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Abstract

The precise measurement of the betatron tune as afunction
of the oscillationamplitudeprovidesauseful informationon
non-linear beam dynamics. Inlepton accelerators, thismea-
surement is made difficult due to various damping mecha
nism. To counteract this, we proposeto use algorithmsthat
provide a precise measurement of the tunein asmall num-
ber of turns. We apply these procedures in LEP at injec-
tion and collision energy, as well asin SPEAR at injection
energy. Collections of experimental data, and afirst com-
parison with the results of model-based simulationsare dis-
cussed.

1 INTRODUCTION

Precise algorithmsfor the tune measurement were recently
investigated [1, 2, 3] and applied both to tracking simula-
tions and to experimental data[4, 5]. The possibility of a
precise determination of the tune with a small number of
turns opens the perspective of measuring the instantaneous
tunein presence of ripplesor detuningwith amplitudein|ep-
tonmachines, at least in conditionswhere the damping time
isnot too fast (i.e. > 100 turns). Several setsof datawere
collected from the LEP and SPEAR storage ringsin operat-
ing conditionsuseful for themeasure of thebetatrontune. In
the LEP case the data were collected during a machine ex-
periment performed in 1993, devoted to the measurement
of the dynamic aperture, both at injection and collision en-
ergies. Thegoal of that experiment wasto observethebeam
stability at large values of the vertical action. Therefore, a
vertical deflection of several millimeterswas applied to the
beam, and the subsequent horizontal and vertical beam posi-
tionswere collected and stored for 1024 consecutiveturn. In
the SPEAR case the data were collected during the study of
theeffect of afamily of four octupolesfor the Landau damp-
ing of coupled bunch motion at high current [5] and their ef-
fectiveness in the new lattice NOQ3 [6] which is currently
inoperation. Both setsof dataallow to measure thebetatron
tunes as afunction of the vertical action. Thiswill provide
informations on the non-linear spuriousfields present along
the circumference of the machine. In the available datathe
oscillations are damped by various damping mechanisms,
likeradiation and head-tail effect. This providesamean to
explore various regions of the phase-space and therefore to
mesasure the tunefor different values of the actions. On the
other hand, thisfact reduces the number of oscillations cor-
responding to a constant val ue of the action and thus affect-

ing the precision of the tune measurement. The agorithms
of Ref.[2, 3] provideprecisevaluesof thetunesalready with
a small number of turns. Using them, we could find a pro-
cedure to deduce the detuning with the amplitude with suf-
ficient precision.

2 MACHINE CONDITIONS

LEP During the data collection, LEP was set under
the conditions described in [7], with the GO5P46hv2 lattice
(90/60 arc cells). The pretzel was turned off. ALEPH was
not running. Its coupling correction had been subtracted.
The rm.s. closed orbit distortions were about 0.6 mm in
vertical and 0.7 mm in horizontal. Four electron bunches
of 92p A were circulating in the machine. Qs was 0.065.
The fractional tuneswere @), = 0.2021 and @), = 0.2885.
The emittance and damping wigglerswere on. Under these
conditionsther.m.s. energy spread is 1.50 x 10~2 and the
horizontal emittance is 35 nm (MAD caculations). The
beam was kicked in thevertical plane by means of thedump
kicker. Thelatter was cdibrated fromtheanaysisof theam-
plitude of the kicked beam, since there was a discrepancy
between this caibration and the kick angle computed from
the voltage.

SPEAR Inthe SPEAR operating conditionreferring to
the collected data, the energy was 2.3 GeV in the injection
configuration of the NOQ3 lattice. The residual coupling
was less than 1% and the chromaticity was adjusted to be
slightly positive(.05 vertical and 0.02 horizonta in normal -
ized units. The current was4.3 mA, inasingle bunch. The
tuneswere (0, = 5.302 and @), = 7.156.

3 ANALYSISOF DATA

Theanalysis of the dataisbased on the high precision algo-
rithms for the tune measurement [2, 3]. Due to linear and
non-linear coupling, the vertical motion induces small but
observableoscillationsin thehorizonta plane. Thehorizon-
tal and the vertical tunes are computed using setsof N con-
secutive values of the beam position and applying to them
theinterpolated FFT algorithm. Thevalueof N resultsfrom
acompromise between the precision required and the damp-
ing time of the signal. In our case we choose N = 32 for
LEPdataand N = 128 for SPEAR data. The calculation of
the tunes and of the action isiterated over successive win-
dowsof N turns. In each iteration the time window moves
by one or more turns until the whole set of useful datais



scanned. In order to obtainthebetatron frequency, theavail -
able set of NV datais filtered by a Hanning window. Af-
ter thisfiltering, the frequency spectrum is evaluated with
a FFT agorithm, and the leading frequency is identified.
The tuneisfinally computed with the following interpol at-
ing formula:
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We assume that vy, istheleading frequency inthe FFT spec-
trum ¢ (v;) and that the spectral amplitude¢(v4;41) islarger
that ¢(v;—1). If the last hypothesisis not true, one has to
use ¢(vi—1) instead of ¢ (v 41) in Eg. (1). In absence of
noisethe frequency error scal es with the number of turns N
as:
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where Cray iSascaling constant smaller than 1.
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LEP data We anadysed in details the data of the runs
1940 and 1941. In the run 1940 the energy was 20 GeV
and the voltage of the vertical kicker was 1.0 kV. In the
run 1941 the energy was 46 GeV and the voltage of the
vertical kicker of 1.8 kV. The amplitude was measured at
two places : PU.QL4B.L1 where 5, is11.6 m and 3, is
142.6 m, and PU.QL17.L7 where 5, is112.6 mand 3, is
20.16 m (theoretical valuescomputed withMAD). At injec-
tion energy (20 Gev) the persistence of the oscillationswas
~ 200 turnsas shown in Fig (1), whilst at collision energy
(46 GeV) itwasonly =~ 60 turns. A great care isnecessary
to identify the frequency of the horizontal mode of oscilla-
tion in the induced horizontal signal shown in Fig. 2. The
vertical actionisevaluated by averaging the peak oscillation
over the same set of 32 turns, using the previously estab-
lished calibration factor and the theoretical values of the
functions. The analysisis stopped when the oscill ation am-
plitudeisof theorder of 0.1 mm (digital resolution of the 8-
bit ADC used in the position monitorsas mentioned above).
Duetothedigital noiseof about 0.1 mm amplitude, the scal-
ing law of the frequency error isin fact approximately pro-
portional to 1/N 2, see Ref. [2]. Therefore the tuneerror in
a 32 turns measurement will be of the order of 10-3. The
tunes estimated from thisanalysisand applied to the data of
the run No. 1940 are shown in Fig (3). The interpolating
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Figure 1: Vertica amplitude as from measurement in run
1940 of LEP at 20 GeV.
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Figure2: Horizontal amplitudeasfrom measurement inrun
1940 of LEP at 20 GeV.

curves used there assume a linear dependence of the tunes
on the action. The extrapolated values of the tunes at zero
amplitude, are not in a good agreement with the measured
values. This could be due to a badly estimated coupling in
the machine. The dope of the interpolating lines is com-
pared with the theoretical expectationsin the next section.

SPEAR data We analysed the data of the run caled
27. They were collected after a vertical kick of 12 kV,
from two PU's. BPM1S2 where 3, is20.6 m and 3, is
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Figure 3: Detuning curve for the LEP machine at 20 GeV
obtained using data measured at PU.QL4B.L1



11.8 mand BPMWIS1 where 3, is4.9 mand 3, is48.9 m.
This allowed to reconstruct the evolution of the Courant-
Snyder coordinate. An analogous anaysis was performed
using windows of 128 data as the damping timeis approxi-
mately 700 turns. The results of these analysisare reported
inFigs. (4) and ( 5).
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Figure 4: Vertica detuning curve for the SPEAR machine
a 2.3 GeV
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Figure 5: Horizonta detuning curve for the SPEAR ma-
chineat 2.3 GeV

4 COMPARISONWITH THE MODELS

The detuning with amplitude has been obtained from the es-
timation of the sextupole and octupole componentsin the
LEP dipoles at 46 GeV [8] and 20 GeV [9]. The anhar-
monicities have been computed with MAD (normal form
analysisin 4D or 6D). At 46 Gev they are:

Qs 00y 10Qq
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The tune-shifts associated with the emittance estimated
aboveis:

=7.9%103, = —4.4x10*

AQ, = —0.1140.03, AQ, = +0.07 £ 0.02

At 20 Gev, with both sextupolar and octupolar field errors
in the dipoles, we have:
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The tune-shifts associated with the emittance estimated
aboveisthen:

AQ, = —0.1140.016, AQ, = +0.034 = 0.02

Only with sextupolar field errorsin the dipoles, we have:
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Finally, without any field error, i.e. only the chromaticity
sextupoles are in the machine, we have:
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Let’s now compare these theoretical values with the exper-
imental data. Asthe measurements were done with vertical
kicks, we have only measurements for the quantities

0Q. 9,
0B, 0L,

The comparison gives quite contradictory answers. At
20 GeV there is an excellent agreement of the measure-
ments with the computation from the LEP mode that
contains parasitic sextupoles and octupoles in the dipoles.
In fact the measurements of the errors[9] were donein the
dipoles of thefirst octant and in the simulations these mea-
sured errors were put in al LEP dipoles. The agreement
of the measured and computed detuning with amplitude
confirm the hypothesis that the field errors are the same
in al LEP dipoles. On the other hand it aso suggests that
the octupol e components in the quadrupol es of the straight
sections are negligible compared with those of the dipoles.
At 46 GeV the agreement is lacking. In our opinion the
discrepancy at high energy depends on the poor quality of
the data available. We tried to deduce informations on the
detuning by extracting 32 values of the positionsfrom a set
of about 60 significant values. Obvioudy the damping time
was too small for our study.

For the SPEAR machine, we found a qualitative agree-
ment with previous comparison of the total vertical detun-
ing. A more refined analysisisin progress.
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