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DIGITAL COMPUTER CONTROL OF THE BEVATRON INFLECTION SYSTEM" 
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Summary 

A program is being carried out at the 
Bevatron, in cooperation with the 200-BeV Design 
Study,' to investigate the application of comput- 
erized digital control to accelerators. 
ally, a digital-computer control system has been 
placed in operation at the Bevatron injector for 
investigation of control and operator interaction 
between an 
operating accelerator. The system controls trans- 
port and inflection of the 19.3 proton beam. 

Specific- 

on-1ir.e control computer and an 

The computer, which is remotely located from 
the accelerator, collects and disseminates conzrol 
informaxion through time-shared, hybrid (analog -- 
digital) interface hardware. Data transmission 
is via twisted pair cable. With this system the 
bead center of gravity has been maintained at the 
entrance of the achromatic inflector, in the 
transverse planes, to k O . 1  mm and *O.l mrad2 
by closed-loop sampled-data control of steering 
magnets at three points along the beam-transport 
channel. Beam-position information is obtained 
from ~OO-MHZ resonant induction electrodes3 
located near each steering magnet. 

In addition, the inflector deflection and 
focussing elements may be set by the operator 
and then regulated automatically by the computer. 

Tbe operator may request typewritten or 
cathode-ray-tube (CRT) alphanumeric display or a 
C9T plot of parameters of interest. 

Optimization of the circulating charge in 
the accelerator by automatic adjustment of the 
inflector magnets and on-line diagnostics of 
certain injector components during trouble periods 
are planned. 

The Injector Control Problem 

Early in 1965 it was decided to implement 
digital control on selected deflection and focuss- 
ing elements along :he injector inflection channel. 
The parallel development of 200-MHz resonant 
induction2 electrodes would provide beam-position 
feedback information- fo r  the computer. In this 
way, an effective beam-steering algorithm could 

~ 

* This work was done under the auspices of the 
U. S. Atomic Energy Cormniasion. 

'De developed. 

In addition, the dependency of charge pick-up 
in the main ring to the magnetic field in the 
achromatic inflectors would present an 
ation control problem worth implementing on a 
digital control computer. Figure 1 shows the 
inflection channel with cornections to the comput- 
er control system. 

optimiz- 

The most effective way to display operating 
parameters to the machine operators has been very 
important in the project. 
essentially new method of control presents 
unexpected problems. The unique abilities of a 
digital computer to rapidly deliver information 
to visual display devices has been utilized to 
the maximum degree, 

Acceptance of an 

Major System Components 

Aside from the fact that the computer controls 
a section of a particle accelerator, the computer 
and interface equipment are general in nature, as 
shown ir, Fig. 2. The actual system could control 
any one of a dozen processes--the only change in 
going from one process to another would be in 
the control algorithms. 

In September of 1965, a small, 40%-word, 
6-ysec memory cycle 9p-5 digital computer was 
purchased. The machine is equipped with a single 
10-character-per-second teletypewriter and CRT 
X-Y display hardware. 
200 - or 556-character-per-inch magnetic tape 
unit was added. 
like any other small stored-program digital 
processor. The conversion to a true control 
computer came with the addition of the data input- 
output channels. 

A 45-inch per second, 

At this point the computer looked 

Two separate time-division multiplexed-data 
channels were added to the computer. One chamel 
was allocated to analog parameter monitoring, and 
one to digital control of the various pieces of 
inflector equipment, Each channel communicates 
with the computer over a twisted pair transmission 
line 1000-feet long. The line is transformer 
isolated and driven symmetrically for each bii, 
during serial transmission of data. 
pulse-code modulation is used for bit encoding 

Phase lock, 
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(Fig. 3 ) .  
0.1 vol t  differeEtial ly .  

Transmission l i n e  noise i s  l e s s  than 

Analog Monitoring Data c'namnel 

The outputs frora in f lec tor  eqxipment monitor- 
ing transducers a re  routed t o  a remotely located 
bo-point, reed-relay, time-division multiplexer. 
The desired monitor point i s  called f o r  by comput- 
e r  c m a n d  over the 1000-feet telemeter l ink.  
The addressed reed-relay applies the dc output 
voltage from a transducer t o  a 12-bit analog-to- 
d i g i t a l  converter. 
t o  a binary word and sent back t o  the computer f o r  
processing. 
access any monitor point and receive the resul tant  
word from the transducer selected. A t o t a l  of 
200-msec i s  then required for  a complete scan of 
the 40 poixts. 
held i n  analog sample and hold networks because 
of the time required t o  access the complete m u l t i -  
plexer. 

The dc leve l  i s  converted 

A t o t a l  of 5-msec i s  required t o  

Some inf lec tor  parameters are 

Contact closure may a l so  be monitored with 
t h i s  system, In  such a case, voltage source of 
a constant value would then be switched t o  t h i s  
multiplexer. The presence or absence of the 
voltage indicates  the s ta tus  of the contact. 

Dig i ta l  Control Data Channel 

Control reference voltages fo r  the m&?y time- 
shared analog devices comected t o  the computer 
system a re  derived from digital-to-analog convert- 
e r s  (DAC). The DAC i s  selected by the computer 
through the d i g i t a l  control data channel. Upon 
command, the computer addresses the sol id  s t a t e ,  
t-he-divi sion multiplexer , thereby addressing a 
specif ic  DAC. A 10- or 12-bit control  word may 
then be sent from the computer v ia  the  telemeter 
l ink ,  through the multiplexer t o  the DAC s e r i a l  
t o  pa ra l l e l  converter-register. This reg is te r  
then contains the binary word, which i s  t o  be 
converted in to  an equivalent voltage and applied 
t o  the reference input o f  the selected analog 
device. 

This conversion (word t o  voltage) i s  accom- 
plished by the actuation of reed relays by the 
b i t s  i n  DAC reg is te r .  These relays, i n  turn,  
switch the inpEt reg is te rs  of a binary weighted 
r e s i s to r  ladder from ground t o  a 0.01% regulated 
10-volt source. The resulz  i s  a step-wise 
quantized "linear" voltage output with increasing 
control word magnitude. 

Although the multiplexer and log ic  f o r  the 
d i g i t a l  control  data channel are  sol id-s ta te  
devices, the data r a t e  i s  limited t o  5-msec per 
point owing t o  the reed-relay DAC. A complete 
change of all 20 points  can be accomplished i n  
1-msec and can be repeated every 5-msec. Note 
tha t  a factor  of 30 increase i n  data  r a t e  could 
be real ized should the  analog switches be replaced 
with so l id  s t a t e  devices. A resu l tan t  increase 
i n  system coat would a l so  be seen, however. 

Operat or Input -Output 

After i: was found tha t  the computer could, 
i n  fac t ,  be operated remotely in  a successful 
manner--the computer and one-half of the interface 
logic is  located in  another building--two te le-  
typewriters were ins ta l led  i n  the Bevatron. 
teletypewriter i s  in  the injector  control room, 
and the other i n  the main control room. From 
these locations, a l l  program operation can be 
carr ied out. 
ion can be done remotely. 

One 

Even program debugging and construct- 

I n  addition, closed-circuit video presenta- 
t ion  of the display tube face i s  trarxmitted t o  
both control  rooms from the computer area. Both 
te le type and video are  sent along the same cable 
tha t  car r ies  the d i g i t a l  data fo r  the two data 
channels. The negligible inzerference between 
various types of transmitted data i s  at t r ibuted 
t o  excellent common mode reject ion of the data 
l i n k  telemetry and the type of data  encoding. 

A l l  control commands are  in i t i a t ed  a t  present 
v i a  a teletypewriter. Continuous changes i n  a 
parameter such as an inf lec tor  magnet current are  
needed when the beam i s  manually optimized. 
Performing t h i s  funczion through the te le type i s  
very clumsy as  it requires the typing of a 
mnemonic plus  the sez point value f o r  each new 
change. To a l lev ia te  t h i s  problem, a separate 
d i g i t a l  data  channel operating through the 
d i g i t a l  pa r t  of the analog data channels has 
been designed. I t  i s  anticipated tha t  the inform- 
at ion from a variable-rate integrating-type control 
knob plus a control-channel selector  switch w i l l  
be transmitted through t h i s  data channel. 

Control Smplemented on the Bevatron Injector  

The beam i s  guided from the output of the 
l inear  accelerator t o  the entrance of the f i r s t  
in f lec tor  magnet by means of s ix  s teer ing magnets, 
three horizontal and three ver t ica l .  Beam- 
position detectors, one horizontal and one ver t ica l  
located on the down-stream side of the s teer ing 
magnets, give the computer information concerning 
the posi t ion of the beam's center of gravity. 
With thiE information the compuxer can place the 
beam anywhere i n  the beam pipe. 

The currents i n  quadrupole and inf lec tor  
magnets i n  the beam channel and the e lec t ros ta t ic  
in f lec tor  voltage can be se t  t o  any desired value. 

The output control  words of a l l  these control 
loops closed through the computer are  calculated 
by means of the l inear  interpolation algorithm: 

where Xn i s  the present value of the  control  
word, Vn i s  the present value of the monitored 
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variable ,  and Yr i s  the required value of the 
monitored variable. 
entered each time the var iable  Yn is  monitored 
u n t i l  Yn approaches Y r  t o  within the specified 
tolerance. A t  this time the computer proceeds 
t o  the next downstream variable. After a l l  
var iables  have reached t h e i r  respective required 
values, they a re  monitored and held there  by the 
computer. 

The interpolat ion rout ine i s  

The devices controlled a l l  have time constants 
which a re  short compared w i t h  the  sampling period, 
so no d i g i t a l  compensation i s  required. 

A simple optimization routine has been 
included i n  the control  program. 
l i k e  and operator would in  manually "tuning" a 
parameter. 
monitored while a control i s  coarsely incremented 
over a given range. 
la rges t  value of the var iable  and returns  t o  it. 
Then by continually halving the coarse increment 
and taking increments about the la rges t  preceed- 
ing value, the computer makes the var iable  
converge t o  the maximum. About ten samples are 
needed when the circulat ing charge i n  the Bevatron 
i s  maximized by control l ing ',he electrosTatic 
in f lec tor .  

It works much 

A variable t o  be maximized i s  

The computer remembers the 

Other Interface Devices 

Disc Memory 

A six-million bit-per-side disc  memory has 
recently been added t o  :he computer. 
has 128 t racks which are  d i rec t ly  addressable 
through a movable head. 
imately one PDP-5 core load. In  addition, three 
fixed heads operate on a seDarate (lower) disc .  
One of these heads recirculates  data on the 
display scope; the other two a re  spares. Average 
time fo r  acceas t o  data  on a given $rack is  25-msec. 
If the head must be moved t o  a new ;rack t o  access 
data, a time of 5-msec times the number of t racks 
moved, plus  a 100-msec head-settling time must be 
added t o  the average track-access time. 

The disc  

Each t rack holds approx- 

The diac memory will give added f l e x i b i l i t y  
t o  the PDP-5. We now w i l l  be able t o  time-share 
programs so w e  can run more than one control  
system, or run data-collecting equipment, such 
as  the emittance equipment, while controlling 
the l inear  accelerator in f lec tor  system. 

Display Scope 

A 10 by 10 inch display scope with l i gh t  pen 
w i l l  soon be functioning through the disc  and 
computer. Points and vectors w i l l 5 e  used t o  
p lo t  alphanumeric information on a 1024-by-1024 
matrix on the scope face. 

Data t o  be displayed w i l l  f irst be wri t ten 
on the lower diac by the computer, then read and 
displayed continuously as  the disc revolves. 
This f r ees  the computer fo r  other jobs. 

We w i l l  use the l i gh t  pen t o  invest igate  i t s  

capabi l i ty  a s  an in te r face  between accelerator 
operator and control  computer. 

Beam Emittance Equipment 

Equipment i s  now being completed which w i l l  
automatically measure and d ig i t i ze  several beam 
parameters, and w i l l  permit, among other things, 
the calculation of beam emittance. Several 
seconds w i l l  be required t o  get enough data for  
a complete emittance p lo t .  A preliminary reduct- 
ion @ t h e  raw data w i l l  provide an emittance p lo t  
on the PDP-5 controlled display scope. I n  
addition, the raw data w i l l  be stored on magnetlc 
tape f o r  a more sophisticated analysis a t  our 
computing center. 

To accommodate t h i s  data, a d i g i t a l  channel 
separate from the normal control and monitor 
chanriels has been added t o  the PDP-5. 

Besides providing a too l  for  be t te r  under- 
standing of factors  affect ing beam qual i ty ,  t h i s  
investigation may lead t o  a method for  on-line 
control of beam quality. 

Computer Program 

The success of a camputer control systen 
depends importantly on the program wri t ten for  
the computer. The program i s  a s  much an integral  
par t  of the system as, say, the data transmission 
link, so it must be careful ly  written t o  provide 
re l iab le  service e.g., the  program should not be 
destroyed by an operator error  on the teletype 
keyboard. I n  addition, the  program must provide 
for  simple aznd fl:xible cc"icat,ion between 
the operator and ccmputer. 

The present program for  the Bevatron inf lec  
or control system has several subroutines which 
a re  t i ed  together by an executive routine (Fig.4 
Some of the subroutines a re  entered each time-the 
sample interrupt  occurs; the others are entered 
a t  the discret ion of the operator, who se t s  f lags  
i n  the program via  the te le type.  One of the sub- 
routines i s  a u t i l i t y  program which provides for  
loading of core from tape, dumping sections of 
core, and s t a r t i ng  the computer i n  a specified 
location. 

The subroutines presently included ip- the  
main program: 

a. Input analog monitor channel data  ard 
conversion t o  display uni t s ,  

b. Check and aOjust magnet currents, 
c. Check and adjust beam position, 
d. Output errors. If e i ther  subroutines 

b or c found errors ,  t h i s  section w i l l  
output the names ana present values of 
the variables involved. 

the controlled var iables  take an incre- 
mental step a f t e r  each nth Bevatron pulse. 

a graph of the successive values of any 
two variables. 

e. Ramping. Ramping involves making one of 

f .  Graphing output. This section w i l l  p lo t  
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g. Display output. This section outputs 
a selected group of monitored variables 
on the  display scope. 

f’unction of a controlled variable 
over a given range. 

i. Outputs a l l  calculated control data. 

Su5routines a and i are  entered each Bevatron 

h. Maximize a monitored variable as a 

pulse. 
controll ing f lags .  
an operator typing F22F30F51 would cause a l l  
magnets under control t o  be s e t  t o  t h e i r  
required currents,  with errors  being pr inted on 
the te le type every Bevatron pulse. 
each subroutine has, as necessary, mnemonics 
which allow the operator t o  change things such 8 s  
magnet reference currents,  ramping increments, 
or display groups. 

All others are  entered by means of 
A s  an example of the l a t t e r ,  

O f  course, 

We found t h i s  program arrangement t o  be 
very f lex ib le ,  and t o  use a minimum amount of 
core memory. The biggest  thing against  it i s  
tha t  it forces an operator t o  remember a code 
( the  f lags)  which i s  not eas i ly  re la ted t o  the 
function it performs. 

Future of Computers i n  Accelerators 

3ecause of t h e i r  f a c i l i t y  i n  performing 
logica l  decisions i n  a speedy, e f f ic ien t ,  re l iab le  
manner, computers should be the  terminus f o r  data 
gathering i n  an accelerator.  The qual i t ies  tha t  

have made the  canputer so a t t rac t ive  i n  indus t r ia l  
process control a re  equally applicable t o  acceler- 
a tor  control.  With so many low-cost computers 
now available,  even a re la t ive ly  small control 
application becomes economically feasible .  It 
seems reasonable t h a t  as our application experiem 
increases, computers w i l l  become a standard too l  
i n  accelerator control. 
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Fig. 1. Plan view of Bevatron inflection system with 
control system functional diagram. 

u 
" I - 

Remote Interface &Computer On Line Interface 

Fig. 2. Block diagram of digital control system. 

4 ::+ Period 

Pulse Code - Phase Modulation Serial Data Transmission 

Fig. 3. Bit encoding for pulse code-phase modulation 
serial data transmission. 
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m Error 

Group 2 u 
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Util i ty Routine 
1 Dump 
2 Load Core From Tape 
3 Start Computer at Specified 

Location 

Executive Routine 
A l l  - 

Read & Store 
A l l  Analog Data = 

Error Correction 1 
Overide 

I Error Output 

Fig. 4. Functional diagram of control program. 
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