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Abstract：    Storage  rings  of  the  next  generation  synchrotron  light  sources  have  quite  small  dynamic  apertures
with which transverse beam injection can hardly be efficient. The longitudinal beam injection may be a solution to this
problem. To apply a longer kicker pulse, it is necessary to increase time offset of the injected beam to the stored one
by  reducing  RF  frequency.  The  beam  with  a  longer  time  offset  will  have  a  higher  momentum  deviation  due  to
synchrotron  motion,  thus  full  injection  of  this  method  requires  the  storage  ring  to  provide  large  enough  energy
acceptance and off-momentum dynamic aperture. A candidate lattice of the upgraded Shanghai Synchrotron Radiation
Facility  (SSRF-U)  was  used  to  nonlinearly  optimize  the  longitudinal  beam  injection.  With  the  optimal  results  of  a
series of RF frequencies,  it  is  found that there is  a critical  RF frequency below which lowering frequency could not
help to lengthen the kicker pulse in a given lattice. The beam injection into the SSRF-U storage ring was simulated and
reached high efficiency with its critical RF frequency and optimal sextupole gradients.
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Synchrotron radiation light sources, serving a large number of users for scientific experiments, have been developed with

three generations over the past  fifty years.  Electron beam emittance was reduced from hundreds of  nanometer-radians to sub

nanometer-radians, which was pushed by users’ increasing requirements of photon brightness and coherence. With the progress

of  high-gradient  magnet  and  high-precise  alignment,  a  medium-sized  light  source  employing  the  Multi-Bend  Achromatic

(MBA)  lattice  can  obtain  very  low  beam  emittance  down  to  the  X-ray  diffraction  limit [1-3].  However,  strong  chromaticity-

correcting  sextupoles  make  the  MBA  lattice  suffer  from  a  smaller  Dynamic  Aperture  (DA),  with  which  it  is  difficult  to

transversely inject the electron beam off-axis into the storage ring[4-7].  Two new injection methods which are transversely on-

axis were proposed to solve the problem of small DA. The first one is the Swap-out method[8-9], in which a dipole-typed kicker

is  applied  to  not  only  inject  a  bunch  or  a  bunch  train  into  the  storage  ring  but  also  kick  the  stored  bunches  back  to  an

accumulation ring for reuse or out of the storage ring. Longitudinal beam injection method[10-13], the second one, uses the dipole-

typed kicker to bring new beam with its  time or/and momentum off from the stored beam into the storage ring.  By radiation

damping, the injected beam then merges with the stored one in the synchrotron phase space.

cτA draft of the longitudinal beam injection method is shown in Fig. 1. The abscissa of this figure uses  that has a linear

relation with the phase as

cτ =
c
fRF

φ−π
2π

（1）

φwhere c is  the speed of  light, τ is  the time offset, fRF is  the frequency of  the Radio Frequency (RF) system, and  is  the RF

phase. Shown as black points in Fig. 1, the injected beam with a time offset to the stored beam is kicked into the closed orbit

after the kicker pulse rose. Full pulse of the kicker (the dash line), which includes flat rising and falling time, cannot be longer
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than a bucket interval in order not to disturb the stored beam. It has
to  be  less  than  two  nanoseconds  with  the  RF  system  of  500  MHz.
Technique  to  generate  this  very  short  pulse  is  a  challenge  in  the
longitudinal  beam injection.  A solution to this  problem is  to  reduce
the RF frequency. The time offset of the injected beam is expected to
increase  in  this  way,  so  that  the  pulse  can  be  lengthened  (to  10  ns
with 100 MHz, for example). Because of the synchrotron motion, the
beam with large time offset will have a high momentum deviation. In
the  lattice,  a  large  energy  acceptance  is  required  for  efficient  beam

injection. Enough off-momentum DA of the lattice, usually several times of the injected beam size, is necessary to capture all
the particles. At the same time, tune with high momentum deviation should be controlled away from the linear resonances[14]. A
careful nonlinear optimization for the lattice is necessary to get these good performances.

The Shanghai Synchrotron Radiation Facility (SSRF)[15-17] has an upgrade plan to reach the soft X-ray diffraction limit. The
upgraded facility is named as SSRF-U. This paper takes a candidate lattice of the SSRF-U storage ring as example to present
the nonlinear optimization strategy. The optimization results with different RF frequencies show whether and how it takes full
advantage  of  the  reduced  RF  frequency.  Beam  injection  of  the  lattice  was  simulated  with  the  critical  RF  frequency  and  the
optimal  harmonic  sextupole  gradients.  All  the  particle  tracking  and  simulation  in  this  paper  were  implemented  within  the
Accelerator Toolbox[18].

1    Lattice of the SSRF-U storage ring
As new light sources with lower beam emittance and higher photon brightness have been successfully operated and many

more light sources are conducting their research and development to the diffraction limit[19-21], an upgrade from SSRF to SSRF-
U is proposed to improve its competitiveness among these facilities. The SSRF-U will use the existing building and tunnel, as
well as the straight sections and already planned insertion devices. Its performance must meet the requirement of the scientific
experiments.  The  hybrid  filling  pattern  (a  bunch  train  plus  a  single  bunch)  and  high-current  single  bunch  for  time-resolved
experiments, for example, should also be stably operated.

Ref.[22] has presented a lattice of the SSRF-U storage ring whose beam emittance is 200 pm·rad at beam energy of 3.0
GeV. Thanks to the horizontal on-momentum DA of this lattice being about 8 mm, the traditional beam injection method based
on orbit  bump is  reliable.  This  paper  presents  a  new candidate lattice with the natural  emittance reduced down to 97 pm·rad
without the effect of intro-beam scattering. It nearly reaches the soft X-ray diffraction limit, but only a small on-momentum DA

of about 3 mm has been got. The new lattice consists of 20 seven-
bend-achromat  (7BA)  cells  with  four-fold  symmetry.  Each  cell
has  seven  dipoles,  12  quadrupoles,  and  12  sextupoles.  The
maximum gradients are 80 T/m in the quadrupoles and 7000 T/m2

in  the  sextupoles.  The  horizontal  and  vertical  tunes  were  chosen
to  be  61.22  and  15.32,  away  from  the  harmful  nonlinear
resonances. Beam parameters of the ring are summarized in Table 1
and  beam  optics  in  one  fold  are  plotted  in Fig.  2.  The  lattice
provides  four  long  straight  sections  with  length  of  10.84  m  and
sixteen  short  straight  sections  with  5.57  m  length.  Injection
system  will  be  installed  in  one  of  the  long  straight  sections,  of
which the center with horizontal and vertical β functions of 12 m and
5 m is the injection point. The horizontal and vertical β functions
at  the  center  of  a  short  straight  section  are  5  m  and  2.5  m
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Fig. 1    Longitudinal beam injection shown in the synchrotron phase

space

 
Table 1    The lattice parameters of the SSRF-U storage ring

lattice 20×7BA

beam energy/GeV 3.0

circumference/m 432

tune (H, V, S) 61.22, 15.32, 0.001 64

natural chromaticity (H, V) −129.2, −81.04

corrected chromaticity (H, V) 2.0, 2.0

momentum compaction factor 0.000 1

damping partition number (H, V, S) 1.374, 1.000, 1.626

damping time (H, V, S)/ms 12.29, 16.89, 10.39

energy loss per turn/keV 512.0

natural energy spread 7.616×10-4

natural emittance/(pm·rad) 97.00

RF voltage/MV 1.50
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respectively.
The  RF  voltage  will  modify  the  synchrotron  phase  space,

and  thus  influence  the  longitudinal  beam  injection.  A  given
momentum deviation usually corresponds longer time offset if the
RF  voltage  is  reduced.  So  it  is  better  to  use  low  voltage  for
lengthening the kicker pulse. However, the voltage cannot be too
low to compensate the radiation loss from the dipoles and all the

possible insertion devices. It was fixed by a tradeoff to be 1.5 MV in the SSRF-U storage ring.

2    Nonlinear optimization
The  SSRF-U  storage  ring  has  six  harmonic  sextupoles  in  each  cell  to  cancel  high  order  aberrations.  All  the  harmonic

sextupoles  were  classified  into  nine  families  based  on  the  periodicity  of  beam  optics.  Nonlinearity  of  the  storage  ring  was
optimized by these harmonic sextupoles, meanwhile the chromaticities in both transverse planes were always corrected to two
by  the  sextupoles  in  the  arc  sections.  Many  nonlinear  optimization  methods  are  effective  in  lattice  design  and  machine
operation[23-25],  while  a  direct  method was applied here.  The harmonic  sextupole  gradients  were  randomly varied to  reach the
optimal solutions generation by generation. Two tracked penalty functions guided the solution choice in every generation.

The energy acceptance or the full height of the bucket that always obtained a finite DA was the first penalty function. The
size of the finite DA was determined to be around five times of the injected beam size, which is expected to capture most of all
the particles in the injected beam. In this way, the energy acceptance is the one available for full beam injection. The following
expression Eq.  (2)  with  the  beam parameter  of  the  booster  and the  beam optics  at  the  injection  point  in  the  storage  ring  can
calculate the injected beam size, when the electron transport line matches well with the storage ring.

σz =

√
εzβz+δ

2
Eη

2
z ; z = x,y （2）

ε ηwhere  is the beam emittance, δE is the energy spread, and  is the dispersion. The horizontal and vertical β functions at the
injection point are 12 m and 5 m respectively, and the dispersions are zero. Emittance of the injected beam, here from a new
designed booster for SSRF-U, is 10 nm·rad. Transverse beam coupling is 10%. Beam energy spread is 0.1%, and the bunch length is
20 mm. The particles normally distribute in a bunch. These assumptions about the injected beam will be applied throughout the
paper. The calculated beam sizes were about 0.33 mm and 0.07 mm in horizontal and vertical planes, so the finite DAs were set
to  1.5  mm  and  0.5  mm.  For  every  setting  of  the  harmonic  sextupole  gradients,  the  DAs  of  both  positive  and  negative
momentum deviations  were  then  found  out  by  6-Dimension  (6-D)  particle  tracking.  The  number  of  turns  tracked  was  3000,
which is about one third of the circulating turns within a damping time. The upper and lower limits of the momentum deviations
were recorded until the horizontal or the vertical DA was smaller than 1.5 mm or 0.5 mm. Difference between the last positive
and negative value was the energy acceptance of this harmonic sextupole setting.

The horizontal and vertical tunes as a function of the momentum were then calculated within this energy acceptance. The
larger  tune  variation  amplitude  in  the  two transverse  planes  was  the  second penalty  function,  which  was  desired  to  be  small
enough  to  prevent  crossing  the  linear  resonances.  However,  the  smallest  one  is  not  the  best.  It  is  more  suitable  to  find  a
distribution of the maximum energy acceptance within a range of the tune variation amplitude. Because of a large amount of the
population  there  were  too  many  different  tune  variation  amplitudes  in  every  generation,  which  created  redundancy  in  parent
choices in the optimization process. So within every slice of the tune variation amplitude with the width of 0.01, the sextupole
solution  with  the  maximum  energy  acceptance  was  selected  as  the  parent  solution  for  the  next  generation.  To  produce  new
population,  the  nine  harmonic  sextupole  gradients  of  the  parent  solutions  varied  randomly  within  a  range  that  decreased
generation by generation. The particle tracking and the solution selection were then done again. When there was not any better
solution,  the  optimization  process  ended. Fig.  3 shows  the  results,  running  dozens  of  generations.  The  RF  frequency  in  the
lattice was 100 MHz. Solutions with the tune variation amplitudes higher than 0.6 were not shown.

The energy acceptance significantly increases generation by generation, and eventually reaches a maximum value of about
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Fig. 2    The beam optics in one fold of the SSRF-U storage ring
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13% (from −7% to 6%) within the tune variation amplitude from 0.2
to 0.5. Unfortunately, it is impossible to get an energy acceptance of
about 20%, with which the lattice provides the longest time offset by
taking  full  advantage  of  the  RF  frequency  of  100  MHz.  The  same
optimization processes were repeated with different RF frequencies.
The  results  are  very  similar  with Fig.  3 when  the  frequency  is  less
than  250  MHz,  while  worse  from  250  to  500  MHz  because  of  the
limit of the bare bucket. It is desired to increase the pulse length and
get an applicable rising, falling, and flat time within a single pulse by
reducing the RF frequency. A larger energy acceptance is desired for

a  lower  RF frequency.  However,  the  energy  acceptance  for  full  injection  is  limited  in  a  given  lattice  with  the  optimal  beam
optics.

3    RF frequency choice
The  lattices  with  12  different  RF  frequencies  (from  100  MHz  to

500  MHz)  were  optimized  by  the  method  described  above.  Their
optimal  harmonic  sextupole  gradients  were  obtained  as  well  as  the
maximum  energy  acceptances.  The  maximum  time  offsets  (distances)
of  the  fully  injected  beam  to  the  stored  beam  were  determined  by  a
scanning  process  in  the  synchrotron  phase  space  (an  example  can  be
found in the next section). For every RF frequency, the time offset and
the  energy  deviation  of  the  center  of  the  injected  beam  were  scanned
within an appropriate range. The injection efficiency on every scanning

grid was obtained by 3000-turn 6-D tracking of 2000 particles normally distributed in the injected beam. The maximum time
offset (distance) with the injection efficiency higher than 90% was found out for every RF frequency as shown in Fig. 4.

The  distance  increases  when  RF  frequency  is  reduced  from  500  MHz  to  250  MHz,  because  the  energy  acceptance  is
dominated by the synchrotron motion and less than the effect of the nonlinear optimization. The distance doesn’t increase any
more with RF frequency less than 250 MHz, as the energy acceptance has been limited by insufficient off-momentum DA. The
synchrotron phase space will be distorted by radiation damping to show a golf-club shape (the black line in Fig. 1). There may
be  a  stable  part  with  positive  energy  deviations  after  an  unstable  point.  The  beam  may  be  injected  in  the  ring  at  this  part.
However, it  should be noted that the golf-club somewhere was too narrow to accept the whole injected beam with the bunch
length of 20 mm and the energy spread of 0.1% in our case. In general, the golf-club is narrower when the time offset is larger.
If  the time offset is too large, the full  beam injection does not exist  anymore. Due to the high energy deviation the part after
unstable point becomes unavailable for beam injection, so it decreases with the RF frequency of about 180 MHz. When the RF
frequency is 100 MHz, the distance between the fully injected beam and the stored beam is less than 0.6 m. It means that the
sum of the rising and flat time of the kicker pulse must be less than 2.0 ns, which is just below expectations of 100 MHz. From
these  results  it  can  be  found  that  there  is  a  critical  RF  frequency,  less  than  which  the  maximum  distance  (or  available  time
offset)  can’t  increase.  The  sum of  rising  and  flat  time  in  a  single  kicker  pulse  should  be  equal  to  or  a  little  longer  than  this
available time offset. If the pulse rises fast enough, it can get enough time to fall within the left of a bucket interval. It means
that the required kicker pulse can’t lengthen any more by reducing the RF frequency when it is below the critical value. The
critical RF frequency for the longitudinal beam injection in SSRF-U is 250 MHz as shown in Fig. 4. The possible kicker pulse
is just lengthened to 4 ns. It only reduces a little hardware difficulty in view of the kicker strength.

4    An optimal solution for SSRF-U
The SSRF-U lattice performances with its critical RF frequency and optimal harmonic sextupole gradients were simulated.
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Fig. 5 shows the fractional tunes as functions of momentum deviation and the on- and off-momentum DAs. The tune variation
is effectively suppressed. The DAs are not less than 1.5 mm and 0.5 mm in the horizontal and vertical plane respectively. They
are  smaller  than  that  of  the  3rd  generation  light  source,  while  sufficient  to  fully  inject  beam  with  the  longitudinal  injection
method.

Fig. 6 plots the simulated injection efficiency as a function of the center position of the injected beam in the synchrotron
phase  space.  The  bottom  figure  is  an  enlarged  drawing  of  a  fraction.  The  injected  beam  consists  of  2000  particles.  If  the
abscissas of particles and recirculating beam are larger than − 0.2 m, they were considered as loose. The center position of the
stored beam is about − 0.07 m (synchrotron phase). The results show that if the center position of the injected beam is from −

0.6  m to  −  0.7  m and  the  energy  deviation  is  about  4%,  full  injection  can  be  implemented  in  the  SSRF-U storage  ring.  The
required time of the rising and the flat in the kicker pulse can be as short as 2 ns, not including the falling time.

5    Conclusion
A  candidate  lattice  of  the  SSRF-U  storage  ring  with  the  beam  emittance  of  97  pm·rad  has  approached  the  soft  X-ray

diffraction limit. A nonlinear optimization method was applied in this lattice. The optimal results showed that this method can
significantly increase the energy acceptance available for full longitudinal beam injection. However, the energy acceptance of
about 13% cannot permit lengthening the kicker pulse to 10 ns with the RF frequency of 100 MHz. The lattices with a series of
RF  frequencies  were  individually  optimized  and  could  not  get  any  higher  energy  acceptance.  The  time  offset  of  the  fully
injected  beam  to  the  stored  beam  was  determined  by  beam  injection  simulation  for  every  tested  RF  frequency.  With  these
results, the critical RF frequency reaching the maximum time offset was found to be 250 MHz in SSRF-U. The lattice with the
critical RF frequency and the corresponding harmonic sextupole gradients takes full advantage of the reduced RF frequency and
makes the kicker pulse lengthen doubly. Full injection can be realized in the SSRF-U storage ring when the injected beam is in
a large region of the synchrotron phase space. It is necessary to note that the performances of the lattice and the volume of the
injected  beam  dominate  the  critical  RF  frequency  and  the  maximum  time  offset.  Their  specific  values  may  be  variable  in
different light sources.
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衍射极限环光源纵向束流注入非线性优化
沈思淇1,2，   田顺强3，   张庆磊3，   吴　旭1,2,3，   赵振堂1,3

（1. 中国科学院  上海应用物理研究所，上海  201800；    2. 中国科学院大学，北京  100049；   3. 中国科学院  上海高等研究院，上海  201204）

摘     要：  下一代同步辐射光源储存环动力学孔径较小，因而束流注入困难，可以通过纵向束流注入解决这一问题。为

了使用更长的 kicker 脉冲，有必要降低高频频率以增加注入束流到储存束流的时移。因为同步辐射运动，时移更长的束流

有更高的动量偏差，所以通过该方法进行注入需要储存环提供足够大的能量接受度和动力学孔径。用 SSRF-U 的候选磁聚

焦结构来展示纵向束流注入非线性优化的可行方法。由一系列高频频率的最佳结果可知，低于界限频率时 kicker 脉冲不

会继续增长。在束流模拟中，采用界限频率与合适六级铁强度，可使 SSRF-U 储存环束流注入达到最高效率。
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