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Introduction 

In the operation of SPEAR, it is necessary to change the 
configuration (defined by the betatron numbers vx, I,’ the 
beam energy E, and the beta functions @, 93 and et$iunction 
q* in the interaction regions} from one operating point to an- 
other without losing the stored beams. For example, filling 
the ring is done at one configuration, uhile experiments may 
require another which has different energy, v*, $* and v in 
order to obtain the desired luminosity. I This is accomplished 
by controlling the set points of the magnet power supply regu- 
lators by means of a control computer. This paper describes 
salient features of the hardware, the controlling computer, 
and its software to make such changes possible. SPEAR has 
been operated successfully under computer control using the 
code RING. Some results of its operation will be presented. 

I. Computer 

The computer is an XDS Sigma-5 (32-bit usord length, 4s 
K ~voords of memory) operated in a time-shared manner, using 
a modified version of the XDS Batch-Time Sharing Monitor. 
The SPEAR control program RING is a job which is swapped 
with other time-shared jobs, such as those for experimental 
nnalysis. Time-critical, interrupt-driven tasks are not 
swapped? however, and remain resident in core. The time- 
shared program is written in Fortran IV, while interrup- 
drix-en programs are written in symbolic machine language. 
Interrupt-driven programs (such as the power s~~pply driver 
described later, or a IO-pps-driven routing for determining 
when changes are made in switch settings on an operator con- 
trol and display panel) can awaken a specified time-shared 
job from a “sleeping” state. This time-shared job would then 
perform its task, and when finished put itself to sleep again. 
In this uay, jobs ran be swapped into core only when needed, 
thus providinfi more computer time for other jobs that can 
use it. 

II Hardware 

The computer controls thirteen power supplies driving 
the main magnetic elements as lvell as eleven trim supplies 
for orbit corrections. The power supplies can be ramped in 
unison by means of a controller having a digital-to-analog 
converter (DAC) and a binary rate-mnltiplier (BRM) for each 
supPly> all driven by a common master pulser. (A BRM cir- 
cuit is capable of galin g iin iilculning p&e train of frequency 
I’0 cuc~h th:it output pulses arc gcncrstcd at a time-nveragcd 
frcquenc!. f = R> fg, (?I- 1) where R is a number stored in a 
bin:iry rcgistcr h:t7;ing I bits, 0: R PI- 1.) The BRM for 
c,:irh power supply h:is a register uith 13 bits, so that fi = 
Iii.’ fo, hl!jl is the pulse rate sent to the DAC for the ithpowcr 
supply, and fg is a common pulse rate to all BRM’s. The 
\ .LIUC’ of 1’0 ts in tu~m ;ariablc Lhrc~~~gh a separate BRM, such 
that 1,) = (Ro/2017)‘, 50 pps. Since the outputs of the DAC’s 
conlrol tlw i)utpul. currents of the povrer supplies, the values 
of the R,‘s prc\~itle control of rck~livc i.amping rates bet\veen 
sapplics. uhilta t.hc value of Ro’ scales the ramping speed of 
all Supplies tog-ether. It1 the SOft\c:Irc, t!IC Ri’S :1.1’~’ I’cfcr~ed 
to as It1TE’s. \chilc RO is named INTRATE, since this is 
also the inrcrrupi ra1.c io the compute:‘. The romputcr sets 
up tlic:>o CR11 r2gi:.tcrs, :mcl ihcn IUIX~ 4’ “Ai n,:ts tcl’ pulscr on 

LO dr.i\ t’ <lli l.li~~ rmhr~s log~~thcr. ,\h the ih\C’:+ ramp up or 
don n , accortling to their spci Lfied talcs, an intr:r!.up-driycsn 

, ,WOrli suppo:Qd I+ lhe U. S. Atomic Enc*rgy Gommission. 

program in the computer constantly examines all DAC’s, and 
stops those that reach their set points (DACSP). When all 
DAC’s reach their set points, the master pulser is turned off. 
In this way, all power supplies can be ramped in unison from 
one configuration to another. 

While ramping, the magnet currents monitored by trans- 
ductors (VMON’s) are also read continually by the computer 
by means of a digital voltmeter, scanner system capable of 
sampling up to 15 channels per second. The values of D.4C, 
DACSP, VMON and the desired VMON set point (VMONSP), 
as well as on,/off and reversing status for each power supply 
can be displayed on a scope while the supplies change as 
shown in Fig. 1. This is one of several displays that may be 
made by selecting switches on a display panel. 

Activating the control program RING to perform certain 
tasks is done by pushing one of 16 push buttons. Each pushed 
button results in a call being made to a corresponding sub- 
routine in the control program which may ask for new parame- 
ters from a teletype, or perform a computation. etc. 

III. Software 

A. Control of Individual Povver Supply- 

There are several levels of control, depending upon the 
complexity required, provided by the computer program 
RING. An individual supply may be changed by pushing a but- 
ton and then typing in its DACSP or its VMOKSP, and the pro- 
gram will ramp that supply to the DACSP. (When a VMONSP 
IS specified, the program calculates the required DACSP bl- 
tneans of built- in linear transfer functions between Dd4C and 
VMON values for that supply, i.e. , DACSPi = VSLOPEi x 
(VMONSPl - VOi), where VSLOPEi and VOi are constants 
for supply i.) Alternately, the DACSP or V&IOSSP may be 
fttweakedtq by turning a knob which is constantly read by the 
computer. By means of thumbwheels and switches on the dis- 
play panel, the operator selects the index i of the power sup 
ply to be tweaked and the DACSP or VMONSP option. Then 
any increments resulting from turning the knob (64 counts pfr 
turn) are added to the variable being tweaked. Changing the 
DACSP does not change VMOYSP, which then allows one to 
see cn the scope displn, T, Gle nn,.nr>*.+ ch:~*,gc pnt occs;l’i jii ttz y” L I ..I_* 
value of VMON (or strength) from its set point as shoun under 
i;;DS,S in Fig. 1. 

All V1ION’s may be brought hack to their, 1 ?+IOSSD v:tlur-; 
by pushing a TOUCHUP button, which calculates the required 
DIZCSP’S and. if necessary, ma?- itcrate neu, D.ZCSP’s until 

all VMOYs agree within tolerance ii. ith thcil. V~TOYSP’S, 
Frequently used configurations can he saved on disk files :.nd 
recalled quickly into memory a hen ncedcd, 5y pushing a I)ut.- 
ton :md typing in :hc n;Lme IIf thr ~:onCi~uration, follou cd by ;L 
louchup operation to carry Iho pov-cr supplies to the V>IONSP’s 
of that configuration. 

n. Control of :111 I’i)w(,:. Stinplics 

‘It :L higher control lel;cl, anolhc~r pt:sh i)ui.t~~ll :LlioM s !hc 
~?PcrZitl?r !O t!'pC i!? !l('u' 'J'>tl:"$::':LtiriI> ]l:!:‘2t?>C.lg~'I.:; (, Ii‘ s>I;:.llil 

them from a disk file) to calculalc~ a11 Lhc i:oi.r-o.ipor.cli ng 
VMOKSPs and then take the povvci. ~upplics there without 
;osing the ix.nms. 

?::,;t at I.;ii.:cr::i!\, c)E Calii’o:xi~L. 1,~::; :\lar:lcl:: Sc iciltific, l,:il~~~i~ati~ry, Los .\l:trncx:, Xc n Sit :,ic,,i ‘.i.,-;-L 
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We define a configuration segment as a straight line in 
the configuration space which joins one configuration to an- 
other, Because of the very nonlinear nature of the VMOKSP’s 
as functions of the configuration parameters, the program 
actually takes many small steps, and recalculates new 
~~IOSSP’s for each mini-step along a configuration segment 
until the end configuration is reached. Calculation of the 
V>tONSP’s for each mini-step along a segment will be des- 
cribed in Section V. 

Since it is sometimes impossible to use a single segment 
to reach a configuration (because of inoperative regions or 
pa\\er-supply limitations), several segments in series are 
wed. We call such n set of linked segments :‘1 path in con- 
figuration space. Another feature of the control program is 
the ability to save all the mini-steps along a path made up of 
any number of given segments onto a single file having a 
specified path number. Later, the operator may take this 
path again by simply pushing a button and typing in the path 
number. Up to 20 such paths can be saved. For example, 
the storage ring is filled at one configuration, and then the 
beams are tnken to a running configuration along one of these 
previously saved paths. An example of this operation is des- 
cribed in Section D. 

C, Other Useful Features 

The program RING performs other useful functions be- 
sides controlling the ring magnets. The beam position moni- 
tors positioned at 20 locations around the ring can be scanned 
by the computer. The computed horizontal- and vertical- 
orbit distorLions can be viewed graphically or listed numeri- 
cally on the scope. Orbit distortions can then be corrected 
by twraking the trim supplies, and these corrected VMONSP’s 
t-:&n be saved with the configuration on the disk. It is then 
possible when traversing a configuration segment, to have 
~hr trim supplies follow linearly with the size of the mini-step 
Irom their values at the beginning configuration to those at 
the end configuration, thus correcting the orhit distortions 
:Llong the configuration change. 

Ilue to the symmetry of the SPEAR lattice the values of 
ox! p;, andT* can be expressed in terms of the elements of 
the transport matrix2 for a quarter of the lattice benveen 
points 0 and 2 as shown in Fig. 3. Denoting the x-matrix cl+ 
ments as tiIxij we have: 

Another very useful feature of RING is the display of the 
tifty most recent readings of the e+ and e- beam currents as 
shown in Fig. 2. These currents, obtained from photodiodes 
which monitor the synchrotron light of each beam, arc nor- 
mally read once every second; however, the reading interval 
is a c>hangenhle parameter. The program calculates the best 
stl,aight-line fit to a selected number of points and displays 
the rate of fill and,‘or decay of the beam currents over this 
il:lerval of time. During injection, the rate of fill is ascful 
f.jr maximizing injection with the steering magnets, etc. 
L\ hile during running periods, the calculation of decay lime 
;J ciscftii. ,lLsn, :iA .;liiiVv il ii? Fii;-, 2, the integrated lum,inosi 
lir, specific luminosilJ-. as well as xvcrage currents, can be 
Lisplayed. 

D. .In Example of Magnet Control 

‘1’11~ above Icat\lres are illusiralc-d in the foiiou ing sleps 
that ::r. r!~cr:~tor might use ii? bringing up the SPEAR magnets, 
filling the r1r.g. gcttting a new configuration, saving a con- 
figuration, s;i\ ing a path, and going from an injection lo an 
opt:r7lli~lg (onfiguration. 

Push Button Coni~n:~ncl 

GE n- ISJ 

Function of the Command 

Fr!lch lhe VXOKSP’s from disk 
for the configuration h;tving name 
“IW” 

STDZ Run all magnets through a stan- 
dard;zing cycle (up to maximum, 
doun to zero. then to VMONSP’s 
of “I?;J’f). Now the ring is ready 
to bc filled. 

GET XX Go to configurai ion “XX” (and also 
interpolate trim supplies along the 
h3.y). 
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NlJX = .2, p,= .10* 

SA1’E YY 

GETV INJ 

SAVP N; xx, YY, zz 

GETV INJ 
STDZ t 

GETP K ( 

Change from “XX” configuration to 
one having 1’ = 0.2 andpv= 0.1 m. 
(The * termgates the inpzt string.) 
Trim supplies might be tReaked at 
this point. 

Save present configuration !i ith the 
name “YY”. Other configurations 
might be saved in this manner. 

Go back to configuration “INJ”. 

Save all mini-step into path number 
‘IN” while going from “INJ” to “XX:’ 
‘1XXtt to “YYfj and “YY’” to “22”. 

Start again, from “INJ”, then take 
path number “K” to “ZZ”, the op- 
erating configui-scion. 

IV. Calculation of VMONSP 

There are eight types of yuaclrupole magnets in Ihe SPE,\R 
lattice. The gradients in these magnets are determined by 
the values of vx, ~rv, a$, ci’$ and T)* corresponding to any de- 
sired mode of Opel-ation, the condition that the beta and eta 
functions are repetitive from cell to cell, and the desired 
beam energy. The value of the bending field in kG is given by 
2.62308 E with E in MeV. 

1 -1 
iJ x = ;i cos s~~(~I~I~M~~%)(:!M~~~~~~I + 1) 

1 
2/M M ’ 

‘S = 
xl2 x221 

I--- -. --- 

Mx23 
p’= - M ( j x21 

The tune is just the excess over the next lwor integer. 
Similar expressions can be written for iiv and /ji by inter- 
changing the subscript x for 3. and ‘I* = 0”for the y motion. In 
addition. since the magnetic elements in a SPEAR cell are 
symmetric about the center of the cell, the periodic require- 
ment for the beta and eta functions from ccl1 to cell can be 
expressed in terms of Rxlj, the elements of the transport tna- 
tris for a section of the lattice between points 0 and 1: as 
shown in Fig. 1: 

ii v13 Rx,:! ,. - cl! s1= - 321 - i$* 
x 

‘7; = Rx.,3 + Rx21 v+ = 0 i3) 

and a himilar expression for u’:,,~ = 0. l?ic, matris element:~ 
iLIxij> ItIJ,i’, 
strength o f 

Rxij and Mq.ij arc functions of Lhc~ gradient 
Ihe eight qundrupolc magnets diyitlcd 1): ihc parti- 

cle regidity, ki for i = 1,2. , ‘i 

The method used lo compulc the strc,~q::tbs on the qu:tcl~~~:- 

pole magnets is as folloRfi. Consider a t!.pical case in :\hich 
we start from Conf. A as spccific>cI by lJxa. [J,, a. /:<a. ,:+~, r)z; 
Qsln: ~Jyln~ andq’la.:tnd we wish to go LO Conf P, as scccified 
by l,xb, I’, b, Imagine lhat a line scgrnc,nt is dra\cn in the 
--dimensional space connecting these Iwo poinls. Cr)nf. A anti 
Conf. E. Divide this lint :;cgmcnt into N cc;us!-lrngth subsq- 
ments and labet the configuration at the end of the ith sul>seg- 
mcnt Si. Assume the magnet strc%ngth l’ector k0 is known at 
so (Conf. 8). First, usinq:hc value of the der;v;tti!-cs of I’~; 

“Y’ ~1 kg, we compute kl, :hc approsimatr v:tlue of the 
magnet strength vector for S1. Then from Eys. (I) and (2)wc. 



compute the value of ox, v ., . . at i?I and compare these 
values with those for SI. i f their differences are smaller 
than some acceptable values, we continue to calculate the 
magnet-strength vector for S2 usingE1 as a starting point. 
In order to speed up the computation, after P successfulsteps 
\ce double the length of the subsegments and then proceed. 
Whenever the test of acceptability fails, the length of the sub- 
segments is halved and the same procedure is carried out 
using the last acceptable solution as a new starting point. 
This procedure will continue until Conf. B is reached. 

The strengths of the sextupole magnets are chosen so 
that the rates of change of betatron tunes with particle mo- 
mentum, i. e., the chromaticities, are made to be zero. For 
a system with two types of sextupoles hD and hF, the required 
corrections are given by: 

(3) 

and 

In these expressions the summation over D denotes summing 
the values of @ over all the D magnets and summation over 
F denotes summing over the F magnets; e is the length of a 
m‘agnet and h’s are the sextupole strengths divided by the 
particle rigidity. 

To find the VMONSP’s first we calculate the magnet cx- 
citation current corresponding to the field-strength values 
required for each type of magnet from the measured magneti- 
zation characteristics. The output of each supply VMONSP 
is found from the transfer characteristics of the current moni- 
toring trnnsductors. 

quired to change configurations can be as short as a few sec- 
onds when the cha%e is small. to a few minutes for a large 
change. Ramping in energy from 1.5 GeV to 2.5 GeV takes 
about 1 minute, while changing from a v = 0 to a v* = 5 me- 
ters can take 10 minutes or more because of the many steps 
required. 
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The strengths for orbit correction may be determined 
cithcr e~.pe;iment:~lly or theoretically by using Li program 
1roaq. 3 The VMONSP for the trim supplies can be found 
likewise. 

V. Performance 

The computer program RING has been in operation for 
almost a year and has gone through considerable modification 
during this time, to the form described here. The time- 
shared nature of the computer allowed developments and 
changes to be made to RING even during the operation of 
SPEAR, with very little interference. As more time-sharing 
users began using the computer, it became necessary to move 
;jome i’unctiunb (such 9s rradmg Lhe beam currents) into inter- 
rupt-driven programs, and to provide means of locking RING 
into memory during critical times (such :is tweaking supplies 
or reading beam-position monitors). The model of the ring 
has been refined b>- adjusting the values of ill? magnet strengths 
to fit the espcrimcntxlly measured betatron wave numbers at 
\ arious conl’igurations. The predicted values of vs and jjy 
f;om the modified model agree to within *O. 006 of the meas- 
ured :-alues over normal operating regions, De\:iations as 
large :LS 0. 02 hnvc been observc~l at previously unfitted con- 
figuraiions. However, this large difference may be due to 
Ihc nixgnc~ts not being standardized, i. c. i hysteresis effects. 

‘I’hc~ scxtupok field strength as calculated from Eys. (3) 
and (Ij hnvc bcscn found empirically to be about 10 to I~?,‘; too 
tow. It \rns nccrssnry to increase these values by this amount 
in the program. Linear scaling of the orbit correction 
s:rcngths. according to the step size along a path, has been 
found to 1~5 norking fi:7 tisl:lctorilg. The tl!l:tt regul:i!‘ly L’(‘- 

FIG. l--Power Supply Display 

The top porlion of the display sho!+s the values of tilts 

nine configuration parameters il,(SUX), I~~.NUY), 
iJ@X), /:j(EY). ~“(ETA), energy (E), ~i(E’r.‘~I’), 
a,l(,lX), and IY ,I(XY) of the st.or:lgc’ ring. 

k 
For c~lch 

power supply. t (‘rc IS one column which givt,s the 
powor supply name (PSN%l), its status (ST), the dc- 
sired DAC set point (DACSP), the actual reading of 
the DAC. the dcbsirc>d transductor sctt point (VMO1;SP), 
lhc aclllal trmsflwtor reading (VMION), the ramping 
rate (I&\TF), the c:ilibrntion constant (‘i’SLOPE) ht~- 
twcrn DAC and V&TON. and t hcs ‘; tlifferel:ce I,et\l c (‘I: 
desired and actual magnf~t stri!ngth (“;DS,;S). 
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FIG. Z--Beam Current Display 

This display shows the last fifty readings made on the 
e+ and e- beam currents. The horizontal axis is time 
in minutes (seconds or hours also possible) while the 
verticle scale is in milliamperes. The labels P or 
E on the curves designate the positron or electron 
currents. The break in the electron curve shows the 
beginning of injection of electrons. The slope of the 
line fit to the last few points (8 in this example, but 
more or less could be chosen} provides the rateoffill 
or decay for each beam. The values of the beam cur- 
rents, fill/decay rates and lifetimes are displayed 
above the curves. The time averaged values of the 
beam currents, luminosity, and specific luminosity 
are shown at the top. The time interval in the av- 
eraging was 100 seconds for this example. 

0 MATCHING 
I SECTION 

HALF 

INSERTION / 

lb% //CELL 

‘INTERACTION 
REGION 

FIG. S--The magnetic lattice IS symmetric aboul the 
a.xcs as shoun by n quadrant of SPEAK. 
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