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I. Farago, K.D. Lohmann, M. Placidi, H. Schmickler
CERN, CH-1211 Geneva 23. Switzerland

Abstract
cise observations of transverse tune spectra is a basic demand of
aceelerator operation and machine development. This contribu-
tion describes some experiments performed during the first year
of activity of LEP using the Q-Meter in its 3 operation modes
(PLL = Phase Locked Loop, FFT = Fast Fourier Transform
and SWF = SWept Frequency analysis).

The Measurement of the transverse tunes and pre-

Items like difference between et and e tunes. precise chro-
niaticity measurements for energy calibration, beam-beam stucl-
ies, optimization of beam overlap at the intevaction points using
the beam-beam transfer function and other applications from the
period of machine commisicning to the actual machine status
are presented and discussed. Special emphasis is given to the
obtained measurement accuracies under different machine condi-
tions.

1 Introduction

The LEP Q-Meter measures the fractional part of the betatron
tunes by excitation and ohservation of coherent transverse beam
oscillations. Fast kickers and a gated position monitor allow for
selective bunch excitation and observation. Due to the flexibil-
ity offered by the digital signal processors of the mstrument. one
may excite the beam and analyze the resulting beam motion in
different ways [1] [2]. Three operational modes have heen imple-
wented and can be selected according to the machine status, the
available measurement time and the required accuracy.

The FFT mode includes wide band noise beam exciration and
a Fourier Analysis of the beam coherent motion. The amplitude
spectra for the Lorizontal and vertical planes give the betatron
funes as very distinet peaks. but also provide additional informa-
tion on damping times {(width of peaks), betatron and syuchro-
hetatron coupling, The measurement times in this mocle are of
the order of seconds.

In The SWF niode the beam shakers ave driven with a sinewave
excitation and the amplitude and phase of the beam niotion are
recorded. By proper sweeping the excitation frequency over small
steps the amplitude and phase spectra can be measured with very
high precision. Depending on the frequency span and the step
size the measurement can take from several seconds to minutes
and is therefore devoted to precise machine development studies.

In the PLL mode the beams are again excited with a sinewave
oscillation, but now the shaker excitation frequency is locked by a
feedback system to the resonance of the beam. By detecting the
shaker frequency permanent tune readings down to time intervals
of 30 msec can be recorded. This mode is of particular interest
to continnously monitor the tunes during normal operation or
to detect rapid tune changes during critical machine operations
{acceleration, 3-squeezing etc.).

In the following chapters we have selected different exammples
of tune measurements performed by exploiting the 3 modes of
operation of the instrument under different machine conditions.

2 The Q-meter during operation
Tune and Chromaticity

The requirements during operation are fast and reliable tune mea-
surements. obtained by using the instrument in the FFT maorde.
The desired frequency resolution 8q of the measurement can he
programmed by selecting the number of position measurcments
N, of the inpuf to the Fourier Transform. since 6q = 1/N,. The
statistical measuring ervors can be reduced by taking the aver-
age of successively measured spectra. Fig. 1 shows an amplitude
spectinm of the beam oscillations in the horizont al and vertical
planes based on data from 2048 heaw revolutions and an averag-
g connt of 4.
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The chromaticity of the machine is measured using the Q-Meter
in the same mode. Tune readings are taken for diffevent settings
of the RF frequency and the linear chromaticity Q' is obtained
from

;o AQ Ag s Dy

=t = —q, e = —1.362 10’ . 1
V= Zp/p (a7 Far ahm
where a, = —3.866 - 107" is the momentum compaction of the

machine, Aq the change in the fractional part of the tune and
frr = 352254172.9 Hz is the RF value on the central orbit re-
cently determined with high accuracy [3].
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Continuous tune monitoring and tune regulation

Betatron tunes can be monitored at very short time intervals
during particular phases of the operation.

During the acceleration phase from the injection energy to the
value required by the experiments the nominal machine tune is
perturhed by the tracking ervors of the magnetic elements and
by the effect of induced ewurents in the vacuum chamber. Un-
wanted tune variatious also occur at the flat-top energy during
the transition to the low-:7 values used in collision to provide the
best hnminosity,

In Lot cases the information on the time evolution of the tunes
(tune history) is of great help to detect any misfunctioning in
the two processes and is essential to provide useful diagnostics.
A continvous tune measwrement in PLL or FFT mode may be
used for closed loop tune control by acting on the currents of
rhe main quadrupoles. This so-called Q-loop keeps the tunes
on their reference values during the two operational phases. A
horizoutal tune-lastory display during aceeleration is shown in

Fi

.2 with and withonr Q-loop feedback.
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Figure 20 Tihme evolution of the horizontal betatron tune dur-
ing acceleration. The original behaviour (top) is modified with
software correction in the "ramp editor™ (imiddle) and the final
ruue evolution obtained with the closed loop tune regulation is
shown i the hottow.

3 Applications to accelerator physics

The wide possibilities offered by the (Q-mefer have heen of great
help during the commissioning of the collider as well as in the
successive periods of machine developement and studies. Exam-
ples are given in the following of some interesting applications to
the operation of LEP for accelerator physics.

et e” tunes

Differences in the betatron tunes for electrons and positrons
mainly occur from horizontal separation of et and e~ orbits
in sextupoles, originated by different energy histories around
the ring from unsymmetrical energy gain in the RF cavities.
Quadrupolar fields associated with orbit offsets in the sextupoles
produce additional tune shifts which integrate out differently
around the ring. The observation of ¢*e™ tune differences in
the early phase of LEP commissioning contributed to the final
adjustment of the parameters of the RF stations in TP2 and IP6.

Beam-beam tune shift

The tune shift hetween the o- and the m-modes of oscillation of
“rigid” bunches colliding in storage rings [4] is oue of the most
interesting diagnostic tools to evaluate the performance of a col-
lider. Each mode generates a pair of "visible frequencies™ [3]
often referred to as "fast-wave” and "slow-wave” signals [6]. The
observation of the o — 7 tune shift in LEP makes use of the Q-
meter both in FFT and in SWF modes. The latter one is clearly
more precise and an ulthmate accuracy of better than 1071 can
be attained. An example of measured ¢ — 7 mode tunce shift is
given in Fig.3.
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gure 3: ¢ — 7 tune shift measured with SWT mode.



Beam-beam transfer function

The bean-heam transfer function [7] is the response of one bunch
to deflections induced by variable electromaguetic fields from the
interaction with a counter-rorating hunch subject to small am-
plitude transverse excitation. Its effect is proportional to the
luminosity and this property can be used to optimize the beam
overlap ot the interaction points down to beam separations of
the order of 0.1 7,. By proper selection of the excited and of the
ohserved bunches. the heam-beam transfer function can be mea-
sured witl the Q-meter botlin FFT or in SWF mode. A typical
example is given in Fig.d where the response of the "observed”
hunel is compared to the situation when the interacting one is
exeited or not.
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Figure 4: Beam-beamn transfer function with FFT mode. Re-
sponse of the “observed” bunch when the interacting one 18
shaked in both planes (top) compared to the situation when the
latter is not excited in the vertical plane.
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Dynamic aperture

LEP dynamic aperture can be measured by exciting the beams in
SWE mode and using the amplitude calibration for the measired
spectra, During the measurement the excitation amplitude is in-
creased until weak beam losses are observed. A collimator is then
inserted to slightly increase the losses. Thix position is assumed
to be the aperture taken by the beam for coherent oscillations.

Accuracy estimate

By measuring the beam tunes with very stable machine coudi-
tions the accuracy of the device has been cxperimentally esti-
mated. Successive tune measurenents taken in FFT mode dur-
ing physics runs. when the only varying parameter is the beam
current, have shown that the present accurney of the mstrunicut
can be quoted ro a 2+ 107" level.

4 Conclusions

The use of the LEP Q-meter has proved to he a precious tool both
for the operation of the collider and for precise aceelerator physics
studies. The three modes of opetation of the instrument together
with a large choice of parameters. derived from the fexibility
offerd by the digital signal processing allow the instrunent to
be used in a wide range of applications. The accuracy of the
instrument has been measured to he 2. 1071 and is presently

Lmited by the noise in the heam position measurement.
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