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COORDINATED CONTROL OF THE ENERGY AND TIME DEPENDENT PARAMETERS OF THE TEVATRON.

R. W. Gpodwin and R. P. Johnson.
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ynmna

The computer program used to control the
time and energy dependent parameters of the
Tevatren is described. Using mathematical
models of +the machine systems, the program
allows the operator te wvary the ramp charac-—
teristics. the r€, and iragnetic correction
glements. The timing system is automatically
maodified ta refiect new ramp wvariables
Graphic displays show the consequences of
changes in the limiting factors of the
machine, desired operating conditions, or the
machine model. These displays include the
desired changes, the derived values (sucth as
synchrotron frequency and bucket area) and the
actual function genevrator outputs +for the
corresponding devices. The @program has been
designed to change or "tune® +the operating
parameters quickly and to allow considerable
#lexibility for diverse machine development
experiments.

jntroduction

Need for Fast Changes

The Fermilab Tevatron has
to oaperate as a 400 GeV accelerator in an
energy saver mode, a 1000 GeV +fixed target
machine, and a proton-antiproton collider. In
addition many of +the components needed Ffor
these activities are expected to come on-line
sporadically. Thus a wvariety of changing
operating modes and conditiens is cerfain.
especially considering the experimental nature
of the superconducting magnets and associatad
refrigeraticon system.

As well, the different uvses of
Tevatron ring argue Ffor a flexible control
system to gperform many different types of
machine experiments.

Since any change in the

been designed

operating modes

and/or conditions e€an have far-reaching and
sometimes obscure ramifications it is
sssential to caordinate the Tamp. rf
parameters, correction elements, and timing
changes.

Constants

Included in the =subject of man—-machine
communication is the gquestion of the constants
used in the calculations to determine hardware
settings given the desired machine parameters.

These range from the machine radius and
transition gamma to ctonstants to convert fram
function generator output voltage to
freaquency. The program described here provides
a framework for entering and modifying these
data.

Some data from “bench tests" have been

included a3 well. For example, the measured
multipola momants of the 774 dipoles installed
in the Tevatron were parameterized and used in

the calcuvlations of the correction element
settings for tunes and chromaticities
With all data available in one program

the consequences of any change of aperating
conditions can be checked for error even douwn
to the hardware leveli e.g. power supply Tamp
rates and function generator table limits,

the.
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Color graphice displays far immediate
feedback and an on-line documentation system

have baen used extensively in +the program
described here and found to be essential.

Machine Model

In the following discussion the «concept
of a machine model is expanded from the usval
definition of the lattice parameters as
derived fraom SYNCH er TEVLAT graograms. Here
we include all the numbers needed to convert
cperator desires into +function 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 ba
easily manipulated by the operator.

Ramp
The main bus of the Tevatron includes 774

suyperconducting dipoles. 21& superconducting
quads, and some other magnets used for
extraction and the beam abort. The power

supplies in this circuit are controlled by a
microprocessor{TECAR) which also monitors the
quench protection circuitry. The current wave-

form {(‘ramp’}) and the constants necessary for
the regulation and contrel of the pouwer
supplies and quench protection tests are

entered and transmitted to TECAR by means of
the program described here. 3

At present, up to 32 parabolic sequeances
are allowed to describe the main bus waveform,

at the start of each ramp some section of
the quench protection system can be tested.
That is, some subset of the SCRs which bypass
current around a 10 magnet string in the event
of a quench can be turned on and checked
bafore the machine is ramped to full enargy.
To reset the S5CRs before the full ramp the
current +flow must be reversed, the TECAR
waveform is auvtomatically provided with the
apprapriate sequences for this

Based on measurements at the Magnet Test
Facility (MTF), the sextupole moment of the
dipoles is more reproduceable if the magnets
are brought to a 20 GeV level before each
ramp. 4 This is a normal feature of the
waveform sent to TECAR.

RE

The RF system is controlled by i1
function generators which are used to vary the
r# frequency and phase(2), phase #feedback
strength{2), high wvoltage (S), and the cavity
tuning(2). 2

The change of the 53 MH:z RF frequency is
about 1kH: as ¢the energy is wvaried from the
150 GeV injection level wup to 1 TeV. The
energy variation of the rf +freguency is
controlled by a microprocesseor with desired
changes of radial position offset added wsing
the first of the function generators.

The high wvoltage caontrol includes ¢the
anode supply, the driver grid bias and the
power amplifier grid bias

With such a3 small #fractional change in RF
frequency it is possible %o tune the cavities
by changing their temperafure. Two Ffeedback



the cooling water circuits are used
the temperature of the cavities.

loags in
te control

The first use2s bypass valves (B s dalay) and
the second uses electric heaters (1/2 s delay)
near the cavities. The function generator

curvas mentioned above provide advance infor—
mabion to the feedback circuits to reduce the
amount of energy required by the heaters.

Tunes and Chromatigities
There are presently 5 supercaonducting
circuits for controlling the betatron tunes of

the Tevatron. Two circuits of correction
guedrupoles, one set near the focusing quads
of the main bus and the other near the
defocusing quads, are wused to control the

horizontal and vertical tunes. Two circuits af
correctian sextupoles, similarly arvanged,
control the harizontal and vertical
chromaticities. The fifth circuit is of
correction skew gquadrupaoles and controls the
coupling of the horizontal and wvertical
betatron motion, S

The conversion of the desired tune values
entered by the operator into actual current
waveforms for these 3 circuits invalves
knowing: a) the relative strangths af the
circuits, b) the machine lattice (e.g. average
beta values at the correction element
positions give the coupling constants needed
for orthogonal control of the horizontal or
vertical tune), and c} the contributions of
the energy dependent multipole moments of the
magnets in the ring. For the last item: the
appropriate multipole messurements of all the
dipoles installed in the ring were averaged
and #fit to polynomials and incorporated into
the conversion algorithms. All coefficients
are available to the ogperator to modify as
results of machine experiments refine the
data.

Half-integer Extraction

The half-integer resonant
controlled in part by & superconducting
circuits. These are two 39th harmonic quad
circuits, two 39th harmonic octupole circuits
and two Oth harmonic octupole circuits. Of
course, the ordinary tune circuits are alsco
involved in the extraction process. However,
since extraction takes place at constant
energy, the necessary waveforms are simple. So
far, the settings have been determined
smpirically without too much trouble.

gxtraction is

General timing signals., called clock
events, are broadcast throughout the site
using a 10 MH:z clock seystem. Those events
which change with different ramp waveforms are
automatically recalculated and sent when a new
cperating condition is activated. The

calculation algorithms can be based on time

and/or energy in the cycle or referenced to
other clock events.

There are 21& correction dipoles for
correcting the Tevatron closed orbit. Since

the high field orbit is not correctable in the

usyal way{i.e. wmoving quads), these elements
are rather strong and must be programmed
throughout the cycle. Most of these

corrections are praportional to the energy of
the machine and are taken care of
aytomatically in the case of a new ramp by the
signal sent by TECAR and the energy dependent
table of the dipole function generators. Some

time dependent tables,
extraction.

@.g9. for injection and
exist in these same generators and

must be changed if the main ramp waveform is
modified. When a new ramp is generated, new
breakpoints for the time table are calculated

and sent to a program ocperating in the central
computer which resets the necessary tables.

Calculatiognal Alqorithms

Seguences, General Discussion

The idea af a control program which
allows one to construct waveforms from modular
calculational elements using terms familiar to
accelerator physicists 1is not new. A similar
program is vused to control the CERN Antiprotan
Aceumulator‘s two waveform generators to vary

the RF voltage and fregquency.&  However the
scope of the program desgribhed here is
samewhat different in that there are 23
separate waveforms controlled directly, up to

216 which are controlled indirectiy. and up to

32 directly controlled fiming channels.
Operators of the machine are able to

anter desired waveforms by specifying up to 1B

different sequences. A seguence is a
calcvlatianal algorithm for determining how
parameters are to vary from the end of the

preceding sequence over the time interval of
the sequence. The time interval itself may be
entered explicitly or calculated. A sequence
usvally corresponds to a subroutine of the
program and is rather easy to redefine or
invent., The following sequences 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 %o

coanstruct the main bus and RF waveforms. For a
particular type of sequence some of the
antries on a row are input (indicated by

inverted fields on the TV screen but here by a

> to the left of the number); the others are
calculated results.
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Fig. 1 GSequence GContrel Page for RF/RAMP
parameters, An example of a 512 CeV rTamp with

S second flat-top.

The columns are: 1
sgquence type,

sequence number, 2
3 time interval of the sequence
in seconds, 4 energy in GeV, S5 time #from
wavefoarm reset, & radial position in mm, 7
bucket area in eV-s, B aynchranous phase angle
in degrees, 9 vf frequency relative te that at
injection in Hi, 10 high voltage in fraction

of the maximum, 11 dE/dt in fraction of the
maximum, The maximum voltage and ramp rate are
entered on the 4th row of the page; thus if a

power supply or Tf cavity fails, only one
number needs to be changed to allow the entire

set of waveforms to be recalculated and
activated,
Sequence insertion or deletion modes are

controlied on row 3. The default mode is to
calculate and plot all sequences down %o the
cursor position if the cursor is in the lefi-



khand coclumn when the interrupt is pushed

Beguence efinitions

The INITIAL sequeance starts all ramp
definitions and is used to set the zero level
of the fumction generstors. The quench
protection tests and the change from the 0
GeVY magnet reset level to the 150 ceV
injection level are inserted into the TECAR
tuble.

The PARABsla sequence has as input the
final energy, dE/dt. radial poesitien and high
voltage. The four boundary conditions {(initial
and +final energy. initial and final dE/dt?
determine the time interval Dt and A, 8B, and
C, where E = At®+2 + Bt + C. The high volitage
#nd radial pasition are varied linearly over
Dt.

The HMatching FARAbola sequence requires
the final energy. dE/dt. and bucket area. It
determines the main bus current in the same
way as the PARAB sequence. However it changes
the high wvoaltage (HV) in such a way as teo vary
the r# bucket area linearly from initial to
final values. This is done using a 7th order
polynomial fit to alpha(sin{phil)) to solve the
two simultaneous equations

dE/dt=cisHV#frev#sin{(phi) and
buckat area=c2ralphal(sin{phi}}=»SART{(EaxHV/eta).
The resulting 14th order polynomial is solwved
iteratively using Mewton’s method,

The CAPture-DEPasit sequence takes place
at constant energy and has the time interval
and final bucket area as inputs. The time

dependence of the area is
At =AL/(1-((t—ti)/{tf~-tid n{ (Af-ALY/Af))
This gives a constant adiabaticity.,

(dA%#Ts) /(dt#A), where Ts is the synchratron
period, Al (Af) is the initial (final) A, and
ti (tf) is the initial {(final) time.

Qther Program Eeatures

The second row of the page shown in fig.t
contains branches to oaother program options.
Ch-c¢alc, ar change caleculation constants, is
whera the oaperator may change the machine
model. Fig. 2 shows the work page for the r#f
and main bus, or ramp., parameters
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Fig. 2 Work page for entering
canstants for RF/RAMP paramaeters.

calculational

Ch-plot. or change plaotting parameters,
controls the graphics screen. Plot variables,
limits: and colors can be chosen for up to 4
ctalculated wvaluves and 4 analog signals. An
example for the sequences above is shown in
#ig. 3. In addition to tha variables shown on

the sequence page and their corresponding

analog signals, other derived curves such as
synchrotren frequency and adiabaticity
coefficient are also available. Fig. 3 shouws

the variables available for RF/RAMP displays.

T49 Chinse=Plot Parameters
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Fig. 3 Plotting control page +for RF/RAMP
sequences. Up to B8 variables and colers are
possible.
Fig. 4 shows the graphics output fer a

sample choice of RF/RAMP wvariables.

RF-RAMFP Plot for file
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Fig. 4 Color graphice display of results of
the sequence calculation defined in fig. f.
Un each of the 19 control pages for
changing sequences, constants or plotting
control there is a help option. Interrupting

with the tursor 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.

Jyng and Extraction Conkrgl

The LINEAR sequence is wused mainly Ffor
control of tune and extraction power supplies
Since the currents in these circuits are
largely proportional to the machine energy.
the +time breakpoints of the curves are
determined by the RF/RAMP saquences. The
values typed in by the operator are linearly

interpolated over the sequence time intervals.



Fig. 5 shows the sequence page for tune
contrel and +fig. & shows the corresponding
work page for entering the machine model
constants.
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Fig. &S Control page for horizontal and
vertical tunes and chromaticities and the skew
quadrupole setting.
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Fig. & Work page for entering constants +to
define the machine model wused in the tune
calculations.
Guntrol System
The new Fermilab accelerator control
system  uses PDP-11/34 computers far console
and #front-end computations. A VAX-11/780
occupies the central node of the netwark. All

of the computations and displays described in
this paper are made in the console PDP-11.
Even thoaugh this implies many program
overlays, the calculations are rtelatively
short and the console response is somewhat
faster for having fewer network transfers.

A standard console is equipped with a
colar TV screen, large color graphics screen;
touch panel, storage scope, keyboard.
trackball and cursor. Pragram caontrol is
mostly by trackball, cursor and intarrupt
button, using the keyhoard to enter data. 7

The graphics displays associated with the
program described here are driven by an
associated secondary application program which
occupimes a separate partition of the console

computer. Plots of desired waveforms and the
corresponding readbacks can be initiated by
the main pragram and then the secondary

program continues independently to gather data
via the netwerk and update the displays. This
separation of the calculation and graphics
drivers allows the operator %o use other
programs while still monitoring the behavior
of some system.

Experience and Conglusions

The system described in this paper to

contrel the ¢time dependent parameters of the
Tevatron has been wused since the initial
commissioning of the machine. It provides a
framework for incorparating improved wunder~

aof the accelerator for more accurate
cantrol of the tunes:; chromaticities and ré
parameters,. It pravides the wsuval save
/restore functions and allows operating modes
or conditions to be changed quickly (the time
needed to calculate and load the 23 ¢functian
generator tables and 32 clock event registers
is less than 20 seconds for the most complex
ramp yet imagined). Since the desirved
canditions can be specified in commen wunits
(e.g.energyi{GeV), bucket areafeV-s), radial
position{mm}. tunes. chromaticityinatural
units), etc.) in & wuniversal format, the
cperation of the machine is quickly learned.

The automatic displays which compare
desired and actual power supply waveforms are
needed. The on—-line documentation has +found
other wuses than basic information for prograam
operation including storage aof numbers and
procedures too often lost in obscure log hooks
and communication between users and
programmars{GROUSE).

standing
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