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Abstract

Future synchrotron light sources aim to achieve ultra-
low emittances on both transverse planes, approaching or
even reaching the diffraction limit of X-ray photon energies.
These diffraction-limited storage rings (DLSRs) feature very
strong lattice nonlinearities and thus very small dynamic
aperture, which exclude off-axis injection schemes. In this
paper, we propose a longitudinal on-axis injection scheme,
which is based on a double-frequency RF system and in-
dependently adjustment of the RF phase of each cavity to
enable RF gymnastics. Such a scheme looks feasible with
the state-of-art technology of fast injection kicker. Compari-
son with other on-axis injection schemes is also discussed.

INTRODUCTION

Next generation synchrotron light sources aim to approach
the ultimate performance of storage rings, i.e., to gener-
ate double-plane diffraction-limited photon beams. These
diffraction-limit storage rings normally adopt multi-bend
achromat (MBA) cells [1] in the lattice design, and utilize
high-gradient quadrupoles to achieve the ultra-low beam
emittances of tens of picometers. Therefore, very strong
sextupoles are required to compensate for the large natural
chromaticities and thus lead to great challenges in optimiza-
tion of the dynamic aperture (DA) and the momentum aper-
ture (MA). Take the High Energy Photon Source (HEPS,
its major parameters are listed in Table 1) for example, a
recent lattice design has achieved a natural emittance of
59.4 pm, while an effective DA of 2.5 mm (horizontal) and
3.5 mm (vertical) and an effective MA of 3.0% are obtained
with great effort! [2]. Such a small DA is not enough for tra-
ditional off-axis injection schemes, which typically requires
a DA of the order of 10 mm. Dedicated injection sections
with large B-functions could be accommodated in the lattice,
however, an enlarged DA for off-axis injection could only
be achieved at the expense of a reduced MA, therefore, the
overall optimization of a lattice for off-axis injection is still
a great challenge.

There are several on-axis injection schemes that could pos-
sibly meet the need of these DLSRs. The on-axis swap-out
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! The “effective” DA (or MA) means the boundary within which, not only
particles survive in the ideal lattice tracking, but also the amplitude-
dependent tunes are bounded by the nearest integer and half-integer reso-
nances of the zero-amplitude tunes.

2 Insertion devices are not included.
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Table 1: HEPS Parameters [2]

Value

circumference C(m) 1295.616
beam energy Ejp(GeV) 6

Parameter

beam current Ip(mA) 200
natural emittance €p(pm) 59.4
betatron tunes vy/vy 116.155/41.172
momentum compaction a, 3.74 x 107
rms energy spread o¢ 7.97 x 107
harmonic number £y /hp, 720/2160
SR energy loss Uy(MeV/turn) 2 1.995

damping times(ms) 7, /7, /7y 18.97/25.99/15.95

injection scheme [3] looks promising and has been adopted
by APS-U [7] and ALS-II [8], but a full-charge injector
is essential and the proper treatment of the dumped beam
needs a serious consideration. Aiba et al. [4] proposed the
longitudinal injection with a shifted phase and a little higher
energy compared to the circulating beam, which is a clever
idea, but requires a large MA and stringent control of phase
and energy jitters. Jiang et al. [5] proposed to use an active
double-frequency RF system (RF frequency of 250 MHz
and 500 MHz, respectively in the case of SSRF-U [6]) to fa-
cilitate on-axis beam accumulation. They alter RF voltages
to conduct the RF gymnastics, to create empty buckets well
separated from the main buckets to enable on-axis injection,
and then in reverse process to merge the injected bunches
longitudinally to the main RF buckets. This scheme doesn’t
require a large MA, and it also relaxes the tolerances of
phase and energy jitters.

Inspired by these on-axis injection schemes, we proposed
a new injection scheme based on phase adjustment of an
active double-frequency RF system. In this paper, we’ll first
describe a complete injection cycle in our scheme with an
application in HEPS, then make an comparison with other
on-axis injection schemes.

A COMPLETE INJECTION CYCLE

Without synchrotron radiation, a particle’s longitudinal
motion with a double-RF system is described by the Hamil-
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Figure 1: RF gymnastics in a complete injection cycle.
tonian are optimally lengthened. As a result, the beam lifetime is
Ny increased, the IBS effect and some collective instabilities
(.51 = hrwon 524 wo Z Vi cos( 6+ ¢,~ ) + are also alleviated. On the other hand, we need to generate a
o 2 nE, B2 |4 0 f f second RF bucket near each existing bucket in the operation
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where ¢ and ¢ are a pair of canonical variables with respect
to the time variable ¢, wy = 2m¢/C is the angular revolution
frequency of the synchronous particle, vy is the relativistic
factor, n = . — 1/y2, B = y/1 —y2. Assume there are
Ny fundamental cavities of harmonic number Ay and N
harmonic cavities of harmonic number #;,, Vf’ and V) are
the voltages of i-th fundamental cavity and j-th harmonic
cavity, respectively; qﬁ} and qﬁ;l are the phase angles of the
synchronous particle relative to i-th fundamental cavity and
Jj-th harmonic cavity, respectively. To simplify the treat-
ment, four equivalent RF parameters (Vy, Vj,, ¢, ¢5) can be
defined as

Ny
Vi cos(¢ + ¢r) Z Vf" cos(¢ + ¢})
i=1

Nh . h .
D Vil cos(7E 1 ¢+ ¢]).(2)
= hy

Vi cos(h—h * @+ dp)
hg

If we can independently control the phase angle with respect
to each cavity, and there are multiple cavities of each fre-
quency, we can then knob the four equivalent RF parameters
to do the RF gymnastics. For a specified set of number,
height, and width of buckets, as well as the distance between
two bucket center, the equivalent RF parameters can be nu-
merically solved, via analysis of the above Hamiltonian.
The evolution of RF buckets within a fundamental RF
period in a complete injection cycle is illustrated in Fig. 1.
The parameters of a recent HEPS design [2] are used in this
calculation, the double-RF system consists of 166.67 MHz
fundamental RF cavities and 500 MHz third harmonic cav-
ities. The “operation mode” corresponds to the settings
during the routine operation, it is favored to set the param-
eters of active RF systems such that the electron bunches
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mode for on-axis accumulation. This is called the “injection
mode”. Also shown in the figure are 5 intermediate modes,
and a complete injection cycle is realized by ramp the cavity
phases between the settings of each two adjacent modes.

When an injection cycle starts, the bunch length of the
circulating beam shrinks, as the single RF bucket containing
circulating beam varies from the operation mode to “mode
1”. Then, another small bucket emerges to the left of the
existing bucket as in “mode 2”. After that, the empty bucket
becomes larger and more distant from the bucket of circulat-
ing beam, and finally the injection mode is set up for on-axis
beam accumulation. The phase ramp from the operation
mode to the injection mode can be very fast, since the center
of a circulating bunch remains fixed in position during this
process and no synchrotron oscillation of the beam center is
excited, the total time cost is determined by the time constant
of the RF phase control loop and RF cavities’ filling time,
which is on the order of tens of milliseconds.

At the injection mode, the electron beam pulse from
booster is injected on-axis into the storage ring, but pos-
sibly with an initial synchrotron oscillation amplitude, it
normally takes several damping times for the injected parti-
cles to damp down.

After the injection completes, the two separate buckets
get closer and closer and finally become connected as in
“mode 3”, and then the bucket of injected beam shrinks in
size and gradually reach the critical state as in “mode 47,
and then disappears as in “mode 5”. At the meantime, the
injected particles gradually escape from the left small bucket
and are bounded by the outer bucket. From the injection
mode to “mode 57, it is expected to take several damping
times to ensure the injected particles are safely merged to the
bucket containing the circulating beam. Then it is favored
to stay in “mode 5” for another several damping times such
that the large amplitude synchrotron oscillation of injected
particles are damped down. When the injected particles are
fully merged into the circulating beam, one can launch a fast
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phase ramp to the operation mode, and this ends an injection
cycle.
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Figure 2: The upper figure shows the evolution of the effec-
tive RF parameters, and the lower figure shows the evolution
of rms bunch length and RF bucket height of circulating
beam, in an injection cycle. Note that the distances between
different modes do not reflect the actual time used.

The evolution of effective RF voltages and phases, as
well as bunch length and RF bucket height for circulating
bunches is shown in Fig. 2. Note that the bunch length
shrinks from 32 mm in the operation mode to 2.8 mm in the
injection mode, and about 10% increase of emittances is
expected due to the intra-beam scattering, which will surely
disturb the user experiments. Following the convention of
existing light sources, the beamline users can select to gate
out the disturbed data collected during injection. Since a
whole injection cycle takes only several damping times, and
repeats every several minutes, the effect on user experiments
is expected to be small. For the same reason, the beam
loss due to a reduced beam lifetime in an injection cycle is
negligible. Nevertheless, possible beam instability issues
with the shortened bunch length are still under study.

COMPARISON WITH OTHER ON-AXIS
INJECTION SCHEMES

These on-axis injection schemes all require fast injection
kickers, with a pulse full duration and a rise time of a few
nanoseconds, these requirements can be fulfilled with a se-
ries of stripline injection kickers [9] driven by fast pulse gen-
erators [10]. The pulse full duration is specified by the bunch
spacing, while a smaller rise time requires more pieces of
kickers driven by more pulse generators and hence a higher
cost. Figure 3 shows that our scheme allows a longer kicker
rise time compared to Aiba’s scheme [4], taking into ac-
count the 3% MA of the recent HEPS design. Compared
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to Jiang’s injection scheme [5], our scheme features more
independent knobs, which enables a more flexible control of
the buckets in the longitudinal phase space. In particular, the
circulating bunches are centered in fixed positions through-
out an injection cycle and the particles neither experience
large amplitude synchrotron oscillations, nor even are split
during new bunch formation as in Jiang’s scheme [5]. In
addition, RF voltage adjustment takes seconds [5] while RF
phase adjustment takes milliseconds, our scheme costs less
injection time comparably.
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+100.00
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Figure 3: Longitudinal phase space of the injection
mode (upper figure) and the operation mode (lower figure).
Blue dotted lines are the static buckets while green dashed
lines are the buckets in presence of radiation damping [4].
In the presence of radiation damping, a particle trajectory
with 0max = 3% is depicted in red. Note that particles with
Omax larger than the lattice MA will get lost during injec-
tion. In the upper figure, the black dot indicates a typical
phase space point (¢, 6) = (—=2.65,0.006) to inject the beam,
and the black lines schematically show an ideal trapezoidal
kicker pulse, its full duration is approximately 6 ns, and its
rise time (from 0% to 100% of the kicker strength) is about
2.5 ns. In contrast, in the lower figure, the maximum allowed
kicker rise time is about 1.8 ns.

CONCLUSION

We proposed a new on-axis injection scheme based on a
double-RF system suitable for DLSRs. A complete injection
cycle was detailed explained, and comparison with other on-
axis injection schemes was discussed. Tolerances of lattice
and injection system errors, as well as possible collective
effects during injection are still under study, and will be
reported in a future publication.

We thank Bocheng Jiang, Yi Jiao, Daheng Ji, Yi Sun,
Jianping Dai and Jiyuan Zhai for helpful discussions.
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