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Abstract

laby
BPMs capable of high-resolution turn-by-turn measure- BPM button ﬂl
ments offer the possibility of new techniques for tuning for ] —,ﬁ’M button 4
ultra-low beam emittance. In this paper, we describe how
signals collected from individual buttons during resona \ .
apb x

beam excitation can be used to calibrate BPMs to read the
beam position in a normal mode co-ordinate system. This \\
allows for rapid minimisation of the mode Il emittance,

BPM hull(mT

simply by correcting the mode Il dispersion. Simulations —

indicate that the technique is effective and robust, and has IBPM button 2

the benefit of being insensitive to BPM gain and alignment

errors that can limit the effectiveness of other techniquegigyre 1: Co-ordinate systems in a BPM. Ideally, all the co-

We report the results of some initial experimental tests Qfrginate systems coincide, but alignment, calibration and

the technique. coupling errors lead to differences between the laboratory
BPM, and normal mode co-ordinate systems.

INTRODUCTION

Work to achieve ultralow vertical emittances in electrorihat generate mode Il emittance. Since the BPMs are cali-
(and positron) storage rings is motivated by the need to inkrated directly from the beam motion, the technique is in-
prove the performance of light sources and colliders. Igénsitive to BPM gain and alignment errors. Furthermore,
recent years, vertical emittances of a few picometres ha@@ta collection is fast and (with the appropriate hardware)
been reported at a number of storage rings [1-4]. A varftraightforward, and the technique can be applied as easily
ety of techniques have been used to achieve emittances§n@ large ring as to a small ring.
this regime: one common technique, for example, is to use
analysis of the orbit response matrix (ORM) [5] to identify THEORY
and correct the sources of error leading to generation of
the vertical emittance. ORM analysis includes the possibil Consider a BPM with four button-type electrodes in a
ity to identify diagnostics errors, such as tilts of the bearmracuum chamber (see Fig.1). We can immediately define
position monitors (BPMs) that can limit the correction oftwo distinct co-ordinate systems: first, the laboratory co-
coupling errors in some situations. However, data colle@rdinates, usually specified (in a planar storage ring) so
tion for ORM analysis can be slow, and the numerical prothat the transverse axes are exactly horizontal and verti-
cessing requires the manipulation of extremely large matr¢al; and second, the co-ordinates returned by the BPM as a
ces. For large rings, it may become impractical to perforrbunch passes between the buttons. Ideally, the BPM co-
ORM analysis on a routine basis to achieve and maintaordinates will coincide with the laboratory co-ordinates.
extremely small vertical emittances. However, because of alignment and gain errors, there are

In this paper, we outline a technique for low-emittanc&lways some differences between them. In addition to these
tuning based on excitation of the normal modes of beaiwo co-ordinate systems, we can define a third system, in
oscillation [6]. Collection of turn-by-turn data duringgu  which the axes are given by the planes of oscillation of the
excitation allows for calibration of the BPMs to return di-beam when excited in one or other of the transverse normal
rectly the beam position in a normal mode co-ordinate sysnodes.
tem. This allows in turn direct measurements of the normal While it is, in general, difficult to calibrate a BPM so
mode dispersion: minimisation of the mode Il dispersiothat the BPM co-ordinate axes line up with the labora-
corrects simultaneously the dispersion and coupling &ffectory co-ordinate axes, calibration of a BPM to read the co-
ordinates along the normal mode axes is relatively straight
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and byAwv along the second normal mode axis. Assuming the following two steps: (1) calibrate the BPMs to read the
linear response, appropriate for small position chaniges,tbeam motion along the normal mode axes; (2) tune the ma-
button signals change by: chine (using skew quadrupoles, or other convenient correc-
tors) to minimise the mode Il dispersion. By eliminating
Aby mode Il dispersion, mode Il emittance vanishes, regardless
Aby = BC ( Au ) , (1) of transverse coupling. Hence, following the calibration,
Abs low-emittance tuning is achieved in a single step. Thisis in

Aby contrast to conventional methods, which often involve sep-
where: arate correction of the vertical dispersion and the betatro
1 1 coupling.
() (%)
aby )\ b1 ),
B = (%) (%) ; (2) SIMULATIONS
aby )\ b1 ),
(%) (%) The BPM calibration and low-emittance tuning proce-
bl Oy dure outlined in the previous section is easily investidate
and: by in simulation. We used a model of CesrTA [7], including
— (%)U 0 a model for the nonlinear response of the BPM button sig-
0 (W)u nals to changes in beam position. In the simulation, we

The matrixC essentially sets the scales of the axes, and céifst applied a set of alignment errors to the magnets (in-
be estimated using a model of the BPM button geomet§luding vertical alignment and tilt errors on the dipoles,
and signal processing electronics assuming that the norn§iladrupoles, and sextupoles), and alignment and gain er-
mode axes are not too far different from the Cartesian axe®rs to the BPMs. An orbit correction using the vertical
The matrixB contains the significant information for con- steering magnets was then performed. Then, the BPM cal-
structing the beam motion along each of the normal moderation process was simulated by tracking the beam over
axes, from measured Changes in the signa]s on the four me|t|p|e turns first in one, and then in the other transverse
tons. The components @f can be measured by observingnorma| mode. The calibration matrices found from the
the variation in button signals, while exciting the beam ifracking were applied to determine the mode Il dispersion,
one or other of the normal modes. For example, if the sigvhich was corrected using skew quadrupole magnets, with
nals on buttons and2 are recorded over a number of turnsstrengths determined from the nominal response matrix be-
while exciting the beam in normal mode | (in which the pofween the mode Il dispersion and the skew quadrupoles.
sition along thev axis is fixed), then a correlation plot of The calibration and mode Il dispersion process was iter-
b, versush; will be fitted by a straight line with gradient ated, and the final mode Il emittance calculated. The entire
(8by/Oby),. Once the calibration matrice3 andC have simulation was repeated for 1000 seeds of machine error.
been obtained, then the inverse matrices can be appliedftt§- 2 compares the resulting distribution of the emittance
any set of measured Changes in BPM button Signa|5, to d@r different levels of BPM gain error, in the case that the
termine the corresponding change in beam position alof@rrection is based on either the vertical dispersion @ig.
the normal mode axes. top), or the mode Il dispersion (Fig. 2 bottom). When using

As already mentioned, the matri essentially sets the the vertical dispersion, the distribution peaks at justarnd
scale along each of the normal mode axes. If the goal is & pm vertical emittance with zero BPM gain errors, and
zero the change in beam position along one normal mo@en quite small gain errors can have a strong adverse ef-
axis with respect to some specified change in machine cotgct on the final emittance achieved. However, when using
ditions (as in, for example, a change in energy made durirtf§e normal mode dispersion, the distribution peaks at less
a dispersion measurement), then error€'ishould not be than 10 pm, and is completely insensitive to BPM gain er-
important. Since the calibration (measuremenByfcan rOrS.
be performed quite quickly, it is reasonable to re-calibrat
the BPMs after any significant change in beam position. EXPERIMENTAL RESULTS

Suppose that the storage ring is tuned so that a change
in beam energy (resulting, for example, from a change in Experimental tests of the BPM calibration and low-
RF frequency) results in motion purely along the mode ¢mittance tuning technique were carried out at CesrTA. The
axis at a particular location. In that case, the mode Il digdiagnostics system allows for collection of 1024 turns of
persion is zero at that location. Then, any emission of symlata from each BPM button, while resonantly exciting the
chrotron radiation at that location will result in excitati beam in either of the transverse normal modes (i.e. at either
of mode | motion only. If the mode Il dispersion is zeroof the betatron frequencies).
at all locations where synchrotron radiation is generated, Fig. 3 shows an example of calibration data collected
then the mode Il emittance will damp to the limit given byfrom a single BPM, during resonant excitation of normal
the opening angle of the radiation. Hence, to tune a stomode I. If the amplitude of the beam oscillation is too
age ring for minimum mode Il emittance, one can perfornarge, then nonlinear effects may begin to appear; however,
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Figure 2: Simulations of emittance correction in CesrTA.
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it is possible to achieve amplitudes large compared to tHegure 3: Calibration data from one BPM at CesrTA. Each

BPM resolution (resulting in a very small scatter of the datalot shows the correlation between button signals for 1024

points) without the appearance of any nonlinearities. turns of an electron bunch, during resonant excitation in
The normal mode calibration can be tested in a nunmormal mode I. The blue points show the data; the red lines

ber of ways, including observation of the Fourier spectrashow ellipses fitted to the data. The gradient of the major

and measurement of the response of the mode Il dispersiaxis of the ellipse (given as the valgyeabove each plot)

to changes in disperison and coupling induced by varyingives a component of the calibration matfx

skew quadrupoles. The results of these tests are encour-

aging; for example, using the nominal calibration, peaks _ ) )
corresponding to mode | motion are generally present tlegradation of the emittance. It is hoped to carry out fur-

spectra of the vertical co-ordinate, as well as the horizoA€r Studies to optimize the application of the techniquk an
tal co-ordinate. However, spectra of the normal mode cd@ understand better the practical limits.
ordinates generally contain only single peaks, correspond
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