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Abstract

Next-generation, high-performance storage ring (SR)
light sources based on multibend achromat optics will re-
quire on-axis injection because of the extremely small dy-
namic aperture. Injectors will need to supply full-current
bunch replacement in the SR with high single-bunch
charge for swap-out. For upgrades of existing light sources,
such as the Advanced Photon Source Upgrade (APS-U), it
is economical to retain the existing injector infrastructure
and make appropriate improvements. The challenges to
these improvements include achieving high single-bunch
charge in the presence of instabilities, beam loading,
charge stability and reliability. In this paper, we discuss the
rationale for the injector upgrades chosen for APS-U, as
well as backup and potential alternate schemes. To date, we
have achieved single-bunch charge from the injectors that
doubles the original design value, and have a goal to
achieve about three times the original design value.

INTRODUCTION

Many synchrotron light source facilities are pursuing the
development of multibend achromat (MBA) storage rings,
either on a green field [1-3] or as upgrades to existing fa-
cilities [4-11]. An MBA can reduce the horizontal emit-
tance by 1-2 orders of magnitude compared to a third-gen-
eration synchrotron of the same circumference, thereby in-
creasing the x-ray brightness dramatically. The emittance
and transverse acceptance tend to be correlated [12], and
this presents a challenge for injection. Some MBA designs
under development plan for off-axis accumulation, which
typically require a low-emittance injector or incorporate
new ideas, such as using an anti-septum [11]. Higher-per-
formance MBA designs, i.e., those approaching 2 orders of
magnitude emittance reduction, require on-axis injection.

The most straightforward on-axis injection scheme is
swap-out, where the injectors produce enough single-
bunch charge to perform complete bunch replacement [13].
Alternatively, there are a number of schemes under study
to determine the feasibility of on-axis injection with accu-
mulation. Examples include off-momentum injection [14],
rf manipulation [3], or using a nonlinear kicker [15].
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A comprehensive evaluation of the various injection
schemes was recently reviewed [12] and is beyond the
scope of this paper. Instead, we focus on meeting swap-out
injector requirements for a high-performance MBA up-
grade to an existing facility. Swap-out places the highest
demand on injector bunch charge. We use the example of
APS-U to describe how the challenging demands on the
injector were addressed, given the constraints of the exist-
ing infrastructure.

DESIGN CHOICES FOR INJECTOR

It can be cost-effective upgrade the injector while keep-
ing its basic structure. There is no single solution, but ra-
ther a set of design choices based on feasibility and practi-
cal considerations. While APS-U is a specific case, up-
grade ideas could be translated to other facilities. In the fol-
lowing sections, we discuss the rationale for the baseline
and backup upgrade plans, as well as alternatives.

The basic layout of the APS injectors for APS-U is
shown in Fig. 1. The linac provides 1-nC pulses at a 30-Hz
rate. Up to 20 pulses are accumulated and damped in the
particle accumulator ring (PAR) [16] at the fundamental rf
frequency. In the final 230 ms of the 1-s cycle, the single
bunch is captured in a 12% harmonic rf system and the
bunch length is further compressed. The bunch is injected
into the booster where it is ramped to full energy and ex-
tracted into a transport line that was redesigned for match-
ing into the MBA storage ring (SR) [17].

Boosler to-storage rmg
transport line (BTS) \

Booster (6 GeV)
‘ Single bunch; 1 Hz rep rate

= Linear magnet ramp; RF
ramp ~E* (352 MH2)

* Natural emittance: 37 nm

= Off-momentum emit: 64 nm

RG2RG1 FCG

Particle accumulator ring (PAR)
(>450 MeV)
* Single bunch; 1-Hz rep rate

*  RF1captures linac beam (9.8 MHz);
RF12 compresses beam (117 MHz)

Linac (>450 MeV)
= 1nC/pulse; 30 Hz rep rate

= Thermionic RF guns: RG1,
RG2 (1 hot spare)

Figure 1: APS-U injector complex.
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& The APS-U injector performance requirements are sum-
E; marized in Table 1. The charge goals correspond to the tim-
Z ing mode, or 200 mA in 48 bunches. The injector can also
=] 1 3 99 . . .

g provide 5-nC “guard” bunches adjacent to ion-clearing
+ gaps for the brightness mode: 200 mA in 324 bunches [4].

Table 1: APS-U Injector Performance Requirements

APS Achieved  Goal
PAR charge 2-4 nC 20 nC 20 nC
Booster charge 2-4nC 12nC 17nC
SR charge (injected) Accum. 16 nC
Charge stab. (rms) <5% 2-10% 5%
BTS g, at 6 GeV* <64 nm <60 nm
BTS gy at 6 GeV ~6 nm <16 nm

* Natural emittance at -0.6% momentum offset for APS and -0.8% mo-
mentum offset goal for APS-U.

The MBA SR will operate at a higher rf frequency than
the booster (the circumference is smaller than APS SR). A
E new injection timing and rf distribution system will enable
€ synchronized bunch-to-bucket transfer between the
Z booster and the MBA SR [18]. Decoupling the rf systems
E enables the possibility of ramping the rf frequency in the
8 booster, allowing injection into the booster close to on-mo-
» mentum, while extracting the beam farther off-momentum.
£ On-momentum injection maximizes the capture efficiency
° for the high-charge bunch from PAR. Off-momentum ex-
g 2 traction takes advantage of damping partition manipulation
-o to lower the emittance for efficient MBA injection. All in-
hZ Jector upgrades are planned to be completed prior to re-
>\moval of APS and installation of the MBA SR in 2022. An
< alternative to the i injection synchronization scheme is rea-
& lignment of the booster. However, this introduces an unde-
§ sirable schedule risk, since the booster would need to be
© re-commissioned at the same time as the MBA SR.

ACHIEVING HIGHER CHARGE

Timing mode swap-out calls for injected bunch charge
< that is nearly three times higher than the original APS in-
/@ jector design charge of 6 nC. PAR and booster diagnostics
S upgrades were essential for characterizing and optimizing
£ high-charge beam. High-charge optimization includes PAR
%5 harmonic rf tuner and amplitude feedforward, adjusting
£ booster rf voltage at injection, optimizing orbit bumps and
8 orbit correction, and chromaticity correction. Impedance
£ models did not exist for the injectors, and were completed
8 for booster [19] (PAR model is on-going). Machine models
£ were verified using response matrix analysis [20].
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2 Diagnostics

—E Digital low-level radiofrequency (LLRF) diagnostics in-
g stalled in booster and PAR are used in on-going rf system
= optimizations at high charge. A prototype PAR fundamen-
£ tal LLRF system is being tested, and plans for PAR har-
£ monic and booster LLRF and feedback systems are ongo-
£ ing. Bunch duration monitors (BDM) installed in both PAR
£ and booster give turn-by-turn measurements of the bunch
€ length [21]. Charge-dependent longitudinal bunch spectra
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analyses are ongoing to determine the source of the ob-
served bunch oscillations. New digital cameras installed on
all existing synchrotron light ports enable high-fidelity
beam size measurements at low- and high-dispersion
source points. Turn-by-turn BPMs in PAR show charge-de-
pendent injection transients but no transverse instability.

Instabilities

In PAR, lower-charge dynamics are dominated by poten-
tial well distortion (PWD), while higher-charge dynamics
appear to be dominated by microwave instability. Signifi-
cant bunch lengthening and synchrotron sidebands are ob-
served at high charge (Fig. 2c,d). Before an impedance
model was available, a simple R, Z circuit model was de-
veloped by fitting the measured bunch distributions
(Fig. 2b) to the Haissinski equation. A beam energy 450-
500 MeV is predicted to be sufficient to raise the instability
threshold to 18-20 nC. With the beam in a linear or nearly
linear regime, higher harmonic rf gap voltage should re-
duce the bunch length at high charge and better match the
Booster acceptance. The harmonic rf amplifier will be up-
graded to higher power to meet this requirement.
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Figure 2: PAR measurements: (a) charge and harmonic rf
waveform over cycle, (b) bunch distributions, (c) rms
bunch length, and (d) longitudinal bunch spectra for 16nC.

A nearly-completed PAR impedance model identifies
bellowed flanges and flag chambers as comprising about
50% of the loss factor; thermal sensing of vacuum chamber
components confirm high charge-dependent heating at
these locations. Component redesigns are under study.
PAR instability modeling is underway and will be used to
inform what linac and PAR beam energy is required and
whether a vacuum chamber upgrade is required. A linac
upgrade that supports APS-U is also planned.

An alternative to stabilizing the PAR beam is to stack
two 8-nC bunches (with relatively short bunch length)
from PAR in the booster. This would require a current-reg-
ulated controller for the booster dipole power supply,
which would also improve injection efficiency and charge
stability, and is a potential future upgrade.

A mature booster model includes transverse and longitu-
dinal impedance, injection errors, beam loading, and in-
jected beam parameters [19]. Injection modeling shows

MC2: Photon Sources and Electron Accelerators

A05 Synchrotron Radiation Facilities



10th Int. Particle Accelerator Conf.
ISBN: 978-3-95450-208-0

very good agreement with measured efficiency (Fig. 3a;
85% goal is marked). Simulations predict no transverse in-
stability up to 20 nC, and no instability is observed up to
12 nC. Refinement of the model is planned as higher-
charge is achieved in booster. The impedance model gives
reasonable agreement with the measured tune shift with
charge (Fig. 3b). Analyses are on-going to measure the
booster emittance, using a recently-installed YAG screen in
the BTS emittance diagnostic station. These measurements
will be cross-checked with a synchrotron light monitor that

was upgraded in the booster.
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Figure 3: Booster simulations agree well with the data: (a)
injection efficiency and (b) vertical tune shift with current.

Beam Loading in Booster

Beam loading is a serious concern in booster at injection,
and was studied with particle tracking simulations. The
best performance is achieved with on-momentum injection
and detuning of the cavities at injection. Since the required
frequency sweep is positive, the cavities will be further de-
tuned at extraction (for static tuners), which results in high
reflected power. Large detuning at extraction demands new
rf couplers that can handle high equivalent power. A ferrite-
based dynamic tuner design is also being developed as an
alternative [22].

Simulation shows that beam loading can be mitigated by
over-coupling the cavity (=1 — P=3), so large detuning
would not be needed (Fig. 4a). Over-coupling the cavities
reduces coupler power for large detuning. At 300 kW and
=3, the total detuning range (injection detuning + fre-
quency sweep) is -20 kHz (Fig. 4b). For -0.8% momentum
offset at extraction, simulations give 90% injection effi-
ciency for injection detuning of -2 to -15 kHz, with injec-
tion momentum offsets of -0.27% to -0.65%, respectively.
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Figure 4: (a) Simulations of booster efficiency vs injection
detuning and momentum offset. (b) Equivalent power as a
function of detuning, coupling coefficient, and charge.

CHARGE STABILITY

Charge stability is < 0.4% rms from the thermionic gun
at equilibrium. For well-tuned conditions, PAR and booster
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charge stability is 2-5% rms. The main challenges include
controlling the PAR instability and injection into booster.
An upgrade of the booster BPMs and corrector controllers
enabled correction of the orbit over the ramp (Fig. 5),
which improved high-charge efficiency by a few %.

X orbit (mm)
Y orbit (mm)

Figure 5: Booster orbit correction after BPM and corrector
improvements; horizontal (left) and vertical (right) plane.

BEAM LOSSES

APS-U must consider the potential for higher injector
beam losses during normal operation as well as possible
missteering events. Supplemental shielding analysis is on-
going in PAR using both loss measurements and radiation
modeling with MCNP [23]. Booster shielding was deter-
mined to be adequate. A fiber-based beam loss monitor was
installed as a diagnostic [24].

CONCLUSION

Swap-out injection places a high demand on single-
bunch injector charge for a future high-performance MBA
storage ring light source. Several design choices are possi-
ble to meet the requirements, assuming upgrade of an ex-
isting facility.

The APS-U injector upgrade and alternatives were pre-
sented as feasible solutions in the case of a timing mode,
which requires 16 nC injected bunch replacement in the
MBA SR, and up to 20 nC in the injectors (giving an over-
all 80% efficiency budget). Single high-bunch injector
charge also enables special fill patterns, such as higher-
charge “guard” bunches adjacent to ion-clearing gaps.

Improved diagnostics were key to understanding and
controlling the injector beam. Upgrades are needed in PAR
and booster to meet the high charge and emittance require-
ments, and a linac energy upgrade is also required. A new
injection timing and rf generation system enables bunch-
to-bucket transfer with booster and the MBA SR at differ-
ent rf frequencies; it also supports Booster high-charge ca-
pability. The goal is to implement all injector upgrades
prior to MBA SR installation, and for the injector beam to
be ready for MBA commissioning.

ACKNOWLEDGEMENTS

The authors thank APS Operations and Upgrade teams,
and APS review committees for valuable recommendations
and ideas. Thanks to P. Kuske for his review talk.

REFERENCES

[1] P.E. Tavares, S.C. Leemann, M. Sjdstrom, A. Andersson,
“The MAX 1V storage ring project,” J. Synchrotron Rad.,

vol. 21, part 5, p. 862, Sep. 2014. doi:10.1107/
S1600577514011503

THYYPLM3
3425

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



10th Int. Particle Accelerator Conf.
5 ISBN: 978-3-95450-208-0

[2] A.R.D. Rodrigues et al., “Sirius Light Source Status Re-
port”, in Proc. IPAC'I8, Vancouver, Canada, Apr.-May
2018, p. 2886. d0i:10.18429/JACoW-IPAC2018-
THXGBD4

[3] YiJiao et al., “The HEPS project,” J. Synchrotron Rad., vol.
25, part 6, p. 1611, Nov. 2018. doi:10.1107/
S1600577518012110

[4] Advanced Photon Source Upgrade Project Preliminary De-
sign Report, 2017. doi:10.2172/1423830

[5] M. Borland, T. G. Berenc, R. R. Lindberg, V. Sajaev, and
Y. P. Sun, “Lower Emittance Lattice for the Advanced Pho-
ton Source Upgrade Using Reverse Bending Magnets”, in
Proc. NAPAC'l6, Chicago, IL, USA, Oct. 2016, p. 877.
doi:10.18429/JACoW-NAPAC2016-WEPOBO1

[6] P. Raimondi, “ESRF-EBS: The Extremely Brilliant Source
Project,” Synchrotron Radiation News, vol. 29, issue 6, p. 8,
2016.doi:10.1080/08940886.2016.1244462

[7] C.G. Schroer et al., “PETRA IV: the ultralow-emittance
source project at DESY,” J. Synchrotron Rad., vol. 25, part
5, p- 1277, Sep. 2018. doi:10.1107/
S1600577518008858

[8] H. Tanaka, T. Ishikawa, S. Goto, S. Takano, T. Watanabe,
and M. Yabashi, “SPring-8 Upgrade Project”, in Proc.
IPAC'l6, Busan, Korea, May 2016, p. 2867.
doi:10.18429/JACoW-IPAC2016-WEPOWO19

[9] C. Steier et al., “ALS-U: A Soft X-Ray Diffraction Limited
Light Source”, in Proc. NAPAC'16, Chicago, IL, USA, Oct.
2016, p. 263. doi:10.18429/JACoW-NAPAC2016-
TUB1C003

[10] L. Wang et al., “Hefei Advanced Light Source: A Future Soft

X-Ray Diffraction-Limited Storage Ring at NSRL”, in
Proc. IPAC'18, Vancouver, Canada, Apr.-May 2018, p.
4598. d0i:10.18429/JACOW-IPAC2018-THPMK120

[11] A. Streun, T. Garvey, L. Rivkin, V. Schlott, T. Schmidt, P.
Willmott, A. Wrulich, “SLS-2 — the upgrade of the Swiss
Light Source,” J. Synchrotron Rad., vol. 25, part 3, p. 631,
May 2018. doi:10.1107/51600577518002722

[12] P. Kuske, “Mastering challenges of injection into low emit-
tance rings”, 2nd RULg Topical Workshop on Injection and
Injection Systems (TWIIS2), Paul Scherrer Institut, Swit-
zerland, Apr. 2019.

[13] L. Emery and M. Borland, “Possible Long-Term Improve-
ments to the Advanced Photon Source”, in Proc. PAC'03,
Portland, OR, USA, May 2003, paper TOPA014, p. 256.

[14] M. Aiba M. Boge, F. Marcellini, A. Sad Hernandez, A.
Streun, “Longitudinal injection scheme using short pulse
kicker for small aperture electron storage rings,” Phys. Rev.

THYYPLM3
@ 3426

©=2d Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and D

IPAC2019, Melbourne, Australia

JACoW Publishing
d0i:10.18429/JACoW-IPAC2019-THYYPLM3

ST Accel. Beams, vol. 18, p. 020701,
d0i:10.1103/PhysRevSTAB.18.020701

[15] K. Harada, Y. Kobayashi, T. Miyajima, S. Nagahashi, “New
injection scheme using a pulsed quadrupole magnet in elec-
tron storage rings,” Phys. Rev. ST Accel. Beams, vol. 10, p.

123501, Dec. 2007. doi:10.1103/
PhysRevSTAB.10.123501

Feb. 2015.

[16] M. Borland, “Commissioning of the Argonne Positron Ac-
cumulator Ring”, in Proc. PAC'95, Dallas, TX, USA, May
1995, paper FAR11, p. 287.

[17] A. Xiao and M. Borland, “Transport Line Design and Injec-
tion Configuration Optimization for the Advanced Photon
Source Upgrade”, in Proc. IPAC'I8, Vancouver, Canada,

Apr.-May 20. 1287. doi:10.18429/JACoW-IPAC2018-
TUPMFO17

[18] U. Wienands, T. G. Berenc, T. Fors, F. Lenkszus, N. Sereno,
and G. J. Waldschmidt, “A Scheme for Asynchronous Oper-
ation of the APS-U Booster Synchrotron”, in Proc. IPAC'1S,
Vancouver, Canada, Apr-May 2018, p. 1823.
doi:10.18429/JACoW-IPAC2018-WEPAFQO7

[19] J. R. Calvey, M. Borland, K. C. Harkay, R. R. Lindberg, and
C. Yao, “Simulations of Booster Injection Efficiency for the
APS-Upgrade”, in Proc. NAPAC'16, Chicago, IL, USA, Oct.
2016, p. 647. doi:10.18429/JACoW-NAPAC2016-
WEA1C003

[20] V. Sajaev and C. Yao, “Lattice Measurements of the APS In-
jector Rings”, presented at the IPAC'19, Melbourne, Aus-
tralia, May 2019, paper TUPGW091, this conference.

[21] J. C. Dooling, J. R. Calvey, K. C. Harkay, B. X. Yang, and
C. Yao, “Fast Photodetector Bunch Duration Monitor for the
Advanced Photon Source Particle Accumulator Ring”, in
Proc. IPAC']8, Vancouver, Canada, Apr.-May 2018, p.
1819. doi:160.18429/JACoW-IPAC2018-WEPAFQ06

[22] G.J. Waldschmidt, M. Abliz, T. G. Berenc, D. Horan, and U.
Wienands, “Dynamic Tuning of the APS-U Booster 5-cell
Cavities”, in Proc. IPAC'l8, Vancouver, Canada, Apr.-May
2018, p. 1251. doi:10.18429/JACoW-IPAC2018-
TUPMFGO3

[23] C. J. Werner, ed., “MCNP User’s Manual, Code Version 6.2,”
LA-UR-17-29981, 2017.

[24] J. C. Dooling, K. C. Harkay, Y. Ivanyushenkov, V. Sajaev, A.
Xiao, and A. Vella, “Calibration of Fast Fiber-Optic Beam
Loss Monitors for the Advanced Photon Source Storage
Ring Superconducting Undulators”, in Proc. IPAC'15, Rich-

mond, VA, USA, May 2015, p. 1780. doi:10.18429/JA-
CoW-IPAC2015-TUPJEOG4

MC2: Photon Sources and Electron Accelerators

A05 Synchrotron Radiation Facilities



