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Introduction

The ramping time to raise the energy of the SSC from 1 TeV at injection to 20 TeV at storage is
about 1000 seconds. This is an order of magnitude larger than the Tevatron cycle time (120 seconds),
and two orders larger than the typical SPS cycle time of 21.6 seconds. It will be very desirable, if not
absolutely essential, to be able to automatically measure the closed orbits, tunes, chromaticities and the
linear coupling continuously during the ramp. After measuring these quantities as functions of time, and
after sufficient computation, the optics may then be corrected for the next ramp.

It is relatively easy to make many successive beam position measurements, so long as the
associated electronics have enough memory, as demonstrated by every day experience in the Tevatron.
Continuous tune measurement is a less conventional procedure in proton accelerators, first demonstrated
(to my knowledge) in the SPS, during the commissioning of pulsing-coasting operation[1]. Automatic
chromaticity and linear coupling measurements are possible if automatic tune measurement is possible,
since both are based on a few, or several, tune measurements. For example, the minimal chromaticity
measurement consists of three tune measurements, with the RF frequency first set nominally, and then
offset slightly positive and negative.

, This note shows that the techniques described in reference [1] (reprinted here as an appendix)
can be adapted to measure the tunes thousands of times during the ramp of a badly tuned SSC, without
unacceptable beam loss and without severe hardware requirements. It also appears to be possible to
perform continuous tune measurement during luminosity production ramps, in a well tuned SSC,
without a significant loss of luminosity.

Tune Measurement and Beam Growth

The tunes are readily measured by kicking the beam, and collecting turn-by-turn data at a beam
position monitor (BPM) for Fourier analysis. This is destructive for proton beams, in the sense that the



emittance of the beam is irreversibly increased. Fourier analysis of the natural Schottky noise spectrum
is promising because it is non-destructive, but appears to take at least several seconds per measurement,
too slow to be of practical use during the ramp.

Assume that the minimum kick necessary for tune measurement makes the center of charge
oscillate with a peak displacement of & at a focussing quadrupole. (All sizes and displacements in the
SSC refer to a point with 8 = 350 metres.) In the absence of noise it is ideally sufficient that § be only
one bit of resolution in the beam position monitors, although in practice it is probably advantageous for
the beam kick to be, say, twice this size. Noise is unimportant in Tevatron orbit measurements, where
the BPM signal is digitised with a least count size of 0.16 millimetres. In the SPS, with B= 100
metres, the minimum kick required for detection by standard BPMs was 1 microradian, corresponding
to 8 =0.1 millimetres. Both of these numbers are somewhat arbitrary, and do not represent a
fundamental limit — routine BPM resolutions of less than 10 microns are not unthinkable. Specialised
postion detectors can have much greater accuracy. For example, the Schottky noise pickups in the SPS
. have a sensitivity of about 1 micron, sufficient to detect 10 nanoradian (8 = 1 micron) kicks.

If the beam is excited by n kicks of amplitude & at a constant energy, its final mean square
size is given by

O'meal = °2initia1 + N 82 1
This result is independent of the shape of the beam distribution, but assumes that the kicks are
independent of one another - there is enough time between kicks for all phase information to be lost. It
typically takes much more than 100 turns for the beams to decohere completely.

Decoherence

The two most important sources of decoherence are tune variation with betatron amplitude, and
tune variation with energy (chromaticity).

Tune variation with amplitude is strongest in the SSC in the collision lattice, when a particle
with concurrent 1.0 centimetre oscillations in both planes suffers tune shifts of —0.0037 and —0.0034
horizontally and vertically[2]. This means that the signal from a beam with © = 1.0 centimetre in the
collision lattice will decohere in ny = 250 turns, which is nonetheless adequate for tune measurement
with 0.001 resolution (see reference 1). However, if the beam size at storage has its nominal value,

op = (enB/¥)Y2 = 013  millimetres 2



using a normalised emittance of £y = 106 metres, then the tune spread across the beam is negligible
(< 1070), since it is quadratic in amplitude.

At top energy the relative momentum spread in the beam is expected to be about 1074, sothata
net chromaticity of 40 will produce a tune shift of 0.004, and a decoherence time of 250 turns. Such
values of chromaticity (and worse) will probably be commonplace during coarse tuning of the SSC.
However, the final chromaticities in a well tuned SSC will probably be limited by the accuracy of the
tune measurements themselves, and it is reasonable to hope for maximum tune spreads significantly less
than (.002, the synchrotron frequency at storage. When this happens the signal only partially
decoheres, to recohere 'completely’ after each synchrotron period. Such ringing is commonly observed
in the Tevatron.

Results

The beam must not aquire a final size Of,,; comparable to the beam pipe radius, otherwise
most of the beam will be lost. Some beam loss may be possible without quenching the magnets, if low
intensity beams are used for diagnostic purposes. Roughly speaking then (in the spirit of this note)
Ofinal may not exceed 10.0 millimetres, or

25 < 100 millimetres 3

This shows that about 104 tune measurements are possible with & = 0.1 millimetre kicks. Even this is
a conservative estimate, since it is assumed that all kicks occur at storage energy, while really the kicks at
lower energies should be derated by a factor of Ejj/Egtore - If One such tune measurement is made
every 300 turns, and the circulation frequency of the SSC is fi., = 3 kiloHertz, the tunes may be
measured continucusly for 1000 seconds, the time scale of the ramp.

The SPS was coarsely tuned for pulsing-coasting operation using just such a repetitive sequence
of discrete Multi-Q' tune measurements. This was followed by fine tuning using a phase locked loop
system of 'Continuous-Q' tune measurements, in which the beam was continuously driven, allowing
tune measurements to be made every 6 milliseconds. In this case equation 1 may be modified to give

2 2

C“final = 0o + (nlnd)82 4

where it is assumed that there is one independent kick of amplitude & per decoherence time. Taking the



SPS value of & = 1 micron, conservatively estimating the decoherence time to be ngq = 600 turns, and
using n=3 10 turns for the ramping time, the final beam size is estimated to be

02gnal = 0132 + (0072 = (0.15)2 millimetres2 5

This shows that it is possible to continuously measure the tunes during each and every ramp of the SSC,
even during luminosity production ramps.
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SUMMARY

Two complemsntary techniques have been developed which
allow the betatron tunes to be controlled during energy
ramping of the SPS to a oprecision of better than

£0,002. By the use of these technigues the setting-up
of the SPS as a collider and a fixed target machine
is substantially simplified and better physics

understanding has been gained, The first technigue uses
an elesctrostatic besm odeflection every 60 ms. A

Fast-Fourier Transformation of the beam response in a
dedicated computer yields the betatron tunes with 2
precision batter than 0.01. In the secend technigue

the beam i3 continucusly excited. The frequency of
the excitation is measured and fed bDack Lo the beam oy
a Phase-Locked-Loop. This measurement is accurate to
better than 0.001 but requires a reasonadly well tuned
machine. Tune deviations are automatically compsnsated
by acting on the main quadrupeles through a software
lo0p.

1 ) Cared T

Operating as a p-pbar colliger the SPS normally works
at a constant energy of 3135 GeV, As 2 fixed <target
machine the energy is ramped from t4 Gev up to 450 GeV.
To achieve the maximum energy of 450 4&SeV in collider
mode in order to produce p-pbar interactions with 900
Gev¥ in the center of mats, the SPS runs with ¢yclic
snergy variations from 100 GeV tao 450 Gev (fig.t ana
itt.

To obtain an acceptable lifetime <for the particles
{eigger than 1-2 hours) the betatron tunss of the
protons have to be kept away from resocnances up o the
fourth order. The antiprotons suffer from higher oraer

resonances up to at least the tenth order becauss of
the beam-beam effect. The tunes have to bDe carsfully
chosen to avolid crossing these resonances /2/. Fig.2

shows the tune diagram at 100 Gev, Two proton bunches
sach with a bunch intonsit; of 5,‘010 particles and ons
antiproton bunch with 6*10° particles, typical for this
operation, are assumed. The single garticle tuaw is the
tune of 3 particle which 1is not inflyenced by the
alectromagnetic fields of the other particles. This
tune is chosen to be 26.678 (QV]) and 26.588 (QH), The
space charge forces in the dense proton bunch change
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the tune of the individual particles and produces tne
large Dbetatron frequency spread at 100 GeV shown :ip
fig.2. Inversely proportional to the square of tny
snergy the spread becomes negligible at the highest
energy. The tune spresd of the antiprotons comes from
the Dbeam beam effect and is conssquently energy
independent. To avoid crossing third ana tsnth order
resonances the tunes have to be kept constant during
the cycle to an accuracy better than D, D0S.

lune messurswent of 3 groton Deam

Tune measurements in the 5PS are done in different ways
accorging to the different modes of operation. I[f the
tunes are constant, i.e. in the operation at a3 fixeg
energy the tune is messured by observing the natural
Schottky noiss of the bunches without kicking the beam.
If this extremely weak signal is averaged over a long
enough time this non-destructive measurement yields the
tune,

Whan the machine conditions are changing, e.g§. changing
the energy, ths tunes also may change. The maximum r-:=
at which corrections can be applied is once ever. [J
milliseconds, Decause the SPS magnet currents are
changed in a smooth way carresponding ta reference data
svery 30 milliseconds. The measurement of the tune has
t0 be done in this time. This is achieved by exciting
the beam via & kicker and measuring the beam responss.

One prodblem arises from the chosen working point with
horizontal and vertical tunes very closs to each other,
i.0. QH-QV<0.01. Rancom skew Quadrupole components and
non-zero vertical orbit positions in the chromaticity
cOrrecting sextupoles produce a coupling of --e°
horizontal ang vertical betatron oscillations. In H
case the DbDeams oscillate in ona plane witn .«0
frequencies. The coupling can cause :

- a change of the betatron frequencies of the order of
the coupling term [ <0.01),
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Fig.2 Tune diagram at 100 Sev

The diagram shows the single particle tune 38
well 35 the ars: which is occupied by the tunes of
the protons and antiprotons,



- a3 measyrement of the wrong frequency, because a
manitor observing the beam oscillations in ons plane
measures both the horizontal and vertical freguency.

The coupling can be compensated - with the help of
skew-quadrupoles, Far a clesn measurement with the
jesired working point the coupling has to be reduced to
less than G,00%,

To allow tune measursments under all circumstances two
complementary technigues have been developed. The first
technique [MULTI-0)} gives a measurement of the tunes
with an accuracy of about 0.01. As described below this
technique is relatively insensitive to a small residual
coupling. The second technigue [(CONTINUOUS-Q) rasquires
a Teasonably well tuned machine. Here the tunes are
measured with an accuracy better than 0.001.

‘n both mesthods the beam is kicked, Unwanted effects of
:hese kicks are smittance growth, particle losses and
an increasa of the background in the expsriments. Thus
tune measurements may only be done during the

setting-up periods of the machine.
The more sensitive the pick-up, the less kick
strangth is required. Pick-ups with a nhigh sensitivity

were already available, those used for Schottky signal
cbservations /3/. These pick-ups, 2 pairs of 3 metre
long plates, one for the horizental and the other for
the vertical plane are used for both methods.

‘3 c¢orrect the tune the following method is applied.

;ring the satting-up the tune 1s Mmeasursd all along
;e cycle. The required change of the malih quadrupole
currents needed for the correction of the tunes at 130
millisecond intervals is calculated and stored in
digital form. The correction data are then transferred
to the computer which drives the power supplies.

Ihe MULTIQ Sviten

The HULTIQ system measures the tune in one cycle by
xicking tha beam every §0 mssc. The beam rTesponse is
“easured and subsequently the data are Fourisr Anslysed
"5 fing the tune valuse.

The layout of the system is shown in fig.J). The
icquisition of the data is controlled dy a1 migro
processor which performs the following ssquence of
actions :

1) A signal 1is sent to an wlectrostatic deflector
to kick the beam in one turn in each plane with a
deflaction of abaut 0.001 mrac at 115 Gev [&f, The
resulting beam Tasponse i3 meazsured by the
horizontal and the vertical Schotiky plates for
256 turns and digitised on each turn.

2} After this time has elapsed , the beam position
signals recorded in the digitisers are Tesd out
and stored in the memory of the microprocessoar,

3) The microprocessor then waits until it is time to
start the aquisition of the next data peint ., and
repests this sequence.

A mini computer reads out the horizontal and vertical
Jeam position for sach data point, altogether about

some 208 kBytas. Then the following analysis is
S.rformed
t} A Fast Fourier Transform to produce a frequency

power spectruym,

2) The spectrum is searched for main and subsidiary
peaks, and the tune values corresponding to these
pesks are calculated, The caupling bYetween the
herizental and vertical planes can often produce
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sxtra peaks in the power spectrum.

3) If two peaks occur in the spectrum, an attempt is
made to decide which ane corresponds to the true
tune in the measured plane. This is done by
comparing the peaks in each plane and looking for
coincidence of tune wvalues. Ambiguities are
resolved by the use of an assumptian such as QHQV.

4} The ratia of the power in the peasks found in each
plane is wused to find an jindication of the
strength of the coupling.

After the analysis of all the points is finished the
results are displayed as plots of tune versus time in
the cycle., The NULTIQ system is considered to be very
much an operational system, and the anslysis has Dbeen
structured in such 2 way as to give maximum help to the
operator through the use of sophisticated diagrostics
and control.

The system works well in the different cperational
modes of the machine like the p-pbar collider ang the
fixed target machine. It is insensitive against the
hatatron fraquency spread (i.e. due to the space-charge
forces). The system hag also been found to De
extendable so that automatic chromaticity measurements
cayld be made on the machine all through the cycls.
This it done by making tune measurements on 2 cycles
with twg different energies schieved By changing the
freguency of the RF. From the tunes measursd for two
differant snergies the chromaticity is calculated /5/.

Ine CONTINUOUS-G sv3tem

The hardwares for the continyaus tune messursment shown
in fig.% has been described in detail in /§/.In this
system betatron oscillations are continuously excited
by kicking the bunches svery revolution with a kicker
in one plane., The response of the Deam to the kick is
messurad Dby the Schottky pick-up previously described
and the excitatien signal i3 phase-locked onto the
received signal, In this way the excitation freguency
tracks the betatron frequency. To get a measure of the
tune this frequency is converted to a voltage. This
latter voltage is digitized every & milliseconds and
the data are stored in a computar memory.

With the sensitive Schottky pick-ups used kicks smaller

than 10°" rad are sufficient for the measursment. With
this small amplitude of kick the intensity loss durilng

one cycle of 21.8 sec is Lless than 0.3 I and the
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smittance growth less than 2.5 I, After calibration
done with a frequency generator to simulste the beam
signal the measurement precision is bettsr than &3 Hz,
i.e. 0.001.

If tha betatron oscillations are coupled the phase
locked loop can lock on either the horizontal or the
vertical betatron frequency especially if the tunes are
erossing. To allow a clean measursment the coupling has
to be reduced to less than 0.90035. Befors the
optimization of the tunes with this method the tunes
are normally corrected with MULTIQ to an accuracy such
that they are not crossing.

BESULIS

The setting up of the machine for the pulsed collider
iz done with protons only. The machine is set to follow
the supesrcycle of fig.t, an injection cycls followsd by
32 storage cycle. Without any correction the tune in the
storage cycle shows large variations (fig.5). A
significant part of the protons are lost because of
crossing resonances. Thes first optimization is done
with MULTI-Q. After two or thres correction iterations
the tune wvariation is reduced by a factor of =10
(fig.6). The tunes are no longer crossing resonances
and the particle losses ars small.

Further optimization of the tunes is done with
CONTINUOUS-Q in storage (storage cycle onlyl. After twe
steps the tune variation is reduced a further factor
=3. The maximal excursions are about % 0,002,

The correction of the tunes must be done with a low
intensity bunch otherwise the measured tune is shifted
by the coherent tune shift caused by the interacticn of
the beam with its surroundings. This shift is
approximately inversely proportional to the snergy and
can change the measured tune by about 0.004 ang
thersfore spoil the correction.

The optimizatiaon procedure described takes about two to
three hours. The tunes change during storage by lass
than 0.002 caused by magnet-heating.

After correcting the tunes to the values of
26.678/26.688 the lifetime of the bunches is no longer
limited by the small residual tune changes. At the
start of 3 storage period the lifetime is about 2-3
hours for both protons and antiprotons, climbing up to
about 7-8 hours during the first two hours of storage.

The importance of keeping the tunes at the nominal
working point was demonstrated by the following
observation: The tunes were increased by 0.01 placing
the antiprotons an tenth order resonances. This
strongly reduced their lifetime to zbout 20 minutes.
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