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Summaru 

The computer program used to contT"ol the 
time ~nd energq dependent parameteT's of the 
T~v•tron is described. Using mathematical 
models of the m•chine sqstems, the pT'ogram 
allows the operator to vary the ramp charac­
teristics. the rf, and magnetic correction 
elements. The timing system is automatically 
modified to reflect new ramp variables. 
Oraphic di~play1 show the conse~uences of 
changes in the lfmiting .facto-rs of the 
machine, desired o:;>erating conditions. or the 
m•chine model. These di~plays include the 
desired changes, the derived values (such as 
synchT'otron fre~uency and bucket area) and the 
•ctual function generator outputs for the 
corr•sponding devices. The program has been 
deiigned to change or ••tune" the operating 
parameters ~uickly and to allow considerable 
flexibility for diverse machine development 
•xperiments. 

Introduction 

Need for East Changes 
The Fermilab Tevatron ha9 been de•igned 

to operate as a 400 GeV accelerator in an 
energy saver mode. a 1000 GeV fixed target 
machine, and a proton-antiproton collider. In 
•ddition many of the components needed for 
thes• activities are expected to come on-line 
sporadically. Thus a variety of changing 
opar•ting modes and conditions is certain. 
especi•lly considering the experimental nature 
of the superconducting magnets and associated 
refrigeration system. 

As well, the different uses of the 
Tevatron ring argue for a flexible control 
system to perform many different types of 
••chine experiment•. 

Since any change in the operating modes 
•nd/or conditions can have far-reaching and 
'ometimes obscure ramific~tions it is 
essenti•l to coordinate the ramp. rf 
parameters, correction elements. and timing 
ch•nges. 

Con•tant'i 
Includ•d in th• aubJect o~ man-mmchin• 

communication is the question of the constants 
used in the calculations to determine hardware 
settings given the desired machine parameters. 
The•e range Tram the machine radius and 
transition gamma to constants to convert from 
function generator output voltage to 
fr•quency. The program described here provides 
• framework Tor entering and modifying these 
d•t•. 

Some d•ta from "bench te•ts" have been 
included a• well. For example, tha mea,u?ed 
multipole moments of the 774 dipoles installed 
in the Tevatron were parameterized and used in 
the c•lculations of the correction element 
settings for tunes and chromaticities. 

With •11 dat• •vailabl• in one program, 
the con•equences of an~ change of operating 
conditions can be checked Tor error even down 
to th• h11rdware level; 1. g. power suppl1i1 r11mp 
r•t•• and function g•n•rator t•ble limit•. 

Color 
fudback 
hilv• bean 
described 

graphics displays for immediate 
and an on-line documentation s~stem 

used extensively in the program 
here and found to be essential. 

Machine Model 

In the following discussion the concept 
of a machine model is expanded from the Jsual 
definition of thR lattice parameters as 
derived from SYNCH or TEVLAT 1 programs. Here 
we include all the numbers needed to convert 
operator desires into ;unction generator 
waveforms and magnet currents. For the most 
part, the numbers are not coded into' the 
program but are saved in a file which can be 
easily manipulated by the operator. 

The main bus of the Tevatron includes 774 
superconducting dipoles, 216 superconducting 
q,uads, and some other magnets used for 
extraction and the beam abort. The power 
supplies in this circuit are controlled by a 
microprocessorCTECAR> which also monitors the 
q,uench protection circuitry. The current uiave­
form ('ramp') and the constants necessary for 
thQ regulation and control of the power 
supplies and quench protection tests are 
entered and transmitted to TECAR bq means of 
the program described here. 3 

At present. up to 32 parabolic sequences 
ilre allowed to describe the main bus waveform. 

At the start of each ramp some 9ection of 
tha quench protection system can be tested. 
That ii. some subset of the SCRs which bvpass 
current around a 10 magnet string in the event 
of a quench can be turned on and checked 
before the machine is ramped to full energy. 
To r•set the SCRs before the full ramp the 
currant flow must be reversedJ the TECAR 
waveform is automatically provided with the 
ilppropriate sequences for this. 

Based on measurements at the Magnet Test 
Facility <MTF>, the sextupole moment of the 
dipol•s is more reproduceable if the magnets 
•r• brought to a 90 GeV level before each 
ramp.4 This is a normal feature of the 
waveform 1ant to TECAR. 

The RF system is controlled by 11 
function generators which are used to vary the 
rr frequency and phase(2), phase feedback 
strength(2), high voltage (5), and the cavity 
tuning(2).2 

The change of the 53 MHz RF frequency is 
•bout lkHz as the anerg~ is varied from the 
150 GeV inJection level up to 1 TaV. The 
energy variation of the r~ fre~uency is 
controlled by a microprocessor uiith desir•d 
change• of radial position offset added using 
the first of the function generators. 

The high voltage control includes the 
anode suppl~, the driver grid bias and the 
power amplifier grid bias. 

With such a small fractional change in RF 
fretuincY it is po1sibl1 to tune the cavities 
b~ chang~ng their t•mperatur•. Two fe•dback 



!?ops in the cooling water circuits are used 
to control th• temperature of th• c•vitias. 
ThE ~ir5t usds bypa1s valve5 <8 s delay) and 
the second u;es electric heaters (1/2 s delay) 
near the cavities. The ~unction generator 
curvas mentioned above provide advance infor­
~~tion to the feedback circuits to reduce th• 
•mount of energy required bij the heaters. 

Tunes and Chromaticities 
There are pre,ently 5 superconducting 

circuits for controlling the betatron tunes of 
the Tevatron. Two circuits of correction 
~u4drupoles. one s&t near the focusing ~uads 
of the main bus and the other near the 
defocusing ~uads, are used to control the 
hol'itontal and veT'tica.l tunes. Two circuits of 
correction sextupoles. similarly arranged, 
cont~ol the horizontal and vertical 
c~romaticities. The fi~th circuit is of 
correction skew quadrupoles dnd controls the 
coupling of the horizontal and vertical 
b•t•tron motion. 5 

The conversion of the desired tune values 
•ntered by the operator into actual current 
~•veform9 for these 5 circuits involves 
knowing: a) the relative strengths of the 
circuits, b) i:he machine lattice (e.g. average 
bet• values at the correction •lement 
positions give the coupling constants needed 
for orthogonal control of the horizontal or 
vertical tune), and c) the contributions ofl 
th• •nergy dependent multipole moments of the 
magnets in the ring. For the last item1 the 
•ppT'opriate multipole measurements of all the 
dipoles installed in the ~ing we~e ave~aged 
•nd fit to polynomials and incoT'porated into 
the conver$iOn algorithms. All coefficients 
•re available to the operator to modif~ as 
results of machine experiments refine the 
d•ta. 

Half-integer Extraction 
The h•lf-integer resonant extraction is 

controlled in part by 6 superconducting 
circuits. These are two 39th harmonic quad 
circuits, two 39th harmonic octupole circuits 
•nd two 0th harmonic octupole circuits. Of 
course1 the ordinary tune circuits are also 
involved in the extraction process. However. 
since extraction takes place at constant 
energy, the neces-sary waveforms are simple. So 
f•r, the settings have been determined 
•mpirically without too much trouble. 

Timing 
General timing ~ignal~. called clock 

event11 are broadcast throughout the site 
using • 10 MHz clock system. Those events 
~hich change with different ramp waveforms are 
•utomatically recalculated and ~ent when a new 
operating condition is activated. The 
c•lcul•tion algorithms can be based on time 
•nd/or energy in the cycle or refeT'enced to 
other clock events. 

There •re 216 corTection dipoles for 
correcting the Tevatron closed orbit. Since 
the high field OT'bit is not correctable in the 
u•u•l w•~(i. e. movini qu•ds), th•se elements •r• r•ther strong and must be programmed 
throughout the cycle. Most of these 
corrections are pT'Oportional to the energy of 
the machine and •r• taken care of 
•utomatically in the case of a new ramp by the 
signal sent by TECAR and the energy dependent 
t•bl• of th• dipol• function generators. Some 
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time dependent tables, e.g. for inJection and 
extraction, exist in these tame generators and 
must be changed if the main ramp wave~orm is 
modified. When a new ramp is generated, new 
breakpoints for the time table are calculated 
and sent to a program opeT'ating in the central 
computer which resets the necessary tables. 

Calculational Algorithms 

Sequences, Gene'T"al Discussion 
The idea of a control program which 

allows one to construct waveform~ from modular 
calculational elements using terms familiar to 
accelerator phy~icists is not new. A similar 
program is used to control the CERN Antiproton 
Accumulator's two waveform gene'T"ators to vary 
the RF voltage and frequency.6 · However the 
scope of the pT'o9ram desc,..ibed here is 
somewhat diffeTent in that the'T"e are 23 
'Separate waveforms controlled directly, up to 
~16 which are controlled indirectllJ• and up to 
32 directly controlled timing channels. 

Operators of the machine are able to 
enter desired waveforms by specifying up to 18 
different se~uences. A sequence is a 
calculational algorithm ~or determining how 
parameters are to vary from the end of the 
preceding se~uence over the time interval of 
the sequence. The time inteT'val itself may be 
entered eKplicitly or calculated. A sequence 
usually corresponds to a subroutine of the 
program and is rather easy to redefine or 
invent. The fol lowing se~uence'!i are those used 
at present but should be considered as 
examples as they are easily modified. Fig. 1 
shows the TV image that the operator uses to 
construct the main bus and RF waveforms. For a 
particular type of se~uence some of the 
entries on a row are input (indicated by 
inverted fields on the TV screen but here by a 
>to the le-ft of the numbeT'); the others ar• 
c•lculated results. 

Sl:Q T'l'PI: 
1 l"ITI ) 
a JllPAlll:A• 
2 PAIUll• 
4 l'IPAlll:A• 
5 CAPDl:P> " ...... 
, Pt:11t•• 
• PA1t•• 

Fig. 1 Sequence Conhol Page for RF/RAMP 
p•rameter$. An ex..ampl• a.P .a 51~ Q.eV ramp with 
5 second flat-top. 

The columns are: 1 sequence number, :;;?: 
sequence type. 3 time interval of the sequence 
in seconds, 4 eneT'gy in GeV, 5 time .from 
w•veform reset, 6 radial position in mm, 7 
bucket area in eV-s, 8 synchronous phase angle 
in d•gr•es, 9 rf frequency relative to that at 
inJ•Ction in Hz, 10 high voltage in fraction 
of the maKimum. 11 dE/dt in fraction of the 
m• x imum. The maximum vo 1 tag e and ramp rate are 
entered on the 4th row of the page; thus i.fl • 
power supply or rf cavitv f•ils. onlv one 
number needs to be changed to allow the entire 
set of waveforms to be rec•lcul•ted and 
activated. 

Sequence insertion or deletion modes are 
controll.ed on row 3. The de.Pault mode is to 
c•lcula-te and plot all sequences down to the 
cursor position if the cursor is in th• le.flt-



hand c~lumn wl1en the i~terrupt is pushed. 

SeGuencei. f.£.!_fir.ition'i 
The .ThLI.IIt\l,.. !eQ.•Jeni:.e starts al 1 T'amp 

definition• and is used to ~et the zero level 
o~ th• function generators. The quench 
protection tests •nd the change from the 90 
CeV magn•t reset level to the 150 G•V 
i~Jection level •re inserted into the TECAR 
tublr-. 

The PARADola sequenc• has as input the 
final eneT'91J'• dE/dt, radial position and high 
voltage. The four boundaT'IJ' conditions <initial 
and final energy. initial and final dE/dt) 
determine the time interval Dt and A, B, and 
C, where E == At**2 + Bt + C. The high voltage 
•nd radial position a~• varied lineaT'llj' over 
Dt. 

The Matching PARAbola sequence requires 
the final energy, dE/dt. and bucket area. It 
detwrmines the main bus current in the same 
way as tha PARAB sequence. However it changes 
the high voltage <HV> in such a way as to vary 
the rf bucket area linearly from initial to 
final values. This is done using a 7th order 
pol~nomial fit to alpha<sin<phi>> to solve the 
two simultaneous equations 

dE/dt=c1*HV*frev*sin(phi) and 
bucket area=c2•alpha(sin<phi))*SQRT<E*HV/eta>. 
The resulting 14th order polynomial is solved 
iterativ~ly using Newtonrs method. 

The CAPture-OEPosit se~uence takes place 
•t constant energy and has the time interval 
•nd final bucket area as inputs. The time 
dependence of the area is 
A<t>=Ai/(1-<Ct-ti)/(tf-ti>>*<<Af-Ail/Af)) 

This gives a constant adiabaticity. 
<dA•Ts)/{dt*A), where Ts is the synchrotron 
period, Ai CAf} is the initial (final) A1 and 
ti (tf) is the initial (final> time. 

Cli!l.!.t. Program Features 

Th• second row of the page shown in fig. 1 
contains branches to other program options. 
Ch-calc, or change calculation constants. is 
where the operator may change the machine 
model. Fig. 2 shows the work page for the rf 
•nd main bus. or ramp. parameters. 

T49 ~cctltrttor ton1t1nts 
•J11:1",1rn 
•H•l~ 160 "o•ult const1nt1. 
•••i•I Pos•~iOftl Y<I'• 0 

rf tr•,.~•n<Y• Phi•• 
+ 1 •RPO$ 

E•••ot 1 Y<2>• 0 + I •S:.•11401 )1£ 
error G•I" 1 1 Y(J>• o 
error G&!n R 1 Y<4>• o 

160 "''~'' const1nt1. ••o•• ~r•or1• l• YC,>• o 
•no•• ~roor•• 21 YC6>• 0 
•r1vor a&as t I VC?)• 0 
•rJv•r 1111 i 1 YC9)• o 
ra Grl• •••• I Y<9)• D 

160 "o•ul• con111nt1. 

+ l •C 

Ml•h yol1&f• 
+ l •MY 

' . ... 
+ I •HY 

c1v&tv Tunano 
MID V&lv• ~rof I Y<lO> 0 
"ID M••1•r rro•• Y<ll> o 

+ l •HYC t O)••.z 

EREST 'O 
a:tSSL lO 

• rECAll ctnst111t1I 
'CTS::$T 90 

4.44 
rEcA• con111nt11 

L• ,70' II• ,0033 

+ l •HY••2 
•. s ••• , .... 

DiPSV-•o ltY•ll(loGOY) 
ERESCT 90 

DTS::DD I 
L0•4 con1t1n11 LdhY 

V• ,45 

Fig. 2 Work page for entering c•lculational 
constants for RF/RAMP parameters. 

Ch-plot1 or change plotting param•tars. 
controls th• graphics scre•n. Plot v•riables. 
limits. and colors can be cho"Sen for up to 4 
calculated values and 4 analog signals. An 
example for the ••quence• above is shown in 
fig. 3. In addition to th• variables shown on 
the se~uenc1 page and their corresponding 

analog signals. other derived curves such as 
s~nchrotron frequencq and adiabaticity 
coefficient are also available. Fig. 3 show• 
the variables available for RF/RAMP displa~s. 

f49 cnanot-Plot P•r•••t•r• 
•ll•turn •Yd•v•5 ox••v•IO Color1•YllCG D•vco1or1•YRtG 
•MtlP P&ra• T•tlt l'l.in "'"' Dovie•• 
>CIT.I.,• F"ro,. RtS•t I 0 50 I I 
t1tn•r91o1 1GO¥ 1 0 520 lllTIERIHG 
i:1Hl9h YOl119tol'IY 1 0 I I I 

llUCkOt Ar4•••V-11 Q 10 I I 
IPhi 11ua s 1 D•9 Q 10 I I 
1111r F' .. t .. utnc~.HZ D 1000 I I 

41 s~nc" rr•,.,H:i: 1 20 70 I 1 
1A•J.&l>ltiC11'>1 1-.I .I I I 

J111t1•111 PolC1) 1~1tt I 10 l31TIRPG .. 
11•P•otCI) •-10 10 I ITIJllDOT 
tError Ga1nCJ 1 1) 1-10 10 l ITIERGtU 
1trror Ga!n<J•ot>t-10 I 10 I 1T1ERGH.Z 
1Ano•o ~ro•<l• t) I 0 I 10 t l"Tlf"'GI 
IAfto•• pro•<t4ot)I D 1-4.4181 ITIAPG2 
18r1v lil•Ci::riP. t) I a ·-· I ITIDRGJI 
t8rJ.v 111scr1,t) I • ,_, I •T•DRGJ2 
IPA lilSCAP1 I) l·lD I 10 I ITIPAGJ 
IH20 YllV•(I) I 0 I 10 I ITU.IYPG" 
IHIO HOlt4r(t) t D I 10 I lflWHPG" 

Fig. 3 Plotting 
sequences. Up to 
possible. 

control page for RF/RAMP 
8 variables and colors are 

Fig. 4 shows the graphics output 
sampl• choice of RF/RAMP variables. 

for a 

so RF/RAMP Plot for file 
• ••• 408 

70 • 2 
> •oo w 
~ . ~ 60 

' >Z • >c-... . ..... ... x ••w 
~ .. ~·· 400 
"'"' ..... 
·-~ • « -
~ 0 •o ~> •• 3 
o~• J.2 <om 
::ll::li· .. > 300 
ut•X • 

3 

~ ,, 
40 m • • • .. < w ••• 

I 
·-----·----·-· + : 

30 

' .. 
••• 
• • • • • • • • 

Fig. 4 Color graphics display of results of 
the s•~uenc1 calculation defined in fig. 1. 

On each of the 19 control pages for 
ch•nging sequences, constants or plotting 
contTol there is a help option. Interrupting 
with the cursor under this word causes a page 
of instructions/information to be displayed on 
the TV screen for that particular control 
page. The text is easily edited and saved. 

!lm.J. I.DJ! Extraction Cgntrol 

The LINEAR sequenc• is used mainly for 
control of tune and •xtraction power supplies. 
Sine• the CUT'rents in these circuits are 
largely pr~portional to the machine energy. 
the time breakpoints of the curves are 
determirted by the RF/RAMP <111q,uences. The 
values t~ped in by the operator are linearly 
interpolated ov•r the sequence time int•rvals. 



Fig. 5 show1 th• se~uence page for tune 
control and fig. 6 show~ the co~responding 
~erk page for entering the machine model 
ccnstant"S. 

t49 ,.Dl)l,.Y.lnt Ult 1 !112 GtYl'S sec F"T l'ICl.l QI(, OY 
•l•turn •<n-•10• •c~-Cllc •r•••~r' •TUHL ••><tract •!l•lnt •••~• •H•I• CALC-PL •rtl•Po&ntl 11 '" r1~r1•P 

C'r'CLI: Tllll: !10 1, "Ale RF" I ,..y,., urr" l'IAlC RflllPIP 2!1 GtV'I 
-------------"'lllltS I• tn41 0, l•'lUt"Ct--------------

aco TYl"C 
I LIPll:fllll 
ii Lll'ltAI 
:II LIH[Alll 
4 Ll"-1:"1111 
S Lll'ICAlll 
4 Lll'll:Alt 
P Lll'll:"llll 
• LINl:Alt 

.. 1: ... [ltGV TTl'I£ QW llY C>< C~ 1-t"'ll 
4 ... !I 
.9816 
13. !12 ... 1419.1' 4.t.!I )J9.44!1)19.l74) 111.!I)" >-1.32 

112 !l.132>19.44!1>19.]1'4> 2!1.!I >-2 >-1.Jt.9 
!IOC 19.1!1>19.4111>19.374> ]4.11 >-30 >-2.1!1 
!llZ 20.11>19.468>19.374> l'! >-2'J >-2.1!1 

• !llii! Z!l.11>19.418>19.]74> l!I >-29 >-2.1!1 

• 'SC2 Zt..11>19.4&1i>l9.374> 3'3 >-29 >-2.1!1 
10. 1 100 46.21>19.44!1>19.374> 18.!I)' >-1.ll: 

• 90 41'.Zl>l9.•4!1>19.l74> 111.!I > & >-1.21 

Fig. 5 Control page for horizontal •nd 
vertical tunes •nd chromaticities and the skew 
~uadrupole setting. 
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Fig. 0 Work page For 
define the machine 
c•lculations. 

entering constants to 
model used in the tune 

Cpntrol System 

The new Fermilab accelerator control 
system. uses PDP-11/34 computers for console 
•nd front-end computations. A VAX-11/780 
occupies the central node of the network. All 
a# the computations and displays described in 
thi• paper are made in the console PDP-11. 
Even though this impli~s many program 
overlays, the calculations are relatively 
short and the console response is somewhat 
f••ter for having fewer network transfers. 

A standard console is equipped with a 
color TV •creen, large color graphics screen. 
touch p•n•l• storage scope, k•"bo•rd, 
trackball and cursor. Program control is 
mostlv bv tr•ckb•ll, cursor and inte~rupt 
button. using the keyboard to enter data. 7 

The graphics displays associated with the 
program described here are driven bv an 
•ssociated secondary application program which 
occupi•• a separate partition of the console 
computer. Plots of desired waveforms •nd the 
corrasponding readbacks can be initiated by 
the main program and then the secondary 
program continues independently to g•ther data 
vi• the network and update the displ•vs. This 
separ•tion of the calculation and graphics 
drivers •llows the operator to use other 
program• while still monitoring the b•h•vior 
al som• •vstem. 

4 

Experience and Conclusions 

The system described in this p•per to 
control the time dependent parameters of the 
T•vatron nas been used since the initial 
commissioning of the machine. It provides a 
framework for incorporating improved under­
standing of the accelerator for more accurate 
control of the tunes, chromaticities and rf 
parameters. It provides the usual save 
/restore functions and allows oper&ting mod•s 
or conditions to be changed ~uickly (the time 
needed to calculate and load the 23 function 
generator tables and 32 clock event registers 
is less than 20 seconds for the most complex 
ramp 1Jet imagined). Since the desired 
conditions can be specified in common units 
<•. g. energy<CeV), bucket area(eV-"S), radial 
pasition<mm), tunes. chromaticity(natural 
units), etc.) in a universal flormat. the 
operation of the machine is ~uickly learn~d . 

The automatic displalJS which compare 
de1iired and actual power supply waveforms are 
needed. The on-line documentation has found 
other uses than basic in~ormatian for program 
operation including storage of numbers and 
procedures too often lost in obscure log books 
and communication between users and 
programmers(GROUSE). 
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