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Abstract 
The top-up operation for user experiments has been 

performed at several light sources, and at most of the new 

light sources the top-up operation is considered in their 
design phase. In this paper, an overview of the top-up 

status in light sources is presented, including the 

performance of injectors for top-up in light sources, 

technological aspects, examples and operational data from 

existing machines and proposed upgrades, etc. 

INTRODUCTION 
First demonstration of top-up operation was performed 

at the 1 GeV storage ring of SORTEC in 1990[1]. Then 

NSRRC reported the results of a top-up experiments at 

1.3GeV storage ring of TLS in 1996. The stored current 

was kept in the range 194–200 mA [2]. APS had started 

to study a realization of a top-up operation in 1999[3] and 

realized the top-up operation in user experment in 

November 2001[4,5]. SLS is the first light source 

designed from the start for top-up operation [6]. To 

reduce the injection beam loss, a low-emittance booster, 

which has the same circumference as the storage ring, is 

constructed [7]. 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. These design considerations made smooth 

commissioning with top-up operation possible, with user 

operation in top-up mode beginning in 2001 [8-10]. 

By successes at APS and SLS, top-up operation mode is 
becoming the standard mode of operation in most of the 

third and upgraded second generation light sources. Most 

of the planned light sources consider top-up operation as a 

pre-requisite. Furthermore, many existing light sources 

have started to investigate the introduction of top-up 

mode for user operation. 
The basic aim of a top-up operation is to provide 

practically constant beam current in the storage ring to 
overcome lifetime limitations and to keep a constant 
photon flux for a thermal equilibrium at the beamline. In 
top-up operation the beam losses are compensated by 
frequent injections into the storage ring. The beam current 
is thereby kept constant to 10-4 of the target value. 

TOP-UP STATUS IN LIGHT SOURCES 
Table 1 lists the third and upgraded second generation 

light sources in operation, under construction and being 
planned. In most of these light sources, top-up operation 
was introduced, tested, or planned. 

Advanced Photon Source (APS)[3-5, 11] 
APS is pioneer of the top-up operation and realized the 

top-up operation for user experiment in November 

2001[4]. In multi-bunch operation mode, 324 bunches 

(lifetime: 70 hours), top-up operation mode is not used. 

The top-up operation has been done in two filling mode, 

24 bunches (lifetime: 8 hours) and hybrid filling (8 trains 

of 7 smaller bunches with one 16mA-isolated bunch), 

(lifetime: 5.5 hours). Injection current is typically 2 

nC/bunch and the time interval between injections are 2 

minutes for 24 bunches filling and 1 minute for hybrid 

filling because of lower lifetime. Stored current stability 

during the top-up operation is ± 0.4 mA. Injection 

efficiency is about 100 % for 24 bunches filling and 80 % 

for the hybrid filling because the storage ring was 

operated with high chromaticity in latter case. 

There are sextupole magnets in injection bump orbit. 

Sextupoles contribute to the betatron amplitude of 

bunches of non-targeted bunch. The betatron amplitude 

takes maximum value of 1-2 mm at x = 20 m. In addition 

the non-matching kicker waveforms contribute to about 

the same of maximum value of 2 mm. Also the kicker 

amplitudes are not matched for the target bunch in the 

first place because it is desired to decrease the injection 

betatron amplitude for improving an injection efficiency. 

The amplitude of this contribution is about 3 mm. In all 

there is a range of amplitudes from 0 to 3 mm. 

Injection-timing signal for data masking is available but 

not used widely. Timing signal is set to start 5 ms before 

the discharge of the septum magnet, a total of 10 ms 

before injection. For radiation safety issues, tracking 

simulations of accident scenarios were done [11]. 

Interlocks are used to prevent injection with zero current 

stored in the ring and to prevent energy mismatch 

between injector and storage ring. 

Swiss Light Source (SLS)[6-10, 12] 
SLS introduced top-up operation mode during the 

commissioning of their first beamlines in 2001 [8]. At 

SLS all the user time operation has been done in top-up 

mode. Operation has been done in two filling modes, 80% 

filling and hybrid filling e. g. 80% filling with an isolated 

single bunch in beam gap. In the hybrid filling, the bunch 

current of an isolated single bunch is four times higher 

than that of the other bunch. SLS booster is in the same 

tunnel as the storage ring and has 270 m circumference 

compared to 288m of the storage ring. The natural 

horizontal emittance of the booster is 9 nm.rad. The 

booster runs in a 320 ms cycle and ramps up 0.5 nC 

charge per cycle in single bunch operation. At the top-up 

operation the accumulation rate of about 30 to 40 mA per  
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Table 1: Top-up status in light sources

Facilty 
Energy 

[GeV] 

Stored 

Current 

[mA] 

Emittance 

[nm.mrad] 
Injector 

Injection 

Efficiency 

Current 

Stability 

Operatinal 

Status 
Top-up Status 

APS 7 102 3 7GeV Boost. 80 - 100% ±0.4mA Oper. (1996) Oper. (2001) 

SLS 2.4 (2.7) 400 5 2.7GeV Boost. 90 -100% 0.3% Oper. (2001) Oper. (2001) 

NewSUBARU 1(1.5) 220 (350) 67 1GeV Li. ~80% 1.2mA Oper. (2000) Oper. (2003) 

SPring-8 8 99.8 3.2 8GeV Boost. >80% 0.03% Oper. (1997) Oper. (2004) 

TLS 1.5 300 (360) 25 1.5GeV Boost. >70% ±0.2% Oper. (1993) Oper. (2005) 

NSLS 
0.8 (V) 

2.8 (X) 

1000 

300 

155 

50 
120MeV Li.   

Oper. (1982) 

Oper. (1984) 
No plan 

UVSOR-II 0.75 350 27 0.75GeV Boost. >80% <2mA Oper. (1983) Tested *1) 

PF 2.5 450 35 2.5GeV Li. 70 - 80% ±0.1% Oper. (1983) Tested *2) 

NSRL (HLS) 0.8 300 160 200MeV Li.   Oper. (1991) Planned *3) 

ESRF 6 200 3.7 6GeV Boost. 70%  Oper. (1993) Tested 

ALS 1~1.95 400 (500) 6.3 1.95GeV Boost. >90%  Oper. (1993) Planned (2008) 

ELETTRA 2/2.4 330/150 7 2.5GeV Boost. >95% 0.3% Oper. (1994) Tested *4) 

PLS 2.5 200 10.3 2.5GeV Li. 60% <1% Oper. (1995) Planned (2010) 

LNLS 1.37 250 70 500 MeV Boost. 80% 80% Oper. (1997) No plan 

BESSY-II 1.72 300 6.1 1.72GeV Boost. >90% 0.1% Oper. (1999) Tested *5)  

DELTA 1.5 130 16 1.5GeV Boost.  ± few% Oper. (1999) Tested 

CLS 2.9 250 18 2.9GeV Boost.   Oper. (2003) Tested 

SPEAR-III 3 100 - 500 12 3GeV Boost 75 - 90% 1% - 0.1% Oper. (2004) Planned (2008) 

SAGA-LS 1.4 150 7.5 255MeV Li. 7%  Oper. (2005) No plan 

INDUS-II 2.5 135 300  58 550MeV Boost. 50% 50% Oper. (2005) No plan 

NSRC(Siam) 1.2 120 41 1GeV Boost.   Oper. (2006) No plan 

Diamond 3 175 (300) 2.7 3GeV Boost. 90 - 95% 0.3% Oper. (2007) Tested *6) 

SOLEIL 2.75 250 500  3.74 2.75GeV Boost. 90 - 100% 0.1% - 1% Oper. (2007) Tested *7) 

ASP 3.0 200 7-16 3GeV Boost. ~ 90%  Oper. (2007) Tested 

SSRF 3.0 300 3.9 3GeV Boost.   Commis. Tested *8) 

BEPC-II 2.5 250 76 1.89GeV Li. 50 - 60%  Commis. Planned 

PETRA-III 6 100 (200) 1.0 6GeV Boost. >80% 0.1% Constru. Planned (2010) 

ALBA 3 250 (400) 4.5 3GeV Boost. >90%  Constru. Planned (2010) 

SESAME 2.5 400 26 800MeV Boost.   Constru. No plan 

NSLS-II 3 500 2.1 3GeV Boost. >90% 1% Planned Planned 

TPS 3 400 1.7 3GeV Boost, >90% 0.2% Planned Planned 

CANDLE 3 350 8.4 3GeV Boost.   Planned Planned 

minute is normally used. This provides a smoother charge 

distribution between the individual bunches. The injection 

of fixed time interval is not used but an injection charge 

of about 1mA is fixed. With the usual lifetime this leads 

to a few injections every 100 seconds. The top-up 

injection has been performed from 400mA to 401mA. 

Due to the finite granularity of the injections, up to about 

401.2mA or 0.3% of the stored beam current are actually 

injected. Injection efficiency from the booster to the 

storage ring is close to 100% and actually 90 to100%. 

The timing system provides programmable gating 

triggers to all beamlines. But only time resolved 

measurements with shorter than 1 second exposure time 

do currently use those triggers. Regular gating is used at 

two out of 16 beamlines. At SLS, the top-up operation 

and the fast orbit feedback together can provide a light 

source with an excellent sub-micron beam stability [12]. 

Most beamlines with exposure times of longer than 1 

second just see a drop of the beam intensity in the order 

of a few percent. This can be compensated since most 

data is anyway calibrated with the measured intensity.  

SPring-8 and NewSUBARU[13-17] 
The top-up operation at the SPring-8 for user 

experiment was started in May 2004 [13]. The stored 

current is kept constant at a maximum of 99.8 mA with a 

*1) planned (2008).    *2) planned (2009).    *3) after lattice upgrade.    *4) planned (2008 or 2009). 

*5) planned (2-3 years).    *6) planned (2008).    *7) planned (2009).    *8) planned (2010.) 
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deviation less than 0.1% (100 A). Top-up operation with 

a low emittance optics was started in September 2005 

[14]. From the measurements of the photon fluxes of 

monochromatized X-rays emitted from the long undulator, 

it is found that the peak flux in the new operation is 2.7 

times larger than that in the previous operation. 

The injected current per shot is fixed to 30 A to keep 

the uniformity of the bunch currents of the several-bunch 

filling. On the contrary, due to the user requirement, the 

injection interval is fixed to 1 minute for several-bunch 

filling mode and 5 minutes for multi-bunch filling mode, 

respectively. Hence the injected current of 30 A does not 

fit to compensate the decrease in a stored current, and the 

shot number at a beam injection is unsettled and varies 

from 1 to 3. Then the deviation of the stored current 

becomes 0.1 % (100 A), though the injected beam 

current is 30 A. In November 2007 the new top-up mode 

with a variable injection interval was introduced to 

improve the stored current stability, so that just one shot 

is injected. The deviation of the stored current is 30 A 

(0.03 %), which corresponds to the injected current as 

expected. The average injection interval was about 20 

seconds for several-bunch filling mode with a lifetime of 

18 hours. 

Operations in three different filling modes were 

provided for user experiment: the multi-bunch (twelve 

160-bunches-trains), the several bunch such as the 

203-bunch mode (203 equally spaced bunches) and the 

hybrid filling such as a 1/7-partially filled bunch-train 

with 5-isolated bunches. For the hybrid filling, up to 3.0 

mA is stored in each isolated bunch. An isolated bunch 

purity of better than 10
-10

 is routinely maintained in the 

top-up operation [15]. 

NewSUBARU storage ring is 1.5 GeV light source 

using a SPring-8 linac as injector, which had been 

constructed in the SPring-8 site [16]. Top-up operation of 

NewSUBARU has started at 1.0GeV since June 2003. 

However, top-up operation had been stopped from May to 

September 2004 because of starting the top-up operation 

of SPring-8 storage ring. A new bending magnet that can 

be momentarily excited to switch the beam direction at a 

short interval was installed at the end of linac to perform 

parallel top-up injections into the two rings [17]. The 

simultaneous top-up operations started in September 2004. 

The top-up operation of NewSUBARU has been done in a 

filling pattern of two 70-bunches trains with a lifetime of 

4 hours at 220 mA. Stored current stability during the 

top-up operation is 1.2 mA and the time interval between 

injections are about 50 seconds. Injection efficiency is 

about 80 % with ID gap opened. 

Taiwan Light Source (TLS) [2,18,19] 
TLS had been tested a top-up operation at 1.3 GeV in 

1996 [2]. The injection system of TLS storage ring was 

upgraded from 1.3 GeV to 1.5 GeV in 2000 by changing 

the magnet power supply system and extraction system. 

The power supplies of the booster to storage ring transfer 

line have also been changed. From October 2005 [18], 

TLS started the top-up operation at 200mA for user 

experiment, and thereafter, the stored beam current was 

increased gradually to 300mA in November 2005. 

Furthermore, the beam study of the top-up operation at 

360 mA has been performed recently [19]. 

The lifetime is 4 hours with multi-bunch mode at the 

routine top-up operation of 300mA.The injection interval 

and the number of shots per one time injection are 60 

seconds and 6 to 8 shots, respectively. The current 

stability of stored beam during the top-up operation is 

±0.2%. Injection efficiency of 300 mA top-up operation is 

more than 70 %. 

Other Facilities 
At most of the new light sources, the top-up operation 

is considered in their design phase. SOLEIL [20,21] has 
successfully tested the top-up operation at 300 mA ± 0.5 
mA with beamline shutter closed. Injection current is 0.8 
mA every 2 minutes during 6 hours operation. ASP has 
successfully tested the top-up operation over an 8 hours 
using the fill-pattern monitor with a combination of an 
ultra-fast photodiode and a high-speed digitizer [22]. The 
current stability of stored beam is 0.12% [23]. At SSRF 
top-up injection at 100 mA ± 0.5 mA has been daily 
operated during most of the storage ring commissioning 
time, when all the front-ends were closed [24,25]. CLS 
has also successfully tested the top-up operation [26]. At 
Diamond injection tests with beamline shutters open and 
radiation dose measurements were performed. They plan 
to provide the top-up operation in end of 2008 [27]. 

On the other hand, an introduction of top-up operation 
is also considered at the existing facilities; UVSOR-II, PF, 
NSRL(HLS)[28], ESRF, ALS, Elettra, PLS[29], 
BESSY-II, DELTA[30], BEPC-II, and SPEAR-III. The 
beam refill with front-end shutter open during user 
experiments has been performed from 2003 at ESRF [31], 
and test of a top-up operation is in progress [32]. The 
Elettra constructed a new 2.5 GeV booster for full energy 
injection and has already started top-up feasibility 
experiments [33,34]. BESSY-II has performed first tests 
of top-up injection, and plans to construct a new linac for 
replacement of the booster injector of the 50MeV 
microtron to allow for continuous top-up operation [35]. 
PF has performed the top-up operation at the single-bunch 
operation in 2007 [36]. To perform the top-up injection to 
PF storage ring  a new beam transport line has been built 
in KEK linac [37]. UVSOR-II replaced magnet power 
supplies of the booster to upgrade the beam energy of the 
booster to 750MeV from 600MeV for full energy 
injection, and had reinforced the shielding wall for 
radiation safety at a top-up operation [38]. SPEAR-III 
plans to begin injecting with stoppers open of beamlines 
in December 2008 [39]. At first injections every 8 hours 
with 100 mA will be performed, then they will gradually 
reduce the time between fills as their injector on/off 
capability improves. And then the beam energy will be 
gradually increased with checking radiation dose. At ALS, 
a full energy upgrade of the injector system to 1.95GeV 
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from 1.5GeV was successfully completed [40]. They plan 
to start the top-up operation in this year 2008 [41]. 

The existing storage ring PETRA-II at DESY has been 
converted into a hard X-ray light source, PETRA-III. 
Commissioning will started in 2009, and in the early stage 
of operation a top-up operation is planned [42]. 

ALBA, TPS, NSLS-II, and CANDLE [43] are new 
third generation light facilities with a 3GeV storage ring 
under construction or planning. Their injector boosters 
have a low-emittance beam; 9nm.rad at ALBA [44], 
4.29nm.rad at TPS [45,46]. NSLS-II proposed two 
different injection configurations; a 11.5 nm.rad booster 
located in the storage ring tunnel as in SLS, and a 26.6 
nm.rad booster housed in a separated building [47]. 

Some facilities, such as SAGA-LS, LNLS[48], 
NSRC(Siam)[49] and INDUS-II[50] have no plan of 
top-up operation. The main reason is that their injector is 
not a full energy injector and it is difficult to upgrade to it. 

SESAME is a new third generation light source, 2.5 
GeV with low emittance of 26 nm.rad, under construction 
in Alla, Jordan [51]. The storage ring is newly designed, 
but an injection system is based on the donated 
BESSY-I’s microtron and 800MeV booster, so that a 
top-up operation could not be performed. 

INJECTOR AND BEAM TRANSPORT 
High injection efficiency is important to prevent 

demagnetization of insertion devices (IDs) and radiation 

safety at the top-up operation. A low-emittance 

injection-beam helps to reduce the beam losses. Design of 

an injector system and their improvement is important for 

introducing a top-up operation. 

The SLS was designed to be operated in top-up mode 

from the beginning, therefore, the full energy injector 

with a low emittance of 9 nm.rad which is almost the 

same as that of the storage ring was used. This concept 

has been adopted by new third generation light sources, 

such as ASP [23], ALBA [44], TPS [45,46], NSLS-II [47] 

and CANDLE [43]. In these cases, high injection 

efficiency is relatively easy to be achieved. 

On the other hand, at the third generation light source 

with the conventional booster, horizontal emittance of 

ejected beam from the booster is about two orders bigger 

than that of the storage ring. In this case, it is effective 

that a beam collimation system is installed on the beam 

transport line to storage ring from the booster to shape the 

beam profile in horizontal direction. 

In SPring-8, the collimation system consists of two 

pairs of scrapers which were located 23.4 m and 26.7 m 

downstream from the ejection point of the booster [52]. 

These were placed on a dispersion-free section in the 

beam transport. Because of the negligible dispersion, the 

scrapers can only be used for betatron collimation. In 

order to limit x and x’ in the phase space, horizontal 

phase difference between two scrapers was chosen to be 

/2 radians. For both scrapers, two stainless-steel plates 

with 21.2 mm thick were prepared as left- and right-side 

blades that are moved by stepper-motors. The full widths 

of the two scraper gaps in the transport line were set to 2  

of the horizontal beam size. An average efficiency of 

more than 80% was achieved with the gaps of in-vacuum 

undulators fully closed. 

REDUCTION OF CHROMATICITY 

High chromaticity is necessary for suppressing various 

kinds of beam instabilities excited by the vertical narrow 

gaps of IDs. The low chromaticity-operation is effective 

for the reduction of the injection beam loss. In order to 

lower the chromaticities, a bunch-by-bunch feedback 

(BBF) system is very effective. The BBF system assures 

the stable operation under the lower chromaticity [53]. 

Combining the low chromaticity and the collimation 

system, the high injection efficiency could be achieved 

with all the gaps of IDs closed. Also, the beam oscillation 

could be rapidly damped by the BBF system. 

SUPPRESSION OF STORED BEAM 

OSCILLATION 

In a certain case, the beam injection excites an 

oscillation of the stored beam. The excited oscillation 

effectively enlarges the stored beam emittance and 

modulates the photon beam intensity. Suppression of the 

stored beam oscillation is therefore crucial for achieving 

the high performance of a top-up operation for user 

experiments. 

There are two main origins for the transverse oscillation 

of the stored beam. One origin is injection bump magnet 

errors, which can involve variations in the field patterns 

of the bump magnets, differences of the magnet 

configuration, differences in the boundary conditions, 

alignment errors and parameters of the equivalent circuit 

including the coaxial cables, etc. These errors can be 

solved in principle by engineering improvement [54]. 

The other cause is nonlinearity within an injection 

bump orbit. In the case where sextupole magnets are 

installed within the bump orbit, the bump orbit never 

closes for all amplitudes even when all bump magnets are 

powered ideally. Furthermore, this nonlinear effect causes 

a large oscillation and is the dominant perturbation for 

stored beam. A long straight section might make a 

nonlinearity-free bump orbit possible, such as the SLS 

case. However, this is not easily applicable to existing 

light sources due to following reasons: (I) The necessary 

length for the injection gets longer as the beam energy is 

higher, (II) adoption of long straight sections increases the 

construction cost and causes large scale modification. To 

suppress the injection bump leakage by the sextupole 

magnets, the condition for minimum emittance of the 

bump leakage in the lowest order of a nonlinear 

perturbation was studied and successfully used in 

SPring-8 [55]. 

New Scheme for Beam Injection 
A new injection scheme using a single pulsed 

quadrupole magnet without pulsed local bump was 

proposed and demonstrated at the PF-KEK [56]. The 
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scheme is based on the basic property of a quadrupole 

magnet, that the field at the center is zero, and nonzero 

elsewhere. Since the pulsed quadrupole magnet has a 

linear field gradient along the horizontal axis, it can give 

an effective kick to the injected beam with distance from 

the magnetic center. On the other hand, as the stored 

beam passes through the magnetic center without field, it 

is not kicked. The injection scheme using the pulsed 

quadrupole magnet could reduce the dipole oscillation of 

the stored beam compared with the conventional injection 

scheme. 

IMPACT ON USER EXPERIMENTS 

Top-up operation has been realized to bring great 

advantages for user experiments. The advantage of top-up 

operation for synchrotron radiation experiments are 

summarized as follows: 

(a) Increase in time averaged photon flux: The top-up 

operation achieved an expected increase in total photon 

flux, which leads to a high counting statistic measurement 

due to constantly high beam intensity. Especially for the 

single bunch experiment a few times higher intensity 

were provided, since a preferential beam filling for the 

use of a single bunch has electrons with shorter lifetime 

than that in the case of multi-bunch filling. In addition, a 

continuous operation without shut down for beam refill 

excluded not only a time loss for experiment but also a 

time loss for the warm-up of optics. 

 (b) Current stability: The minimized current 

fluctuation of a stored beam leads to a constant heat load 

for optics including monochromators, which enables the 

achievement of a virtually absolute measurement with 

intensity monitor free. The constant flux improved the 

accuracy and reliability in spectroscopy experiments. 

(c) No interruption by refilling of beam: The operation 

without shut down for electron refilling allows us 

planning of long time stable measurement. 

FUTURE OF TOP-UP OPERATION 

Future of storage ring-based light sources will go 
toward an ultra low-emittance and a short bunch. In these 
light sources, a lifetime of stored electron beam will be 
extremely short. Therefore, in these phase, a top-up 
operation will become increasingly important. It will be 
necessary to use a stable, high charged, and very 
low-emittance injection beam. From this point of view, a 

beam transport line from the C-band linac for the XFEL 

has been constructed for beam injection to the storage 

ring at SPring-8. 
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