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Top-up operation allows SPring-8 to provide highly stable X-ray beams with
arbitrary filling patterns. The implementation of top-up operation is described,
with a focus on the simultaneous achievement of stability of stored current,
beam orbit, purity of an isolated single bunch, and beam injection efficiency.
Stored-current fluctuations have been routinely reduced to a level of 107>
Stored-beam oscillation on frequent beam injection, which was originally
regarded as the most serious problem, has been successfully suppressed to a
sufficiently low level that it never perturbs imaging experiments. Current
impurities in nominally empty buckets have been reduced to a level of 10~° over
more than one week of operation, making possible the measurement of time-
resolved spectra using high-current bunches. Finally, excellent injection
efficiency, higher than 80%, is routinely obtained, even for small undulator
gaps, which is critical for preventing radiation damage to insertion-device
magnets and to reduce leakage radiation. The process of achieving highly
stabilized top-up operation at SPring-8 and its utility for user experiments
are described.
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heat load.
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1. Introduction the beam lifetime is about 100 h for a 0.1 mA bunch (Ohkuma

et al., 2003). This long lifetime is attained due to ultra-high-

The ideal synchrotron radiation source provides an intense,
highly brilliant and extremely stable X-ray beam. Beam
stability in turn requires (i) a stable electron beam orbit and
emittance, (ii) stable current and (iii) stable X-ray optics. The
generation of highly brilliant photon beams, however,
demands high-density electron beams, which are difficult to
provide with ideal stability. For example, at SPring-8, in the
3 nm rad emittance configuration with 0.2% coupling (Masaki
& Takano, 2003; Tanaka et al., 2000, 2002; Yabashi et al., 2001),

vacuum conditions and the high energy of the stored electron
beam. However, increasing the bunch current by a factor of 10,
to 1 mA, leads to the rapid degradation of the lifetime down to
10 h, due to increased electron-electron scattering at the
higher electron density (Ohkuma et al., 2003).

Top-up operation allows, in principle, a close approximation
to an ideal synchrotron radiation source, with both high
stability and high brilliance. In this mode, beam losses are
continuously compensated by injections occurring every few

378

doi:10.1107/50909049506022862

J. Synchrotron Rad. (2006). 13, 378-391


http://crossmark.crossref.org/dialog/?doi=10.1107/S0909049506022862&domain=pdf&date_stamp=2006-08-12

research papers

minutes, leading to an almost constant average current, or an
essentially infinite lifetime. This is illustrated in Fig. 1, which
shows the difference in average current in top-up and
conventional operation at SPring-8. The precise level of
current stabilization depends on the technical details of the
injection beam handling, but at low injection currents varia-
tions can be reduced to the level of 10~*. Such operation then
enables (i) normalization-free scattering experiments, (ii)
long-period and freely timed experiments without disturbance
by beam injection and (iii) extreme stability in the photon
beam position and energy in the experimental hutch, without
fluctuations due to the thermal changes of X-ray beam optics.
The beam injections are invisible for nearly all users.

First tests of top-up operation were carried out at the 1 GeV
storage ring of SORTEC (Nakamura et al, 1990) in 1990.
Then, in 1996, Ueng and co-workers at NSRRC reported their
results of a top-up test operation of ~6 h at the Sth European
Particle Accelerator Conference. The stored current was kept
in the range 194-200 mA, corresponding to a 3% deviation of
the stored current. They concluded that realisation of top-up
operation requires considerable reduction in the orbit varia-
tion caused by the beam injection, and in losses of the injected
beam at the narrow-gap chambers of insertion devices (Ueng
et al., 1996). Meanwhile, the Advanced Photon Source (APS)
regarded top-up operation as crucial from the beginning of the
design phase, but a huge additional effort was needed for its
realisation (Emery, 2001) because they, like SPring-8, followed
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Figure 1

Difference in the stored-current stability between two operations over
one week. The current stability of the SPring-8 storage ring (a) at top-up
operation and (b) at conventional operation.

a conventional design. At the APS, top-up operation was
realised in October 2001 (Emery & Borland, 2002) after six
years of effort following the start of APS user operation. On
the other hand, the Swiss Light Source (SLS) is the first
synchrotron radiation source designed from the start for top-
up operation. To reduce the injection beam loss, the SLS uses
a low-emittance booster synchrotron which has the same
circumference as the storage ring. In addition, to suppress the
orbit variation of the stored beam, the beam injection point
was selected in the middle of an 11 m-long magnet-free
straight section. Also, a special injection scheme was designed,
comprised of four identical bump magnets with a mirror-
symmetrical arrangement (Boge, 2002; Liideke & Muiioz,
2002; Rivkin et al., 1998). These design considerations made
smooth beam commissioning with top-up operation possible at
the SLS, with user operation in top-up mode beginning in the
autumn of 2001. The successes at APS and SLS opened the
door to top-up operation and made it an essential standard for
brilliant synchrotron radiation sources, especially low-energy
sources. Inspired by the successes of top-up operation at the
above two facilities, most planned synchrotron radiation
sources [SOLEIL (Level et al., 2002; Loulergue et al., 2002),
SSRF (Liu, 2002), DIAMOND (Scott et al., 2002), the Japa-
nese UV and soft X-ray light source project (Nakamura,
2002)] consider top-up operation as a pre-requisite. Further-
more, many existing synchrotron radiation sources have
started to investigate the introduction of top-up mode for user
operation.

SPring-8 has succeeded in achieving a high-stability top-up
operation by retrofitting. The purpose of this paper is to
illustrate the process of the SPring-8 retrofitting, giving a
better understanding of key technical factors for top-up
operation. The merits of top-up mode are examined using
results from several synchrotron radiation experiments.

2. Improvement of accelerator performance towards
top-up operation with extreme stability

Although top-up operation has no limitations, in principle
there are some notable technical hurdles that must be over-
come:

(a) orbit variation of the stored beam, which can disturb
precise experiments;

(b) de-magnetization of the permanent magnets of insertion
devices (IDs) by bombardment of the injected beam;

(c¢) deterioration of single bunch purity due to frequent
beam injection.

Our target is top-up operation with extreme stability so that
the essential properties of the stored beam (Tanaka, Aoki et
al., 2004) never deteriorate. We address each of these issues
below.

2.1. Realisation of constant stored current

In order to keep the variation of the stored current under
0.1%, and to precisely preserve the beam-filling pattern in the
storage ring, the injection beam current was stabilized by
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improving the long- and short-term stability of both the 1 GeV
linac and 8 GeV booster synchrotron. Also, a system to
precisely measure the individual bunch current was
constructed to supplement the already-installed average-
current monitoring system.

2.1.1. Stabilization of injection beam current. The current
and energy of the beam from the linac were stabilized by
improving the RF power and phase of the acceleration tubes,
and installation of an energy compression system (Asaka et al.,
2002, 2004). Also, precise temperature control of the RF-
cavity cooling water was introduced to stabilize the current of
the ejected beam from the synchrotron. Both contributed to
the long-term stability of the beam current injected into the
storage ring. To suppress the shot-by-shot current variation
caused by the single-bunch purification procedure in the
synchrotron, an innovative timing system was introduced,
which synchronizes the acceleration phases of the linac and
synchrotron with different RF frequencies (Kawashima et al.,
2001).

As shown in Fig. 2, the 8 GeV SPring-8 storage ring and the
1-1.5 GeV NewSUBARU storage ring (Ando et al., 1998) are
both operated on the SPring-8 campus by time-sharing the
1 GeV beam from the linac. Fast switching of the beam routes
between the two storage rings is thus necessary. To do this, the
DC switching magnet was replaced by an AC magnet and the
control system was modified. Consequently, the beam routes
are now changeable within 10 s, including the status confir-
mation of all related equipment (Suzuki et al., 2004). Recently,
a new orbit feedback system (Yanagida et al, 2004) was
introduced to stabilize the beam paths to the two storage rings.
This system is especially useful for long-term stabilization of
the injection efficiency into NewSUBARU, which has a small
acceptance.

1GeV storage
ring
NewSUBARU

Electron gun

N

L

Linac

Switching _/

8 GeV booster
synchrotron

( 8 GeV storage ring
.
Figure 2

Schematic view of the SPring-8 accelerator complex. The complex is
composed of a 1 GeV linac, 8 GeV booster synchrotron, 1-1.5 GeV
NewSUBARU storage ring and 8 GeV SPring-8 storage ring.

2.1.2. Bunch-current monitoring system. SPring-8 operates
in a number of different filling patterns, where only a precisely
chosen subset of the 2436 RF buckets available are filled.
This satisfies the demands of various timing measurements.
However, for efficient use of beam time it is highly desirable
that isolated filled-up buckets should have a higher current
than those in bunch trains. This leads to a large difference in
lifetimes in bunches with different filling due to different
electron—electron scattering rates. Thus, a simple algorithm to
calculate how many electrons should be injected into each
bucket does not work if one wants to precisely preserve the
stored current and filling pattern. To solve this problem a
bunch-current monitoring system was constructed, where
output signals from four button pick-ups of one beam-position
monitor (BPM) are combined by a power combiner with a
frequency range from 10 MHz to 2.5 GHz. The combined
signal is read out by a fast, 20 G-sample s ', oscilloscope
synchronized to the circulating electron bunches (Yoshioka et
al., 2003). This system can measure the bunch-current values
of all of the 2436 RF buckets in about 25 s, with about 1%
accuracy. After each beam injection the current in each bunch
is measured by this system and the amount of beam for
injection is determined accordingly.

2.2. Reduction of stored-beam oscillation caused by beam
injection

Fig. 3 shows the injection bump orbit, injection beam orbit
and injection magnets near the beam injection point. The
electron beam ejected from the synchrotron passes through
the beam transport line and then approaches the injection
point (horizontally) from inside the ring. It is guided by three
DC and one pulse septum magnets. The stored-beam orbit is
bent like a bump to the side of the injection beam to shorten
the distance to the injection beam (JAERI-RIKEN SPring-8
Project Team, 1991). This process reduces the oscillation
amplitude immediately after the injection. The injection bump
orbit is generated by four magnets in a trapezoidal config-
uration, as shown in Fig. 3. If there are no errors and no
sextupole magnets inside of this bump orbit, it closes and
never causes any oscillation of the stored beam due to the
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Figure 3
Schematic view of the beam injection system of the SPring-8 storage ring.
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bump leakage. However, various kinds of errors cause stored-
beam oscillation. Two methods are applied to reduce the
stored-beam oscillation: suppressing the sources of oscillation
and correcting the induced oscillation.

2.2.1. Suppression of sources for stored-beam oscillation.
(a) Leakage field from the DC septum magnets. Three DC
septum magnets initially installed had large field leakage due
to insufficient shielding and asymmetrical magnet-edges. This
leakage generated a strong non-linear field on the central
orbit. In particular, the horizontal field component was large
and the estimated vertical oscillation due to the leakage field
could be a few tens times larger than the vertical beam size.
The three magnets were replaced by new ones with symme-
trically shaped magnet-edges and good shielding performance.
This reduced the field leakage, and the induced oscillation
decreased to a tenth of the vertical beam size (Tsumaki et
al., 2004).

(b) Sextupole magnets in the injection bump orbit. Non-
linearity of the sextupole field means that a sextupole magnet
placed inside the bump orbit prevents the orbit from closing,
for any oscillation amplitude. Since top-up operation was not
considered at the design stage of SPring-8, four sextupole
magnets were installed in the bump orbit to enlarge the
dynamical stability as shown in Fig. 3. These caused oscillation
with an amplitude of 1 mm or more. On careful investigation
we found that the minimum leakage of the bump orbit, in the
lowest order, does not depend on the bump amplitude
(Tanaka et al., 2005). By using this minimum condition, the
amplitude of the induced oscillation can be reduced to a few
tens of micrometres, as shown in Fig. 4, if the waveform of the
bump field is a perfect half-sine. To realise this minimum
condition, and keep a large dynamic aperture for the stable
beam injection, the unit cell of the ring was expanded from
one Chasman-Green cell to two, and the number of sextupole
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Figure 4

Calculated bump leakage variation as a function of the ratio of two
sextupole strengths in the bump orbit. Here the strengths of the bump
magnets are adjusted to close the bump orbit at its peak amplitude in
consideration of sextupole non-linearity. A pulse width of 3 ps was used
in the calculation.

families was increased from four to six by changing the cabling
of the sextupole magnets (Tanaka, Ohshima et al., 2004).

(c) Improvement of waveform uniformity of injection bump
magnets (Ohshima et al., 2004). Four bump magnets, each
having a half-sine waveform, with a time width of about 8 ps,
generate the injection orbit bump, which peaks at about 4 ps.
If the field waveforms of all magnets are not the same shape
(related by a similarity transformation), or not perfectly
synchronized, there will be leakage of the bump orbit which
induces stored-beam oscillation, even without non-linear
magnets in the bump orbit. The impedances of the four bump
magnets were adjusted assuming that the magnetic field
waveform was the same as the current waveform. However,
the four field-waveforms estimated by the real beam response
measured using a single-pass beam position monitor (SPBPM)
were not identical. A large disturbance was noted in the latter
part of the waveform that, on detailed investigation, was found
to be a result of eddy currents in the stainless steel endplates.
The endplates are used to fix the magnet yoke made by piling
thin silicon steel sheets (thickness of 0.1 mm) covered by an
insulator film. Two types of bump magnets of different lengths
were used so the effects of eddy currents on the integrated
fields of the two were not identical, breaking the required
symmetry. To prevent the eddy-current generation, four new
magnets with glass—polyester-mat endplates were manu-
factured. Tuning was carried out by using an integrated field-
waveform measured by a long coil covering the longitudinal
field region. The similarity of the field waveforms was then
much improved, as shown in Fig. 5. In parallel, synchroniza-
tion of the excitation timing of the four magnets was adjusted.
Final tuning was then carried out using the real beam
response.

(d) Bump magnet tilt error (Ohshima et al., 2004). Vertical
oscillation of the stored beam during beam injection was
observed to have a strong correlation with the waveform of
the bump magnet. This suggested that horizontal leakage
directly generates the vertical oscillation through transverse
coupling, with magnet tilt around the longitudinal axis being a
probable source. Using the vertical oscillation data measured
using a SPBPM, the tilt angles of the four bump magnets were
estimated, and then corrected. This reduced the vertical
oscillation by a factor of two, and the clear correlation with the
waveform of the bump magnet disappeared.

2.2.2. Correction of residual beam oscillation. After
completing the corrections discussed above (§2.2.1), it became
reasonable to consider correcting the residual oscillation using
a wide-bandwidth power supply. The horizontal and vertical
oscillations caused by the beam injection were measured using
a SPBPM and investigated in detail to determine the best
places for a single horizontal corrector and a single vertical
corrector. Then, the aluminium vacuum chambers were
replaced by ceramic ones and fast correction magnets were
installed. The current waveforms for the correction magnets
were experimentally obtained by analysis of the beam oscil-
lation data measured using a SPBPM. Feed-forward correc-
tion systems for the horizontal and vertical oscillations were
constructed and each system had an arbitrary waveform
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Figure 5

Similarity improvement of four bump-field waveforms before and after
the improvement. Parts (a) and (b) show the magnified rising parts of the
waveforms before and after the improvement, respectively. Parts (¢) and
(d) show the magnified falling parts of the waveforms before and after the
improvement, respectively.

generator used to generate a low-level signal that was then
amplified and fed to the fast correction magnet (Ohshima et
al., 2004).

2.3. Reduction of injection-beam loss

Injection-beam loss is a complicated non-linear process
involving two coupled modes of a circulating electron, beta-
tron and synchrotron oscillations. This was investigated with
particle tracking simulations using a precise ring model with a
realistic error distribution (Soutome et al., 1999; Tanaka et al.,
2001). The simulations showed that the main causes of injec-
tion-beam loss were the large amplitude of the horizontal
oscillations of the injection beam and the high linear chro-
maticity of the storage ring (Takao et al., 2004).

2.3.1. Reduction of horizontal oscillations of the injected
beam. The horizontal beam size at the beam injection point
was about 1.7 mm (r.m.s.) which is not negligible compared
with the 10 mm coherent oscillation amplitude of the injection
beam. To reduce the horizontal beam size, we installed a

collimator using two beam scrapers (with a 90° phase differ-
ence for the horizontal betatron oscillation) in the beam
transport line from the synchrotron (Fukami et al., 2004). This
system cuts a square shape from the horizontal phase space of
the injected beam: if the tail of the injected beam is cut at
1 standard deviation, the emittance is reduced by a factor of
ten while 47% of the beam is preserved. Furthermore, owing
to the smaller beam size, the injection orbit can be shifted by
about 2 mm to the wall of the pulse septum magnet. The
collimator system works effectively to reduce both the average
and maximum oscillation of the injection beam.

2.3.2. Reduction of operating chromaticity. The various in-
vacuum IDs in the storage ring and their narrow vertical gaps
create a large low-frequency impedance for the circulating
beam. Hence, if the chromaticity is chosen to be small and
positive, as the number of in-vacuum IDs increases, beam
instabilities are excited by the vertical narrow gaps. In 2004,
the chromaticity (&,, &,) in the user operation was set to large
values, (+8, +8) to suppress the instabilities by enhancing
Landau damping. To operate all beam-filling patterns with low
chromaticity, a bunch-by-bunch feedback system (BBF) with a
field programmable gate array was developed (Nakamura et
al., 2004). Using this system the operating chromaticity was
reduced from (+8, +8) to (+2, +2).

The injection-beam loss was reduced markedly by
combining collimator and low chromaticity operation. Fig. 6
shows the dependence of the injection efficiency on the half-
width of two scrapers in the collimator system with low
chromaticity, (+2, +2). When the gaps of all in-vacuum IDs are
closed to the minimum values, an injection efficiency of about
90% can be retained by closing the full-width of the two
scraper gaps to 1 standard deviation of the injection beam.
However, fluctuation of the injection efficiency increases as
the scraper gap is closed. Since the cause of this is presently
unclear, the full width is set to 2 standard deviations of the
injection beam, so about 80% efficiency is assured under
standard operating conditions.
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Figure 6

Dependence of the injection efficiency on half-width of a pair of
horizontal scrapers. The units of the horizontal axis are lo of the
horizontal beam size at the scraper.
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2.4. Generation of high-purity isolated bunches

Isolated single bunches are needed for some classes of
experiments, such as nuclear resonant scattering. Here the
emphasis is on providing a single filled-up RF bucket, with no
‘dust’ electrons in nearby buckets, so that the X-ray pulse,
some 40 ps in FWHM for a 1 mA bunch, is truly isolated. To
quantify this, we define the bunch purity (impurity) as the
number of target single-bunch (dust) electrons normalized to
the nearby (target single) bunch. In top-up operation, where
the stored current is kept constant by frequent beam injec-
tions, the conservation of good purity over long operation
periods is challenging.

2.4.1. Purification of single bunches in booster synchro-
tron. Owing to the high ring energy, 8 GeV, there is no path for
electrons in one RF bucket to diffuse into another once they
are in the storage ring: radiation damping, which is fast
compared with in a low-energy ring, forces circulating elec-
trons with large energy deviation to return to the identical RF
bucket or be lost by colliding with the vacuum chamber wall.
Thus, the purity is kept constant during intervals between
beam injections, and the goal is then not to degrade the purity
by the frequent injections. This requires either cleaning the
beam in the storage ring itself, or cleaning the beam before
injection. As cleaning the beam in the storage ring tends to
interfere with user operation, the beam is cleaned in the
synchrotron. Thus we have been gradually improving the RF
knock-out system (RFKO) that was installed at SPring-8 since
its first operation. This system consists of an arbitrary wave-
form generator, high-power amplifiers and stripline-type
kicker (Suzuki et al., 2000). Optimization and stabilization of
cooling water temperature of the RF cavities, betatron tunes,
chromaticity and acceleration voltage contributed to the
performance improvement. The new timing system described
in §2.1.1, which synchronizes the acceleration phases of the
linac and synchrotron to ~10 ps, also contributed to the
improvement. Thus we realised the stable generation of single
bunches with a purity of 10" in the synchrotron (Aoki et
al., 2003).

2.4.2. Precise measurement of single-bunch purity. A
measurement system with high resolution is necessary for
monitoring the purity during user operation, and for precise
tuning of the RFKO system. Our purity measurement system,
installed at the accelerator beam diagnosis beamline, BL38B2
(Tamura & Aoki, 2004), uses visible-light photon counting.
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Figure 8
The three stages of top-up operation.

We used two pockels cells as a fast photon shutter to attenuate
the signal from the filled-up bunch (see Fig. 7). Using a
microchannel-plate-type photomultiplier tube with careful
suppression of stray light reflections, an attenuation of ~10°
has been achieved. The impurity of the bunches in front of and
behind the filled-up bunch can be measured in 30 min with a
resolution of 10",

3. Performance of SPring-8 top-up operation

Top-up operation was achieved in three stages as shown in
Fig. 8. Phase 0 was a preparation period where the relevant
machine performance was investigated, and R&D of required
systems were carried out off-line. In the latter half of Phase 0,
study and tuning with beam were also performed. After each
improvement of the machine performance, the influence of
beam injection on various types of experiments was investi-
gated. Phase I was a trial period. The beam was injected at the
usual refilling times (either every 12 or every 24 h) but with
beam shutters open, and without opening the ID gaps.
Experimental users were free to continue recording data, or
not, during beam injection. In this phase the stored beam
oscillation caused by the beam injection had to be suppressed
to keep high injection efficiency. This was resolved by
combining low chromaticity operation with BBF and optimi-
zation of the linear and non-linear optics. Finally, after
examination of radiation safety, Phase II (top-up with a
constant beam current) was started on 20 May 2004. Here the
beam is injected at one (five) minute intervals in several
(multi-) bunch operation (Tanaka, Aoki et al., 2004). To realise
the top-up operation of both of the storage rings on the
SPring-8 campus, a fast-switching dipole
magnet was introduced to change the
two beam routes quickly. In the
following we summarize the achieved
beam performance of the SPring-8 top-
up operation.

Cell 1
~
[
|

ND
filter Polarizer 4 (V)

Figure 7
Schematic view of the monitoring system for purity measurements.
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3.1. Radiation leakage in top-up

Mirror 2 operation

The leakage of y-rays and neutrons in
top-up operation was the same as
without top-up. This was demonstrated
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by thorough investigation, especially around optical hutches
of beamlines, with the photon beam shutters opened and the
gap of the in-vacuum undulators fully closed. Also, the
radiation level is routinely measured in many places, e.g. on
the ceiling of a machine tunnel, at the sidewall of a machine
tunnel, around the beam injection section and at various
places in the experimental hall. These measurements
confirmed that the amount of leakage of y-rays and neutrons
during top-up operation is at the same level as for conven-
tional operation.

3.2. Stability of stored-beam current

The stability of the stored-beam current in Phase II is
clearly seen from Fig. 9, where the beam current of the SPring-
8 storage ring is plotted together with that of the New-
SUBARU ring. Fig. 9(a) shows the stability over 5 d for the
SPring-8 storage ring operated in multi-bunch mode with
beam injected every 5 min. The deviation of the stored current
is smaller than 0.1% over long periods, except when there
were problems with the injector. The decays in the current of
NewSUBARU were not due to the injector troubles but to the
operational demands, e.g. operation with a stored energy of
1.5 GeV or machine study. To keep the stored current constant
in NewSUBARU we checked whether the beam injection was
necessary or not every 8s. Fig. 9(b) shows the short-term
stability of the stored current of both rings over 1h on
2 October 2004. Since the SPring-8 storage ring has priority
over NewSUBARU in using the linac, the beam current of
NewSUBARU shows a dip every 5 min. The stability of the
current is nevertheless better than 0.3%. The beam current of
each isolated single bunch (bunch current) is also kept
constant in the SPring-8 storage ring. This is seen from Fig. 9(c)
where the deviation of the bunch currents of 18 isolated
bunches is plotted over one week. The filling pattern was 2/21
bunch-train and 18 isolated bunches’, in which 2/21 of the RF
buckets are occupied by a train of bunches and 18 isolated
single bunches are equally spaced around the ring as shown in
Fig. 10. The deviation of the beam current of isolated bunches
is smaller than 3%.

3.3. Stability of stored beam at beam injection

The oscillation of the stored beam caused by beam injection
was measured using SPBPMs synchronized to the beam
injection (see Fig. 11). Analysis of the data shows that the
rm.s. horizontal and vertical amplitudes of the residual
oscillations are about 100 pm and 6 pm, respectively.
Considering the distribution of betatron functions along the
ring, the horizontal amplitude of the residual beam oscillation
is suppressed to about one-third of the horizontal beam size at
insertion devices, and the vertical amplitude to one-half of the
vertical size (Ohshima et al., 2004; Tanaka, Aoki et al., 2004).

To confirm that the achieved stability of the stored beam is
sufficient for precise experiments, the fluctuations of the X-ray
beam caused by injection were measured at BL39XU
(Hayakawa et al., 1998). The intensity of the X-ray beam
downstream of the monochromator was measured using a
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Figure 9
Stored-current stability of two storage rings on the SPring-8 campus. (a)
Long-term stability over 5 d, (b) short-term stability of 1 h, and (c¢) the
current uniformity of 18 single bunches over one week. The vertical axis
of (c) represents a peak-to-peak variation of 18 single-bunch current data
normalized by the average of the 18 bunch current data.
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Figure 10
Schematic view of the filling pattern “2/21 bunch-train and 18 isolated
bunches’.

384  Hitoshi Tanaka et al. - SPring-8 top-up

J. Synchrotron Rad. (2006). 13, 378-391



research papers

w

2.25

0.75

o

0 1 2 3 4 5 6

RMS amplitude of
horizontal stored beam oscillation {mm)
o
N

0.048

0.04

0.032

0.024

0.016

0.008

RMS amplitude of
vertical stored beam oscillation {mm)

2 -1 0 1 2 3 4 5 6
Revolution (0=beam injection)
(®)

Figure 11

RMS amplitudes of (a) horizontal and (b) vertical stored beam
oscillations caused by beam injection at each improvement step. (a) A:
before the correction; B: by the bump field adjustment; C: by the bump
field adjustment and sextupole field optimization; D: by the bump field
adjustment, sextupole field optimization and feed-forward correction. (b)
A: before the correction; B: by the tilt error correction; C: by the tilt error
correction and feed-forward correction.

silicon PIN photodiode. The output current of the photodiode
was converted into a voltage signal by a fast amplifier with a
2 ps rise/fall time and was then recorded by a digital storage
oscilloscope with a 1 ps time resolution. The time variation of
the X-ray beam position and profile were deduced from a
series of intensity waveforms obtained by varying the XY slit
position at the front-end (29 m from the source). The X-ray
intensity fluctuation due to electron beam injection before and
after the bump leakage suppression is shown in Fig. 12 (see
§2.2). Before suppression, the X-ray intensity dropped by 70%
just after injection. Then, the intensity was recovered in 20 ms
with oscillations at a 4.8 ps period. However, after suppression
of the leakage, intensity loss due to injection was reduced to
15% and the time for recovery was reduced to 10 ms. This
shortening of the recovery time is due to the BBF system.
Fig. 13 shows the variation of the centre of the X-ray beam
position at the front-end XY slit. The X-ray beam position
fluctuated by +170 um in the horizontal and 4200 pm in the
vertical directions before leakage suppression. After leakage
suppression, the amplitude of the X-ray beam fluctuation was
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Figure 12

Drops in X-ray intensity by the beam injection measured at BL39XU
before and after the bump leakage suppression.
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Variation of (a) horizontal and (b) vertical X-ray beam positions at the
BL39XU front-end slit caused by the beam injection. The grey (black)
lines show the beam position before (after) the bump leakage
suppression.

reduced to £100 pm in the horizontal and £50 pm in the
vertical, as seen in Fig. 13. The improvement in the vertical is
particularly noteworthy. The X-ray beam size at the XY slit
position was 1300 um (horizontal) x 500 pm (vertical) in
FWHM so the observed fluctuations of the beam position
were less than one-tenth of the beam size. The beam returned
to the original position within 1.5 ms after the injection. The
duration of the fluctuation in beam position is then less than
0.01% of the total operation for one injection per minute.

The influence of the stored-beam stability on the reliability
of imaging data was investigated at BL47XU with the two set-
ups that are quite sensitive to X-ray source fluctuations. The
X-ray beam position at the end-station was measured with a
high-speed X-ray camera. The camera pixel size was 20 pm,
exposure time 5 ms and frame rate ~200 Hz. Fig. 14 shows the
motion of the horizontal centre of mass before and after
leakage suppression. The shifts of intensity (70%) and posi-
tion (40 pm) before leakage suppression were entirely
removed after the leakage suppression.

J. Synchrotron Rad. (2006). 13, 378-391

Hitoshi Tanaka et al. - SPring-8 top-up 385



research papers

80

3 i
| e
£ | s |
:‘g -80 i i i
§ % i i i ®)
g i i i
B 0 pehremnd A
_30 H H '
475 0875 0 0875 175
Time (sec)

Figure 14

Variation of horizontal X-ray beam position measured at BL47XU (a) in
December 2002 before the improvement and (b) in February 2004 after
the improvement.

We also examined the influence of top-up injection on a
scanning microscope experiment using a Fresnel zone plate
(FZP) with a 0.5 pm beam spot (Suzuki et al., 2001). The
distance between the source and FZP was about 50 m, the
FZP focal length was 200 mm (at 10 keV) and a slit located at
29 m from the source was used as a virtual source. Fig. 15
shows transmitted images of the sample obtained using this
system. The scan pitch was 150 nm, the rate was about 4 Hz
per point and the total time required for one scan was about
45 min. The images are not normalized by the incident X-ray
intensity. The upper image was measured before the leakage
suppression and shows intensity variations of about 5%. The
lower image, measured after the leakage suppression, shows
negligibly small intensity fluctuation. These results show that
the achieved stability of the stored beam is extremely good,
and should not influence any planned imaging experiments.

3.4. Injection-beam loss

The efficiency of beam injection is measured by using a
beam charge monitor installed in the transport line and a DC
current transformer installed in the storage ring. The beam
charge monitor is located at a position close to the injection
point and measures the beam current injected into the storage
ring. The injection efficiency is calculated by comparing the
two after a calibration using several current monitors during
on-axis injection. In an ideal on-axis injection, there is no
oscillation of the injected beam and the amount of beam loss is
negligibly small. Fig. 16(a) shows fluctuations of the injection
efficiency over 6 d of user operation (Tanaka, Aoki et al.,
2004). The full widths of the two scraper gaps in the transport
line were set to 20 of the horizontal beam size. The BBF
system was switched on, the horizontal and vertical chroma-
ticity values of the ring were adjusted to +2, and the ring optics
was of the oscillation-suppressed type so that the oscillation of
the stored beam was suppressed during the injection. An
average efficiency of more than 80% was achieved. Owing to
the high and stable injection efficiency, any degradation of

Figure 15

Transmission images of a test pattern obtained at BL47XU using a
scanning X-ray microscope, measured (a) in October 2002 before the
improvement and (b) in June 2004 after the improvement.
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Variation of injection beam efficiency. (a) Long-term variation over 6 d
and (b) statistical distribution of the injection beam efficiency for 1 d.

ID permanent magnets has not been observed over about
two years of operation. Long-term drift can be seen and is
presently being investigated: it has no correlation with the gap
status of the insertion device but may be due to a slow change
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Variation of the single-bunch impurity over one week. The impurity of
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Measured time spectrum of noise in top-up operation with 203 bunch
mode. The data were measured using an avalanche photodiode at
BL0O9XU on 3 July 2004. The total counts from the 203 bunches in this
measurement period were 8 x 10" and the averaged impurity can be
estimated by normalizing the measured counts by 8 x 10'°. The reference
of the horizontal axis (relative time) is the middle of each single bunch.
The separation of the RF buckets is 2 ns and each dashed vertical line
represents the centre of the corresponding RF bucket in relative time.

of injection beam passage through the transport line. Fig. 16(b)
shows a typical statistical distribution of injection efficiency
over 1 d. Although the efficiency depends on the gap value of
the insertion devices, the averaged efficiency on this day was
about 90%. As seen from Figs. 16(a) and 16(b), the measured
value of injection efficiency shows a deviation of about £5%.
The main source of this deviation is thought to be the noise of
the beam charge monitor induced by exciting pulsed magnets
for beam injection.

3.5. Purity of isolated bunches

Fig. 17 shows the measured impurity (inverse of purity) of
an isolated bunch over one week of user operation. In this
measurement the RF bucket behind the target bunch was
chosen. The filling pattern was /21 bunch-train and 18
isolated bunches’ (see §3.2), and the current of each isolated
bunch was 1.5mA. The total current injected into each
isolated bunch over the period of this measurement was about

15mA or 5 x 10" electrons. As seen from the figure, the
impurity increased from 1 x 107 to 2 x 10~ or the purity
decreased from 1 x 10° to 5 x 10% after one week, so the
number of electrons in the monitoring RF bucket increased by
about 50. From this we estimate that the average purity
(impurity) of an injected beam from the booster synchrotron is
about 1 x 10" (1 x 107'%) (Tanaka, Aoki et al., 2004).

Fig. 18 shows the impurity distribution between the filled-up
bunches over 5 h, as measured at BLO9XU during the top-up
operation in 203 bunch mode. Results from all 203 bunches
were summed. The accumulated total intensity in the filled-up
bunches is 8 x 10'°. Therefore the measured impurity of each
bunch after the second RF bucket or 4 ns from the filled-up
bunch is better than 2 x 10~'°. It should be noted that the data
away from the dotted line are noise arising from cosmic rays
and from the time resolution of 0.3 ns.

4. Impact of the top-up operation to synchrotron
radiation experiments

The merits of the top-up operation for synchrotron radiation
experiments include the following.

(a) Increased time-averaged photon flux: this is due both to
the lack of current decay losses and to no longer losing time
to injections and the attendant optical stabilization. Conse-
quently, for experiments in multi-bunch mode, top-up opera-
tion provides about 1.5 times higher intensity, while, for the
isolated bunches in few-bunch modes where decay times are
faster, the gain is more like a factor of 3.

(b) Current stability better than 0.1%: the constant heat
loads on optics, including the beamline monochromators,
allow monitor-free measurements.

(c) No experimental interruptions from refilling: the
operation without breaks for electron refilling allows planning
of long and stable measurements.

In this chapter we describe some examples of the experi-
mental progress achieved by our top-up operation, which, for
general user operation, began in May 2004. The effects of
intensity fluctuation due to the injection were invisible in all
planned user experiments and tests. Imaging measurements,
high-resolution X-ray computed microtomography, photo-
electron emission microscopy, photoelectron spectroscopy,
and magnetic circular dichroism experiments show that top-up
has no influence on the data reliability. As for ultra-high-
resolution time-resolved experiments in the future, the data
quality might degrade owing to the present intensity fluctua-
tion. For such cases, however, injection trigger signals (hard
wire, TTL level, ON at 1 ms before the moment of injection,
OFF at 11 ms after) and a message system to serve notice of
the next injection (computer command, answer back the
remaining time until next injection) are available.

4.1. Step-scan diffraction experiments

Step-scan measurements (i.e. measuring the scattered X-ray
intensity by, for example, changing the scattering angle of the
detector) are widely used for many experiments. Generally
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they are corrected by monitoring the incident X-ray intensity.
However, top-up operation succeeded in eliminating the need
for a monitor in diffraction experiments on disordered mate-
rials at the high-energy X-ray diffraction beamline BL04B2.
Diffraction data of amorphous silica measured with 61.6 keV
X-rays are shown in Fig. 19. Since the scattered intensity
drastically decreases with an increase in the scattering angle,
as shown in the figure, it is necessary to obtain the correct
intensity profile in the high-angle region to place the observed
data on an absolute scale. In order to obtain the correct
intensity profile of disordered materials up to large values of
scattering vector O, the measurement is performed using 6-20
step scans with an intrinsic Ge detector over a period of 4-
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Figure 19
X-ray diffraction pattern of amorphous silica measured at BL04B2.
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Figure 20

X-ray diffraction patterns of amorphous silica measured at BL04B2 (a)
for conventional operation and () for top-up operation. (c) Differences
in scattering intensity between the first and second scans.

12 h. Therefore the incident flux of photons should have a high
stability for the long time scan over a wide range of Q.

Fig. 20(a) shows high-angle data of amorphous silica
measured under the conventional non-top-up mode. The
differences in scattering intensity between the first and second
scans are due to the fluctuation of the incident beam flux. On
the other hand, the two intensity profiles measured under top-
up mode are almost identical, as shown in Fig. 20(b). Fig. 20(c)
shows the difference in scattering intensity between the first
and second scans. For the top-up mode case, the difference is
almost equal to zero, which demonstrates that the heat load to
the monochromator of BL0O4B2 remains equal to a steady
value owing to the constant stored-beam current of the
storage ring.

In order to investigate the advantage of top-up operation on
the structural analysis of disordered materials, both sets of
diffraction data are normalized to the total structure factors,
S(Q), and Fourier-transformed to the total correlation func-
tions in the real space, 7(r). The structure factor S(Q) of
amorphous silica, obtained in top-up mode, exhibits proper
oscillations at around unity up to 32 A~! as shown in
Fig. 21(a), whereas that obtained in conventional mode exhi-
bits a spurious drift from unity in the high-Q region (Q >
20 A’l), producing significant artificial ripples in the correla-
tion function, 7(r), as shown in Fig. 21(b), at r < 1 A and
r>45A.

The top-up operation of SPring-8 allows us to measure very
precise diffraction data of disordered materials up to high Q.
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Figure 21
(a) Total structure factor S(Q) and (b) total correlation function 7(r) of
amorphous silica measured at BL04B2.
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It is particularly well suited to detecting small differences
in structure between two isotopic substituted amorphous
samples such an isotopic quantum effects in water (Hart et
al., 2005).

4.2. X-ray spectroscopy experiments

The extremely stable stored current in the successful top-up
operation should provide definite benefits for X-ray spectro-
scopy experiments. The quality of spectroscopy data does not
solely depend on the intensity of the light source but also
strongly on the stability of the light source and data-acquiring
system. In this context the important benefits brought from
the top-up operation are improved stabilities in (a) the elec-
tron beam orbit, (b) X-ray optics and (c¢) feedback control of
the beamline monochromator (Nishino et al., 2003).

These benefits improved the accuracy and reliability in
X-ray spectroscopy experiments. For instance, in X-ray
magnetic circular dichroism (XMCD) spectroscopy measure-
ments at BL39XU (Maruyama, 2001), a tiny XMCD signal, a
few parts in 10° of the normal X-ray absorption, is routinely
obtained in top-up mode. An excellent example is the obser-
vation of clear XMCD spectra of the order of 107, measured
at the Cu K-edge for a [Co/Cug¢Nig |50 multilayer (Ishiji ez al.,
2005). These signals originate from a tiny magnetic moment
(~0.02 ug per atom) of the Cu layer. Such a high accuracy will
provide the opportunity to investigate weak magnetization
induced in non-magnetic elements in magnetic/non-magnetic
heterostructures or in organic magnets by X-ray spectroscopy.

4.3. Nuclear resonant scattering experiments using special
bunch modes

Nuclear resonant scattering of synchrotron radiation is
useful for Mossbauer spectroscopy under extreme/diffraction
conditions and for isotopes for which it is difficult to prepare
radioactive sources or samples. Nuclear resonant inelastic
scattering is also an important technique for studying the
element-specific vibrational density of states. Top-up opera-
tion is extremely useful for these experiments for several
reasons. One is that special bunch modes with interval time
between bunches suitable for nuclear lifetimes, which typically
range from ns to ps, are required to measure time spectra.
Another reason is that the counting rates of nuclear resonant
scattering are not generally so high because of the narrow
energy widths which typically range from neV to peV.
Therefore, the increase in the integrated intensity due to top-
up operation opens new possibilities in nuclear resonant
scattering experiments.

One example is the measurement of the site-specific
vibrational density of states developed at SPring-8 (Seto et al.,
2003). This technique gives site-specific information which
cannot be obtained by other general methods. However, it
requires several days to record a data set, even under ambient
conditions. The integrated intensity in each single bunch used
in this bunch mode has increased almost three times by top-up
operation considering the injection time and the adjustment
time after the injection. Therefore advanced measurements of

more dilute samples or under extreme conditions could be
expected in the future. Another example is improved energy
resolution for nuclear inelastic scattering experiments. The
energy resolution should be determined by a trade-off
between the resolution and the intensity, although higher
resolutions are always required in the nuclear inelastic scat-
tering experiments, especially when resolving complicated
vibrational modes in macromolecules such as enzymes and
proteins. A suitable resolution, which depends on the indivi-
dual samples, was improved by more than twice owing to the
top-up operation.

4.4. Inelastic X-ray scattering experiments

Top-up operation was greeted with great enthusiasm by
users and staff of BL35XU, the beamline for high-resolution
inelastic X-ray scattering (Baron et al., 2000). Here, a very
narrow bandwidth beam (AE/E ~ 4 x 107" at 22 keV) is
focused onto the sample, with eight beam-defining apertures
(in angle, energy and spatial extent) over the 100 m path to the
sample position. Typically the final beam size is ~60 pm X
90 pm in FWHM, and the final aperture before the sample is
300 pm x 300 pm or less. Meanwhile, scan times are 2-6 h,
with experiments often requiring accumulation of data for as
much as a day for a single spectrum. Thus stability is very
important.

The main improvement from top-up operation at BL35XU
was the stabilization of the power load on the high-heat-load
Si(111) monochromator. As inelastic X-ray scattering
experiments are flux-limited, this optic is operated at power
loads up to 400 W, which leads to slow thermal drifts (~hours
to days) that depend on the electron beam current. Even with
the very long (150 h) lifetimes available previously in multi-
bunch mode, there were noticeable drifts that had to be
corrected, and more so for the several bunch modes (20-50 h
lifetimes) that account for about half of the user operation.
However, with top-up operation, and good running conditions,
it is no longer necessary to adjust the high-heat-load mono-
chromator, making beamline operation both easier and more
efficient. This is illustrated in Fig. 22, which shows the flux
measured just before the sample (after the final slit) for 7 d of
operation with and without top-up operation. The improve-
ment in stability, and intensity, of flux onto the sample is
very clear.

Another benefit of top-up operation was the stabilization of
the power load onto the high-resolution backscattering
monochromator. The ~100 mW of power in the monochro-
matic beam is enough to locally heat a silicon crystal by a few
tens of mK, creating a thermal gradient between the
temperature sensor and the beam spot. This is power-load
dependent and required correction before top-up operation
began.

5. Conclusion

Top-up operation with good stability has been attained at
SPring-8 by retrofitting of the accelerator complex. We have
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Flux on the sample and electron beam current at BL35XU at (a)
conventional operation and (b) top-up operation. Similar experiments
were in progress in both cases, with experienced users. Note that larger
gaps in the grey trace are generally due to users opening the hutch to
modify the sample set-up, while few-hour period oscillations are due to
scan effects.

achieved a current stability of 107>, beam injection that is
undetectable in any imaging experiment, purity of a level of
10® for isolated single bunches over the full user operation
period, and a beam injection efficiency of 80-90% with the
gaps of in-vacuum IDs fully closed. Experiments highlight the
merits of top-up running for precise synchrotron radiation
experiments. These include (i) 3x (1.5x) higher average
photon flux for experiments using few (multi-) bunch modes,
(ii) monitor-free operation in some cases, (iii) extremely high
stability of the X-ray optics, and (iv) freely scheduled
experiments.

Success of the top-up operation at SPring-8 was possible
due to significant effort from all of the facility staff and visiting
researchers. We would like to thank all the people who
contributed to the realisation of the SPring-8 top-up opera-
tion. We also thank Assistant Professor Makoto Seto of Kyoto
University for providing us with Fig. 18, and Mr Tetsuya
Takagi of JASRI for providing the results of the radiation
leakage measurements.
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