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Summary 

Test ing of a new a u t o u t l c tuning procedure i n an 
LBL SuperWUC bean t ransport l i n e has been conducted 
wi th the t h i r d i n j e c t o r microcomputer contro l system. 
This technique 1s an advance over the sequential 
s t a t i o n - b y - s t a t i o n automatic tuning method developed 
t o r the sevaiac t r a n s f e r l i n e . 1 The computer now 
performs steer ing/ focusing adjustments simultaneously 
on a number o f quadrupole and dipole magnets compri-
sing m u l t i p l e - s t a t i o n sections of the i n j e c t i o n l i n e . 
New magnet currents a re computed from equations gov­
erning beam opt ics i n a r e a l - t i m e s imulat ion of the 
beam l i n e . The key t o t h i s technique i s the 
c a l c u l a t i o n of beam transverse emi t tanct u t i l i z i n g 
the same control magnets ami beam p r o f i l e monitors 
used f o r manual tuning of the l i n e . This eminence 
c a l c u l a t i o n requires high resolut ion beam p r o f i l e 
measurements using m u l t i - w i r e p r o f i l e monitors 
recently Installed in the third Injector l ine. 

Introduction 

The LBL SuperHILAC t h i r d i n j e c t o r l i n e t ranspor ts 
the 15 .a kev/amu heavy 1on beam from the ABEL ion 
source and the 750 kv Cockcroft Walton p r e - i n j e c t o r 
through the Wideroe l inac booster f o r i n j e c t i o n i n t o 
the Alvarez l i n a c . ' The HEBT o r medium energy sec­
t i o n of t h i s l i n e , the subject of t h i s paper, takes 
the 112.5 kev/amu beam from the e x i t of the Uideroe, 
through an o i l vapor s t r i p p e r device and d e l i v e r s the 
st r ipped beam to the A lvarez . The HEBT l i n e i s about 
14 meters long and i t receives from ? to T> beam 
pulses per second from the ABEL source. 

The design conf igura t ion of the components i n the 
HEBT l i n e , shown i n Figure 1 , i s determined by two 
primary beam opt ica l c o n s t r a i n t s : 

11 A symmetrical hor izonta l and v e r t i c a l focus a t 

the l o c a t i o n of the o i l vapor s t r i p p e r t o minimize 
the adverse e f f e c t s of mu l t ip le beam s c a t t e r i n g . 

2) A 31.5 degree v e r t i c a l achromatic bend f o r 
analysis of the str ipped beam and i n order t o 
t r a n s l a t e i t down to the l e v e l of the Alvarez 
l i n a c , a drop 1n e l e v a t i o n of 1.5 meters. 

The t h e o r e t i c a l design beam transmission envelope 
i n Figure 2 , corresponding to a nominal r i g i d i t y of 
10.5 kgauss-m and transverse eminence of 4 
»-cn-mrad, r e f l e c t s these design requirements. 

The HEBT system I s tuned by operators I n t e r f a c i n g 
to the hardware through a microcomputer contro l ne t ­
work. S t e e r i n g , bending, m d focussing of the beam 
i s performed wi th six d ipole and t h i r t e e n quid-
rupole magnets. Beam i n t e n s i t y readings are mon­
i t o r e d a t four Faraday cup s ta t ions and p r o f i l e 
information i s c o l l e c t e d from f i v e wire-monitor 
s ta t ions . c o r maximum beam transmission through the 
l i n e , the task of tuning the 159T i s e s s e n t i a l l y t o 
r e p l i c a t e the longi tud ina l beam transmission envelope 
I n F i g . » through a sequence of s t a t i o n - t o - s t a t i o n 
tuning operat ions: 
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F i g . I: Design ca lcu la t ions f o r the beam t r a n s ­
mission evelopes through the HEBT. 

F i g . 1 : Schematic e leva t ion view of medium energy 
section of SuperHILAC Third I n j e c t o r 
Transport Line (HEBT). 
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A) Synchronized tuning of the quadripole nagnet 
group QT1 to achieve a horizontal and vertical 
focus at bean profile monitor station 2 near the 
stripper. I .e . operate this magnet ensemble as a 
symmetric t r ip let . 

8) Adjust the quadrupole doublet Q01 to focus the 
beam through the narrow aperture restriction of 
the f i rs t vertical bending nagnet 1)1. 

C) Adjust the symmetric quadrupole tr iplet QT2 to 
focus the beam in the narrow aperture of the 
second bending magnet B2 and simultaneously to 
minimize the vertical dispersive effects due to 
beam momentum spread. 

D) Adjust the tr iplet QT3 for the best possible 
focus of the beam at the entrance of the f i rst 
dr i f t tube quadrupole magnet inside of the 
Alvarez Hnac. 

E) Repeat the above steps A-0 to Improve beam trans­
mission and for better matching to the linac. 

Trim magnet corrections are performed concurrently 
with the above procedure to ensure optimal focussing 
due to proper beam alignment. 

In practice. I t Is dif f icult to place beam 
profile monitors at the preferred locations required 
for direct observation of the aforementioned tuning 
objectives. Operators must therefore uti l ize a 
coobi nation of direct and inferred empirical 
operations. For example, an operator wi l l perform 
task (A) pro forma in focussing the beam using a 
profile monitor located at the stripper. To tune the 
remainder of the l ine, however, he will adjust 
quJdrupole and trim nagnet controls to maximize 
transmitted beam intensity striking a Faraday cup 
located at the entrance of the Mvarez, irrespective 
of beam optic considerations. Ideally, the solution 
thus obtained will converge upon the theoretical 
optical solution in Figure 2. In reality, a 
bandwidth of solutions are generated due to 
time-varying accelerator performance parameters 
(switching the machine over to a different ion can 
occur on a daily basis) and a variety of operator 
tuning preferences. 

Automatic Tuning and 3eam Profile Monitors 

In order to present the operators with an 
' init ial ized tuna' that is consistent with 
theoretical design objectives, i t is desirable to 
implement a computer-based automatic tuning procedure 
which utilizes existent control magnets and bean 
monitors. This procedure could achieve its 
objectives very rapidly, enabling an operator to 
concentrate attention on the fine-tuning operations 
required to peak the beam intensity. 

A method for computer automatic tuning of the LBL 
3evalac transfer line was described in a prior 
reportl. The accuracy in monitoring beam profile 
parameters in the transfer line is limited by the 
coarse resolution inherent in the design of segmented 
Faraday cups. As such, this method only addresses 
individual particle trajectories which approximately 
describe station-to-station transport of the total 
ensemble of particles comprising the beam. This 
method is therefore restricted to tuning the beam one 
station at a time. T his requires destructive, 
time-consuming, iterative sampling of beam profiles 
for each single-station operation. 

Uith the design and Installation of a new genera­
tion of highly transparent, high-resolution beam 

profile monitors in the SuperHILAC third Injector 
Hne, a faster, real-time method for computer 
automatic tuning becomes feasible, tapid automatic 
tuning of beam lines depends upon high accuracy part-
metric characterization of actual beam performance. 
This enables beam transport computer programs to 
accurately simulate real-world tuning problems. The 
numerous tuning objectives required to tune an entire 
transport line can be simulated In a short time. Mew 
magnet currents are set by the control computer in a 
single step. The highly accurate measurements 
derived from the beam profile iionltors in the 1F.V 
transport line make possible the calculation of the 
requisite beam parameters uti l izing the same control 
magnets and mnitors used for manual tuning of the 
beam. 

M depicted in Figure 3, each monitor is assembled 
as a mesh of 10 mil diameter gold-plated tungsten 
wires. each monitor is composed of two mesh planes, 
rotated by 90 degrees, each containing 16 wires for 
sampling the beam in both horizontal and vertical 
transverse planes. 3eam striking the wires induces 
an electrical current proportions! to try; besrs 
current density at that location. As shown, up to 16 
wire signals are combined to yield 8 beam current 
density samples. These samples are digitized and sent 
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c i g . 3: Derivation of profile measurements from the 
raw data generated when beam is intercepted 
by multi-wire monitors. 



to the ABEL control computer where i processor program 
generates profile measurements from a least-squares 
f i t of the data to a Gaussian (or Normal) distribution 
curve. The horizontal and vertical half-widths are 
defined to span a distance of 1 standard deviations 
from the beam centrold. I . e . , these half-widths con­
tain 952 of the integral beam Intensity. This method 
allows for accurate profile measurements in the event 
that the beam 'spil ls o f f beyond the bounds of the 
sampling mesh. 

Calculation of the Ellipse Parameters 

The amplitudes and trajectories of al l particles 
comprising the beam are geometrically represented in 
position-momentum phase space by an ellipse which 
contains al l the particles. The parameters which 
characterize the ellipse are related in the following 
way: «n*Tn - »n2 « 1 , and »„*t . X zn- T l l « " 
parameters, I , <•, T and c are measures of bean 
amplitude, t i l t , angular divergence, and enlttance, 
respectively, in phase space as shown in Figure 4. 
X„ is the beam amplitude as measured directly by a 
beam profile monitor at station V . The transport 
of beam ellipse parameters between profile monitor 
stations 1 and 2 in the MEBT line is depicted in 
Figure 4. The relevant equations governing bean 
transport are: 

1) 1? - Til*!, * T12*a, • T13*T, 
2) l l . TU*«, • T12*«i • T13*,{ 
3) « j . T21*»i • T22*., • T23*T! 
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Fig. 4: Station-to-station transport of beam ellipse 
parameters in position-momentum phase space. 

The TiJ elements are known linear combinations of the 
transfer matrices which describe the beam optical 
properties of magnets OH. QV and dr i f t spaces 0 . , 0 , , 
02 in Figure 4. Equations 11 and 21 are generated by 
measuring the beam profiles Xn at stations 1 and * 
for each of two different current settings of the last 
quadrupole magnet in the QT1 group. This operation 
yields the known parameters i , , b , i , . Equations 1) 
and 2) are solved in closed form Tor the unknown 
parameters « , , y,. Since the horizontal and vertical 
properties of trie beam are essentially uncorrected, 
the horizontal and vertical ellipse parameters are 
solved independently by applying the above procedure 
to each dimension. 

Tuning the Line 

Having determined the horizontal and vertical 
ellipse parameters at station monitor 1, these ellipses 
are mathematically 'transported' back to the Mideroe 
exit , upstream of al l control magnets. Beam sampling 
is no longer required. The global tuning objectives 
are achieved, in simulation, by solving for the 
quadrupole magnet currents required to properly 
transport these ellipses to match the theoretical 
solution in Figure 2. This requires simultaneous 
solution of two versions of equation 11, one each for 
the horizontal and vertical cases, 

4) «x(n»l) . Tllx*i„(nl • n?.x*«.(nl • T13x*tx(n) 
5) iy(n»l) , TUy*i v (n) • T12y*^[n) • T13y«Y y(n) 
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Fig. 5: Bean transmission envelopes through the MEBT 
both before and after a test of the auto-
tuning program for v<Nb 3*' 6*. 

These equations are solved for the unique set of quad­
rupole magnet currents at station n to achieve the de­
sired focussing s x ( n * U , "y(n*ll downstream at 
station (n* l ) . These equations are solved numerically 
by 1 non-linear least-squares gradient optimization 
program. 

The complete sequence of MEBT tuning operations 
previously outlined is equivalent to solving a se­
quence of two-parameter or three-parameter optimi­
zation problems in a numerical simulation of the 
transport l ine . The entire line can be optimized in 
the simulation mode within a short t ine. To the 
extent that the in i t ia l ellipse measurements are 
subject to error, i . e . , due to resolution limits of 
the profile monitors or deviations of transport 
simulation from actual beamline performance, the 
ellipse measurement is repeated until the beam 1s 
maximally focussed at station 2. This condition 
ensures that oj vanishes in equation 3) above, 
corresponding to the upright ellipse at station ? in 
Figure 4, and providing another independent check of 
the precision of these <neasurements. 

Results 

The tuning algorithm has been successfully tested 
on the 1EBT transport l ine. F f g u re <i compares the 
beam transport for the cases both before and after 
the automatic procedure was exercised. The entire 
operation was completed in less than one minute. re.T 
graphical displays of beam transmission similar to 
Figure *> permit the operators to nonitor the progress 
of the automatic procedure. After the calculation of 
the ellipse parameters, these plots can also be 
generated and refreshed once per second to display 
the progress of operator tuning in the manual mode. 
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