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RECENT DEVELOPMENT OF DIAGNOSTICS ON 3RD GENERATION
LIGHT SOURCES

G. Rehm, Diamond Light Source, Oxfordshire, U.K.

Abstract

A Review of the most performing diagnostics on 3rd
generation light sourceswill be given. Starting with the tar-
get performance specification of recent 3rd generation light
sources, the demands for diagnostics will be highlighted.
Topics include beam position monitors and their integra-
tion, emittance measurement by imaging of the stored
beam or interference methods and diagnostic requirements
for top-up operation. A survey of recent devel opments and
the achieved performance at different accelerators will be
presented.

INTRODUCTION AND SCOPE

Diagnostics have become an integral component of mod-
ern synchrotron light sources. Diagnostic systems have al-
ways been instrumental in monitoring the performance of
any accelerator or storage ring, but with their increasing
integration into feedback loops they are now even more
important as they are often required to achieve the stated
performance goals in the first place. The maor headline
figure which synchrotron light sources strive to improve
continuously is brilliance, which can be increased either
by more advanced insertion devices (creating more pho-
tons per electron), lowering the emittance or increasing the
beam current. Thelatter appearsto have found atechnolog-
ically reasonable maximum in the region of 300-500 mA,
probably set by the amounts of heat |oad and radiation dose
(as higher stored current will cause higher loss rates) that
appear manageable.

As a result, the main parameter which newer light
sources have advanced on is lowering the emittance (see
table 1). Until recently, the typical horizontal emittance
for third generation light sources was about 5+2 nm rad.
Two new projects, PETRA I11[1] and NSLS-11[2] are aim-
ing significantly lower at 1 nm rad, with the help of damp-
ing wigglers[3]. However, more relevant for diagnostics
are the actual beam sizes which these emittances and op-
tics create. After all, it istypically demanded for electron
beam position monitors (EBPMs) to resolveto afraction of
beam size, and for transverse profiling systemsto providea
resolution that allows the measurement of the beam dimen-
sions with marginal error. But if beam size is important,
then vertical beam size will create the tightest requirement,
as this is typically at least one order of magnitude lower
than the horizontal beam size.

Furthermore, while most light sources aim at an emit-
tance coupling value of 1% in their design and for initial
operation, modern linear optics correction routines and the
availability of sufficient numbers of skew quadrupoles al-
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low to reduce the emittance coupling down to 0.1% even
for user operation, as demonstrated by the SL S[4, 5]. This
has created the smallest vertical beam size (about 2 m) at
an ID source point in any light source so far, but this could
be matched or surpassed at other light sources if they de-
cide to operate at lower emittance coupling as well. How-
ever, the diffraction limit for the radiation emitted in an
insertion device defines a minimum beam size that should
reasonably be chosen in alight source, even if optics cor-
rection would allow better.

Thisreview will strictly limit itself to diagnostics on 3rd
generation light sources and focus on those aspects where
major advances have recently been achieved or challenges
have been met. These have been identified as EBPMS,
transverse profiling for emittance measurement, and diag-
nostics specific to top-up operation, which is becoming in-
creasingly more popular.

ELECTRON BEAM POSITION
MONITORS

Definition of Resolution

Asarule of thumb, aiming at a resolution of the EBPMs
of 10% of the beam size at a data rate and bandwidth suit-
ablefor fast orbit feedback is common practice. Typically a
resol ution specification of 200-500 nm within a bandwidth
of 1-2 kHz would thus result from the beam dimensionsin
table 1. This rule is derived from the demands on source
point stability and the reasoning that a feedback can only
correct as well as its monitors can read. However, it has
been shown that the amount of all owable source point mo-
tion strongly depends on the integration time of any de-
tectors in use for beam line experimentg6]. This will de-
cide whether the motionis perceived as smearing out of the
beam (wherethe motionissignificantly faster than the inte-
gration time), or an observabl e random motion of the beam
(whereit is slower than theintegration time) that causes ad-
ditional measurement noise. Low frequency noise and drift
isthus of particular importance.

While measurement noise is typically expected to be
‘white’ so that the measurement error would decrease with
the square root of the bandwidth, it has to be checked how
far this holds for EBPMSs. It follows, that the performance
of an EBPM cannot be fully specified by a single ‘resolu-
tion’ figure, like 1um resolution at 1 kHz bandwidth. Con-
sequently, a terminology has evolved where *resolution’
typically denotes measurement uncertainty for frequencies
integrated from 0.1 Hz or 1 Hz up to a specified bandwidth,
ideally displayed asintegrated spectrogram (see examplein
figure 1). On the other hand, ‘stability’ will denote those
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Table 1: Summary of main parameters for light sources recently completed and in construction. 3, ,, are the smallest in
any |D straight. Beam sizesare calculated aso; = /¢;3;, not taking into account any contribution from dispersion/energy
spread. SLS* denotes the recent operational conditionswith dlightly increased € ,, dueto changed optics, but significantly
reduced e,, dueto better coupling control. ESRF-U indicates the planned ESRF upgradewhich aims at lowering e ,, besides
many other changes.

year E I C € €y K Bz By Oy oy
[Gev] | [mA] | [m] | [nmrad] | [pmrad] | [%] | [m] | [m] | [pm] | [pxm]

SLS 2001 24 400 | 288 5 35 07 | 14 | 09 84 5.6
CLS 2005 29 500 171 20.5 92 045 | 95 | 26 | 441 | 155
ASP 2006 3 200 | 216 6.98 63 0.9 9 245 | 251 | 124
SLS* 2006 24 400 | 288 55 55 01 | 14 | 09 84 2.1
Solell 2007 | 2.75 500 | 354 3.7 37 1 4 1.77 | 122 8.1
Diamond | 2007 3 300 | 562 2.7 27 1 46 | 15 | 111 6.4
SSRF 2008 35 300 | 432 39 39 1 36 | 25 | 118 9.9
PETRA IIl | 2009 6 100 | 2304 1 10 1 20 5 141 7.1
ALBA 2010 3 400 | 269 43 40 0.9 2 13 93 7.2
ESRF-U | 2011 6 300 | 844 4 10 0.25 | 35.2 | 252 | 375 5.0
NSLS-I 2015 3 500 | 792 0.9 8 089 | 15 | 0.8 37 25

very dow fluctuations in readings which span timescales
from seconds to days, and is specified as a peak to peak
band.

Performance Evolution

In the past, many different EBPM processing electron-
ics have been developed. For example Spring-8[8] and
ESRF[9] devel oped anal ogue processing electronics which
provided excellent performance at their time. The multi-
plexed electronics commercially manufactured by Bergoz
[10] have found use in many light sources. And the SLS
designed and built the first digital EBPM, which was sub-
sequently integrated into one of the first truly global FOFB
systems|[7].

= = = Libera Brilliance
Libera Electron

10°}

_____
-——-—

frequency [Hz]

Figure 1. Example of integrated noise spectrum for two
EBPMs, recorded in alab setup. This illustrates that con-
tributions from very low frequencies can be significant.
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It might thus be surprising that more recently Instrumen-
tation Technologies[11] managed to become the commer-
cial supplier of EBPMs to equip 8 full lightsources within
just 5 years. Libera Electron had been developed to meet
the specifications of and in cooperation with Soleil [12] and
Diamond [13]. It has subsequently been chosen to equip
the ASP [14] and SSRF [15]. Elettra has recently upgraded
its entire storage ring with Libera Electron and integrated
them into a global fast orbit feedback[16], soon followed
by similar systems at Diamond [17] and Soleil [12]. In
the meantime, a follow-up product with further improved
performance called Libera Brilliance has been chosen for
ALBA [18], PETRA IlI [1] and an upgrade of NSRRC
[19].

So far, this unusual concentration and reliance on one
supplier hasworked largely to the benefits of al customers,
who have been able to share their experience and develop-
ments of software. However, asaresult general R& D activ-
ity inthe area of EBPM electronics has been scarce at light
sourcesin therecent past. There have been some encourag-
ing first resultsfrom new devel opmentsat the APS [20] and
SLS[21], both aiming at akind of ‘universal’ FPGA based

£

g ” ADC equipped system. The future might also show some
] ‘ interesting results from an R&D program recently started
3 N / for the NSLS-I1 project [22].

% 1onmH?+° An attempt to illustrate the evolution of EBPM perfor-
= _o 1nmiHZ mance in terms of the achieved resolution is made in fig-

ure 2. It shows that within a few years, the resolution
has improved by nearly one order of magnitude. It also
shows that the range of data rates at which position mea-
surements are produced has broadened, and now regularly
covers nearly 5 decades: from ‘slow updates’ at afew Hz,
used for display and precision measurements, through ‘fast
data’ for FOFB at some kHz to ‘turn-by-turn’ data at near
MHz rate. The availability of the latter on all EBPMsin a
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storage ring has opened entirely new possibilities for stud-
ies of nonlinear beam dynamics[23].

In terms of longer term stability, available datain the lit-
erature is scarce. The SLS digital BPMs are reported to be
stable to within =1 yum within a24h period. M easurements
at Diamond have shown +300 nm for Libera Electron and
+100 nm for Libera Brilliance over a 24h period.
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Figure 2: Comparison of resolution reported for EBPMs at
various data rates. Data is a collection from publications
and measurements at Diamond, all referring to lab mea-
surements.

EMITTANCE MEASUREMENT

Measurement of emittance in a storage ring typically re-
quires some kind of transverse profiling and subsequent
calculation of the emittance from the measured beam di-
mensions and Twiss parameters assumed to be known. Ina
light source, synchrotron radiation lends itself as a method
for transverse imaging as it facilitates a non destructive
and quick measurement of the beam profile. An excel-
lent overview of the various techniques has recently been
produced [24], so that here only most recent results using
these techniques and a survey of their popularity shall be
presented.

Asdiscussed before, thevery small vertical emittancesin
the order of afew pm rad which can be achieved with good
coupling correction will lead to very small beam sizes.
These are clearly the challenge to measure, even if they are
typically about a factor of 3 larger than the vertical beam
sizes displayed in table 1, as most light sources choose
to measure the beam profile at a bending magnet source
point where 3, is often about 10 times larger than at the ID
source point. Even so, beam sizes below 10 m need to be
resolved. Direct imaging withvisible or UV lightisclearly
no longer possible as the required resolution is far below
the self diffraction limit at these wavelengths.

Consequently, imaging the beam using the X-ray part
of the bending magnet spectrum is a natural alternative.
The most popular method is a pinhole camera, which has
recently been implemented at Soleil[25], Diamond[26],
ASP[27] and SLS[28]. Pinhole systems using hard X-rays
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can be set up in air and entirely inside the machine tun-
nel, which makesthem avery reliable and compact system.
Recent calculations taking into account the spectral distri-
bution of the source (bending magnet radiation with some
filtering through metal sheets applied) and applying nu-
merical methods to precisely evaluate the diffraction, have
shown that with the correct choice of pinhole size and mag-
nification (i.e. distances source to pinhole and pinhole to
screen) a resolution of better than 5um can be achieved
[25, 26, 29].

This compares very favourably to other imaging tech-
niques that use focussing elements. Diffractive optics
like Fresnel Zone Plates (FZP) have been demonstrated at
Spring-8[30] and SLS[31]. Compared to the pinhole cam-
era, these setups are more akin to ‘real’ beamlines, requir-
ing a beam transport al in vacuum (as FZP are currently
only available for soft X-rays) as well as a front end and
shielded hutch. Despite the much larger experimental ef-
fort, FZP on light sources have so far only produced per-
formance comparable to other methods. However, a setup
with two FZP has demonstrated below 1u resolution on
the KEK-ATF [32]. Compound refractive lenses [33] have
been tested in an imaging application at the ESRF34], but
are not in regular use. PETRA 111[1] is planning a setup
where a pinhole can be exchanged with a compound re-
fractive lens.

There are aso some highly performing aternatives to
imaging the beam: At the SLS[28] a method first applied
at MAX-I1[35] isin use, where analysing the profile of the
vertically polarised radiation in the visible has produced
better resolution than the pinhole in use there. Another
recent development has been a direct projection method
which is at widespread use at the ESRF[36]. It uses acom-
pact system to image the vertical fan of extremely hard X-
rays (>150keV) directly behind the dipol e crotch absorber.
However, for this system to perform, it needs to be placed
as closely as possible to the source point and needs suf-
ficiently hard radiation, as otherwise the measured profile

Table 2: Comparison of vertical beam sizes o, and emit-
tances e, measured using various systems. >, denotes the
ultimateresolutionand o}, = /02 — X33 the de-convol uted

beam size, which was subsequently used in the emittance
calculation

type | ¥o | oy | oy €y
[pm] | [pm] | [pm] | [pm rad]

Spring-8 FzP 41 | 146 | 14 7
Diamond | Pinh.1 | 39 | 78 | 6.8 2.2
Diamond | Pinh.2 | 35 | 7.7 | 6.9 2.1
Solell Pinhole | 5 198 | 19 47
ESRF | Project. | 34 | 385 | 18 10
SLS |V.polar.| - 75 | 75 3.9
SLS Pinhole | 9 135 | 10 -
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will be dominated by the vertical opening angle of the ra-
diation and not the beam size. If these conditions are met,
the vertical beam profile can easily be monitored in amul-
titude of locations around the ring due to the compactness
and low cost of thissystem. Thisisauniquefeaturethat en-
ables verification of the coupling correctionin many places
simultaneously.

Finally, PETRA 111 also proposes to test vertical profile
measurement using a laser wire [1] system, employing a
system resembling the one tested at KEK-ATF[37].

A comparison of the best performing transverse pro-
file/lemittance measurement systems currently in use at syn-
chrotron light sourcesis given in table 2. 1t should be kept
in mind, that de-convolution always introduces an element
of uncertainty, so alarge ultimateresolution X o should only
be used whereit is precisely known (like in the case of pro-
jection). Both measurements at SL S were conducted under
the same conditions, but the measurement of vertically po-
larised light is trusted more [28].

DIAGNOSTICSFOR TOP-UP

Top-up operation facilitates frequent injections with
beamline shutters open to keep the stored beam current
within a small range (typically less than 1%). To achieve
just that, it will require no specia diagnostics other than a
PCT with its readout synchronised to the injection, so that
the beam current can be read after every shot. Further re-
quirements may arise from safety considerations, such as
transfer efficiency measurements. These will require syn-
chronous readings of charge at various locations in the in-
jector, that need to be precise enough to producereliable ef-
ficiency measurementseven at low charge (individual shots
might be <100 pC). In this case, standard ICTs are pushed
to their resolution limits and systems based on resonant
pickups are favourable [38].

Furthermore, while not strictly necessary, it makes sense
to combine top-up with a fill pattern feedback, which is
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Figure 3: Beam blowup as a result of mismatched injec-
tion kickers. Top graph shows calculated temporal inten-
sity evolution as it might be perceived by a beamline.
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able to create and maintain arbitrary fill patterns. Thisre-
quiresnot only to keep thetotal current within atight range,
but to keep individual bunches at their desired charge, thus
compensating e.g. for the shorter lifetime of bunches with
high charge. A typical application of this is ‘hybrid’ or
‘camshaft’ mode, where one strong single bunch is put
into the gap of a 2/3 fill. Besides a flexible timing sys-
tem to facilitate the programmed injection of bunchesinto
the desired positions, a diagnostics system to measure the
fill pattern is required[39]. The temporal information can
be either retrieved from afast electrical pickup like abutton
pickup, ring electrode or FCT or from the synchrotron light
using an avalanche photo diode or fast PMT. Those systems
based on measurement of the arrival time of photons have
traditionally been used for bunch purity measurements, but
they also provide a good tool for fill pattern measurement
if the count rates are high enough to collect statistics within
the required time (typically minutes between top-up injec-
tions). This can be achieved with modern time to digital
converters as demonstrated at Diamond[40] and APS[41].

Finally, as beam lines are also potentialy taking data
during top-up injections (not all detectors can be gated),
any disturbances to the beam from a non closure of the in-
jection kick have to be minimised. In the first place, this
is done by pulse current measurements of the kicker mag-
nets, but ultimately the oscillations induced on the beam
need to be quantified. Turn-by-turn datafrom EBPMs offer
good information, but may underestimate the size of oscil-
lations as individual bunches within the fill pattern can be
displaced in opposite directions by the residua kick, thus
leading to a cancellation in the calculation of the position
over one turn. As an alternative, assessing the blow up of
the beam using a fast pinhole camera [42] resembles the
perspective of a beam line. Figure 3 illustrates how the
size of the beam increases (the camera integrates for about
1 ms) while the intensity integrated over the area depicted
by the rectangle drops.

CONCLUSIONS

Diagnostics for 3rd generation light sources have
evolved continuously over the recent years. While no revo-
[utionary new techniques can be noted, arather unique shift
towardsthe use of the sametype of commercially produced
EBPM has been observed. This move can be justified by
the delivered performance and the benefits from ‘ commu-
nity support’ for the integration into the control and fast
orbit feedback systems.

For emittance measurement optimised pinhole cameras
have proven to be the most reliable and popular systems
with adeguate resolution for current light sources, while
some alternative approaches offer potentially higher reso-
[ution required for new projects.

Top-up operationinitself does not demand specific diag-
nostics, but for its optimisation afast and precisefill pattern
measurement as well as a method of accessing the distur-
bance from non-closure of the injection kick is helpful.
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