necessary to the extent that the 
tuning ray does not exactly coincide with actual 
envelope-to-envelope transport. 

Testinq the FocusLni Algorithm 

The tuning concept can be illustrated using the 
beam optics program BELIN.4 This program allows 
mathematical modeling and simulation of idealized 
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Fig. 5: Computer simulation of the focusing 
algorithm when applied to the tuning of Bevalac 
station 4 using station 3 control magnets. 

beam transport lines for a variety of input specifi- 
cations. Fig. 5 is graphical output generated by the 
BELIN code. The program has computed and plotted the 
horizontal and vertical envelope displacements for a 
beam of emittance 11 cm-mr, in a simulation of stations 
2, 3, and 4 of the Bevalac transfer line. The hori- 
zontal and vertical tuning rays were fit to match the 
envelope displacements measured at cups 3 and 4. Note 
that the tuning rays very nearly coincide with their 
respective envelope longitudinal profiles. This can 
always be expected when the longitudinal envelope pro- 
file does not exhibit a pronounced waist in the inter- 
station drift space. In the event of a pronounced 
waist, an "inverted" tuning ray is fit to pass through 
the negative value of the measured displacement at the 
upstream cup and through the usual positive displace- 
ment at the downstream cup. Fig. 5 shows the status 
of the beam envelopes and their respective tuning rays 
after the optimizer routine has solved for the station 
3 quadrupole magnet currents which "focus" the tuning 
rays to their target values at cup 4. The tuning rays 
have in fact been focused. The beam envelope has also 
been focused to within 10% of the target profile. 
After a second iteration, the beam envelope is 
focused to an accuracy of 1%. 

Implementing the Algorithm--Results 

The tuning algorithm has been successfully tested 
on the Bevalac transfer line. Automatic tuning of 
the line from Bevalac stations 2 through 14 requires 
between lo-15 minutes. For particularly noisy beams 
subject to pronounced pulse-to-pulse variation, the 
cup readings must be averaged over five pulses and 
the time to tune increases to 15-30 minutes. 

The program is being upgraded to contend with 
logical contingencies encountered during testing. 
For example, in the event of focusing divergence, the 
program must deduce the precise cause and then invoke 
the proper corrective action, e.g. whether to re- 
average noisy data or to perform a tuning ray inver- 
sion. In another example, station focusing on the 
nominal beam profiles is sometimes difficult because 
these nominal values were computed for a specific 
value of beam emittance which currently cannot be 
measured. Fortunately, the focusing algorithm 
described in this paper can be adapted to calculate 
beam emittance in the transfer line. 
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